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ABSTRACT

Natural disturbance is a fundamental process that exerts a strong influence in shaping
forest structure, composition, and function. Canopy disturbances are often classified based on
spatial extent and severity along a gradient ranging from highly localized, gap-scale events to
stand-replacing or catastrophic events. The overwhelming majority of research on wind
disturbance and forest response has focused on events near the two endpoints (catastrophic
and gap-scale) of the disturbance classification gradient. As such, a paucity of data is available
on intermediate-scale disturbances. Furthering our understanding of these events provides
information on natural processes that can be used to make informed management decisions.
On 20 April 2011, an EF1 tornado coupled with straight line winds affected portions of the
Sipsey Wilderness in Bankhead National Forest. | subjectively established 109, 0.04 ha plots in
Quercus dominated stands adjacent to the track of the tornado three growing seasons post-
disturbance to quantify damage and possible effects on species assemblages in three vertical
strata. Non-metric multidimensional scaling (NMS), indicator species analysis (ISA), and multi-
response permutation procedures (MRPP) were used to examine vegetation-environmental
relationships in each vertical stratum by species using PC-ORD v. 5.31. Species appeared to be
aligned most strongly along elevation and diversity gradients and the effects of the disturbance
on seedling and sapling establishment was limited because of the well-developed mid-story

layer. The overstory remained dominated by Quercus and Carya spp. However, the disturbance



released the shade-tolerant stems present in the understory and mid-story, thereby

accelerating succession.
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1. INTRODUCTION

Forest species composition and successional pathways are influenced by disturbance
events (Lorimer, 1980; Foster et al., 1992; Foster et al., 1998). Disturbances are relatively
discrete events in space and time that disrupt ecosystem, community, or population structure,
composition, or function, and alter resource availability and other aspects of biophysical
environment (White and Pickett, 1985). Thus, disturbances alter vegetation-environment
relationships by modifying biotic and abiotic forest ecosystem elements, such as the understory
light regime in closed canopy systems. Forest disturbances may be described by their
frequency, distribution, return interval, magnitude, and other attributes, but are most often
classified by the amount of overstory they remove (White and Pickett, 1985). Broad-scale
disturbances that remove all or most canopy trees are considered catastrophic or stand-
replacing events, and fine-scale disturbances that remove only single trees or small clusters of
trees are referred to as local or gap-scale events (Oliver, 1981). Infrequent catastrophic
disturbance events, such as those caused by hurricanes and intense tornadoes, remove most or
all of the overstory resulting in retrogression to the stand initiation stage of development. In
contrast, frequent gap-scale disturbances change fine-scale biophysical conditions and through
this process, stand structure advances from one stage of development to the next (Runkle,

1985; Oliver and Larson, 1996; Hart and Grissino-Mayer, 2009; Richards and Hart, 2011).



Disturbances that are more localized than catastrophic events and larger than gap-scale
events are considered intermediate-scale disturbances. Intermediate-scale disturbances do not
completely disturb stands nor do they disturb them evenly. Thus, these events often result in
patches of varying sizes that contain different severities of damage. Quantifying these events is
difficult because the patterns of damage are often so variable. With any given disturbance, a
single stand may contain a mosaic of neighborhoods where all overstory stems were removed,
neighborhoods were canopy trees were removed singly or in small groups, and undamaged
areas. The heterogeneity of damage and subsequent changes in available light (dependent on
gap size) may create conditions suitable for species from a wide range of life history and
ecological traits (Hanson and Lorimer, 2007; Cowden et al. 2014; White et al., 2015). In forest
ecosystems, pecies composition is strongly influenced by the quantity, quality, and spatial
distribution of light, the most typical limiting factor affecting forest regeneration and
development in the eastern US (Canham and Loucks, 1984; Oliver and Larson, 1996; Hanson
and Lorimer, 2007; Grayson et al., 2012). Additionally, the stage of stand development at the
time of the disturbance can influence composition patterns (Oliver and Larson, 1996; Canham
et al., 2001; Schwarz et al., 2001). For example, shade-tolerant species could increase in
abundance following disturbance if there is a well-developed shade-tolerant advanced
regeneration layer (Arevalo et al., 2000). In this situation, shade-tolerant species that occurred
in the understory prior to canopy disturbance would have an advantage over shade-intolerant
species that were absent or rare prior to the disturbance event. In closed canopy conditions

where light is limited, understory strata are typically comprised of shade-tolerant stems and it



is these individuals that are most commonly released into mid-story and canopy positions
following a canopy disturbance event (Hart and Grissino-Mayer, 2009).

A paucity of information exists on the impacts of intermediate-scale forest disturbances,
and unequivocally more research on the impacts of these events on composition and structural
characteristics is warranted (Seymour et al., 2002; Hanson and Lorimer, 2007; Fisher et al.,
2013; Cowden et al., 2014). Surprisingly, few studies have examined specific and collective
factors influencing species assemblages in varying forest strata along environmental gradients,
or how disturbance affects these assemblages. Most research has tended to focus on
vegetation-environmental relationships of the overstory, or the herbaceous layer, and less so
on gradients influencing composition patterns in varying forest strata, (McEwan et al. 2005) or
in relation to disturbance. Furthermore, research examining vegetation-environmental
relationships has often been conducted at broad spatial scales where factors influencing
community types are more distinct. This study was conducted in stands of the same cover type
to examine vegetation-environment relationships in an upland Quercus forest on the
Cumberland Plateau and to document the influence of intermediate-scale canopy disturbance
on these relationships. This information can be used to elucidate the effects of intermediate-
scale disturbance on successional trajectory of forests thus, providing the information needed
to make more informed management decisions and actively manage natural processes
(Seymour et al., 2002; Hanson and Lorimer, 2007; Fisher et al., 2013; Cowden et al., 2014;
White et al., 2015). The specific objectives of my study were to: (1) quantify species
composition in the seedling, sapling, and overstory strata, (2) assess the relationships between

environmental gradients and floristic composition among forest strata, (3) examine potential



relationships between disturbance severity and species composition, and (4) document the
effects of the intermediate-scale disturbance on the successional trajectory of the forest. My
results provide information on the influence of disturbance on woody species assemblages and
provide information on the effects of intermediate-scale disturbances on succession. These
results may be beneficial to managers that wish to utilize canopy disturbance events to

maintain or promote desired taxa.



2. MATERIALS AND METHODS

2.1 Study Area

This study was conducted in the Sipsey Wilderness of the William B. Bankhead National
Forest in north Alabama (Figure 1). The Sipsey Wilderness is a 10,085 ha reserve located on the
Cumberland Plateau section of the Appalachian Plateaus physiographic province, which roughly
coincides with the Southwestern Appalachian (level Ill) Ecoregion recognized by the US EPA
(Fenneman, 1938; Griffith et al., 2001). The topography is complex and consists of reliefs of 90—
120 m, steep-sided gorges, and sandstone cliffs. The region is so strongly dissected that it does
not resemble a true plateau (Smalley, 1979). The geology of the region is Pennsylvanian
guartzose, primarily composed of shales and strong conglomerates of sandstones of the
Pottsville age (Szabo, 1988). The strongly acidic and excessively drained soils of this region are
shallow with depths ranging from 38 to 97 cm to bedrock (USDA SCS, 1959). Climate in this
region is characterized by short, mild winters and long, hot summers (Thornthwaite, 1948).
Mean annual precipitation is 149 cm with no distinct dry season (PRISM Climate Group, 2013).
Mean temperatures for January and July are 5 °C and 26 °C, respectively. The average growing
season is 220 days beginning in mid-March and ending in early-November.

Forest communities on the Cumberland Plateau are largely influenced by topography
and factors associated with moisture availability (Hinkle 1989; Clatterbuck et al., 2006). The

region is recognized as supporting high plant species richness and landscape-level diversity
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Figure 1. Map of the Sipsey Wilderness on the Bankhead National Forest in Alabama, US.
Shaded portion on Alabama inset map is the Cumberland Plateau physiographic section.



(Muller 1982; Martin 1992; Hinkle et al. 1993; Runkle 1996; McEwan et al. 2005; Hart and
Grissino-Mayer, 2008). Braun (1950) classified the southern Cumberland Plateau as a transition
zone between the Mixed Mesophytic Forest to the north and the Quercus-Pinus Forest to the
south. Mixed mesophytic communities in this region are restricted primarily to coves and
riparian areas. Stands on the Cumberland Plateau may contain taxa that typically dominate at
both higher and lower latitudes, and environmental gradients may be relatively steep (Hardin
and Lewis, 1980; Richards and Hart, 2011; Parker and Hart, 2014). Zhang et al. (1999)
developed a classification scheme that included 14 different ecological communities on the
Sipsey Wilderness. The identified community types ranged from xeric sites dominated by Pinus
virginiana to mesic sites dominated by Fagus grandifolia and Acer saccharum to barren
communities void of tree cover. Quercus was the most dominant genus in the Sipsey
Wilderness and was a component of almost all community types (Hardin and Lewis, 1980;
Zhang et al., 1999).

On 20 April 2011, an EF1 tornado embedded in a quasi-linear bow echo system affected
Bankhead National Forest, damaging a number of stands in the Sipsey Wilderness. The tornado
produced a recorded maximum 3 second wind gust of 153 kph and was accompanied by other
straight-line winds with bursts between 130-145 kph (NWS, 2011). The most severe damage
was concentrated in the path of the tornado and decreased in intensity with distance from the
center of the storm. Within the Sipsey Wilderness, damage was sporadic and created a
patchwork mosaic of damaged areas. Based on visual reconnaissance and aerial photography,

damaged areas were smaller and further apart as distance increased from the tornado path,



leaving an array of disturbance intensities and patch dynamics ideal for analyzing multiple

severities of disturbance that are characteristic of intermediate-scale events.

2.2 Field Methods

A comprehensive inventory of post-disturbance biophysical conditions across the
damage gradient was conducted three growing seasons after the tornado disturbance event. |
used a stratified subjective sampling scheme to adequately capture tornado disturbed areas
within the Sipsey Wilderness. To select study stands | created a map in ArcMap v. 10.0 from
geo-referenced data provided by the USDA Forest Service that included quantitative data on
stands such as species composition and establishment year, compartments, the tornado
damage path, roads, and established trails. Geo-referenced aerial photographs and USGS
guadrangles were imported as basemaps and used to identify terrain features such as slope and
aspect. | combined this information with data collected and observed during field
reconnaissance visits and then subjectively selected stands in the Sipsey Wilderness that were
directly impacted by the 2011 storm event, Quercus alba dominated, established between
1890-1910, and lacked an official record or noticeable indications of a broad-scale exogenous
disturbance during stand development. The land type for all potential sample stands was
calculated using the land classification system developed by Smalley (1979) to ensure that all
sampled stands occurred within the same biophysical setting. Once study stands were selected,
| conducted a comprehensive inventory to quantify composition and structural conditions
across the disturbance gradient. Undisturbed neighborhoods within each stand were

considered controls, and | assumed that they represented pre-disturbance conditions using a



space-for-time substitution. To ensure adequate spatial coverage and an even sampling
distribution, plot center points were subjectively established in the selected stands across one
of three disturbance classes (control, light, and moderate) using ArcMap. The selected
waypoints were transferred to a handheld GPS receiver (Garmin, GPSmap 62sc) so they could
be located in the field. In the field, | navigated to the pre-determined waypoints and assessed
each plot in the context of surrounding stand conditions for the number of downed trees within
or crossing through the plot and the proximity to the tornado path. Thus, a combination of GIS
data and field observation was used to establish sampling points. Plots with three or more
windthrown trees (i.e. individuals were considered windthrown if they were either uprooted so
that the stem was less than 45° from the ground or if the bole was broken below the crown,
sensu Canham et al., 2001) of > 20 cm dbh were classified as moderate disturbance (n = 37),
and all other plots with visible wind damage were deemed to be light disturbance plots (n = 52).
Control plots (n = 20) exhibited no visible evidence of disturbance from the 2011 tornado.

At each of the selected sampling locations, a 0.04 ha fixed radius plot was established
and species, crown class, and dbh were recorded for all live woody stems > 5 cm dbh. Carya
spp. stems were only identified to the genus. Live stems =5 cm and < 10 cm dbh were
considered saplings, whereas stems > 10 cm dbh were considered trees. To determine seedling
abundances, a nested 10 m? circular subplot was established at the center of each plot and all
live woody stems < 5 cm dbh were tallied by species.

A suite of site characteristics were collected at each plot to identify different
environmental gradients driving species composition patterns. Site index is the most common

method used to assess site quality and determine which species are suitable for management in



an area. However, site index can often not be determined in areas recently disturbed because
of the lack of suitable index trees. For this reason, terrain shape index (TSI) was used to assess
site quality at each plot (McNab 1989, 1993). The elevation above sea level and coordinate pair
for each plot were recorded using a handheld GPS receiver (Garmin, GPSmap 62sc). The
percent slope, and aspect (recorded as an azimuth clockwise from north) were recorded at
each plot to identify potential topographic influences on species composition. The interception
of photosynthetically active radiation (PAR) was quantified using two synchronized
ceptometers (AccuPAR LP-80, Decagon Devices, USA). One ceptometer was placed in full
sunlight, while the second recorded PAR within each plot. Twenty recordings were taken in
each cardinal direction from the center of each plot (80 total readings per plot). These readings
were averaged together to determine one value plot. Canopy openness, gap fraction, and
leaf area index (LAI) were quantified through analysis of hemispherical photographs taken at
each plot. One hemispherical photograph was taken at plot center and a second photograph
was taken 50 m away from plot center. All photographs were taken at breast height using a
Panasonic Lumix (DMC-LX5) camera with a fish-eye lens attached to a self-leveling tripod using
a Mid-OMount 10MP (Regent Instruments, 2011). The aperture and shutter speed of the
system used were set by the canopy analysis system distributor (Regent Instruments, 2011).
Attempts were made to collect all images in morning or afternoon hours or during overcast
conditions to reduce glare from direct sunlight, which can cause errors with image
interpretation (Robison and McCarthy 1999, Jonckheere et al. 2005). In situations when glare
was unavoidable, a sun blocker device was used to prevent direct sunlight from reaching the

lens. All images were oriented to true north.
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2.3 Laboratory Methods

| analyzed all hemispherical photographs using the WinSCANOPY program v. 2010a
(Regen Instruments, 2011) to reduce user bias between individuals. WinSCAONOPY is a forest
canopy analysis software that quantifies characteristics of fish-eye photographs to describe
canopy structure, map and quantify radiation microclimate beneath canopies, and estimate
radiation indices (Breda, 2003; Macfarleane et al., 2007; Regent Instruments, 2011). | used the
software to calculate gap fraction, a measure of canopy openness, and LAl (Wulder, 1998;
Regent Instruments, 2011). Each image underwent a pixel classification where every pixel was
classified as either canopy or sky based on their gray values (Regent Instruments, 2011).
Percent of full sunlight was calculated from ceptometer readings as the ratio between the PAR
readings in each plot and the corresponding readings in open sunlight during the same
observation period. This allowed for the neutralization of slight changes in cloud cover or
incidental differences in PAR.

To clarify the environmental gradients governing species assemblages, | used non-metric
multidimensional scaling (NMS). NMS is a non-parametric ordination technique that is ideal for
analyzing ecological data because it avoids many assumptions made by alternative ordination
methods that are seldom met by ecological data. NMS calculates pair-wise dissimilarities of
species composition based on abundance and searches for the best position in mathematical
space of n entities (plots) on k dimensions (axes) (Legendre and Legendre, 1998). A Sgrensen
(Bray-Curtis) distance measure was used because it is robust with respect to ecological distance
(Faith et al., 1987) and is recommended when working with community data (McCune and

Grace, 2002). Rare species, defined as those species that occurred on less than 5% of the plots,
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were removed prior to analysis because these species can skew the results of the test making it
difficult to interpret (McCune and Grace, 2002). Initial runs using 50 iterations were done to
determine the optimal number of dimensions and the starting configuration for the final NMS. |
determined the optimal number of dimensions using a scree plot that plotted the final stress vs.
1-, 2-, 3-, and 4- dimensional solutions. The final stress was determined using Kruskal stress
function which measured the correspondence between the ordination and the original data,
versus the number of dimensions in the corresponding NMS scree plot. Species scores of the
final NMS were plotted in ordination space and species-environmental relationships were
examined. For continuous environmental variables, relationships were clarified by calculating
the Pearson correlation coefficients between the variable and the NMS axis. For categorical
environmental variables, a multi-response permutation procedure (MRPP) which requires no
distributional assumptions was used (McCune and Grace, 2002). A Sgrensen (Bray-Curtis)
distance measure was used for all MRPP tests and groups were defined at the plot level based
on damage class. All NMS and MRPP analyses were conducted using PC-ORD v. 5.31 (McCune
and Mefford, 2006).

Indicator species analysis (ISA) was used to contrast the performance of individual
species against the severity of damage. In this study, each plot was considered a sample and
each damage class was a group. The Dufréne and Legendre (1997) ISA method was used to
quantify the performance of individual species in the in the seedling, sapling, and overstory
forest strata at varying disturbance severities independently using PC-ORD v. 5.31. This method
accounts for both the abundance and frequency of species making it superior to alternative

techniques. Indicator values (/V) were calculated for species i in group j by multiplying relative
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abundance (4;;) by relative frequency (B;;) and then expressing the result as a percent: where
X;; is the mean cover of species i within group j, Z]- X; is the sum of the mean cover of species i
in all groups, n;; is the number of samples in group j occupied by species i, and n; is the total

number of samples in group j.

4y =
ij — —
2%
Tll'j
Bij =
n.

j

IV;; = A;; X B;; X 100

Rare species, or species that occur one less than 5% of the plots, were removed prior to analysis
because these species have no possibility of being a statistically significant indicator species.
The statistical significance of /V's was tested using the Monte Carlo method which randomly
reassigns sampling units to groups 1000 times (McCune and Grace, 2002). Indicator values
range from zero (no indication) to 100 (perfect indication). The null hypothesis for this method
is that /Vmax for the actual data set is no larger than the /Vpax, for the randomized data, thus the
probability for a type | error is the proportion of times that /Vmex from the randomized data set

equals or exceeds the IVma from the actual data set (McCune and Grace, 2002).
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3. RESULTS
3.1 Seedlings
Acer saccharum, A. rubrum, O. virginiana, V. acerifolium, and Q. alba were the most abundant
seedlings cumulatively accounting for 45% of the total relative stem density (Table 1). Viburnum
acerifolium and L. sinense (invasive species) were the fourth and eighth most abundant seedling
species, respectively. However, V. acerifolium and L. sinense had much lower relative
frequencies (35% and 18%, respectively) than seedlings with comparable abundances (Table 1).
Species that were present as seedlings, but did not exist in the sapling layer included: A.
spinosa, A. tecta, B. lenta, Carya spp., C. occidentalis, C. phaenopyrum, D. virginiana, J.nigra, K.
latifolia, L. benzoin, L. sinense, M. rubra, P. echinata, P. taeda, P. virginiana, P. americana, Q.
falcata, Q. velutina, Q. meuhlenbergii, Q. stellata, R. catawbies., S. grandifolius, U. americana,
V. arboreum, and V. acerifolium.

The optimal seedling NMS was found using non-transformed relative density values as
the measure of abundance (Figure 2). Seedling richness was 53 and 30 species were removed
from the final ordination because they were rare (present on < 5 plots) or to improve the final
solution. These species included: A. pavia, A. arborea, A. tecta, A. spinosa, B. lenta, Carya spp.,
C. dentata, C. occidentalis, C. phaenopyrum, D. virginiana, I. opaca, J. nigra, J. virginiana, K.
latifolia, L. benzoin, M. acuminata M. rubra, O. arboreum, P. echinata, P. virginiana, P.

americana, Q. falcata, Q. muehlenbergii, Q. stellata, Q. velutina, R. catawbiense, S. albidum, F.

14



Table 1. Relative frequency (%), density (%), and dominance (%) values for all seedlings (stems < 5 cm dbh), saplings (stems =25 cm
dbh and < 10 cm dbh), and trees (stems = 10 cm dbh). Species are ranked from highest to lowest based on relative density values of

seedlings.

Species Seedlings Saplings Trees

Relative frequency (%) Relative Density (%) Relative frequency (%) Relative Density (%) Relative Dominance (%) Relative frequency (%) Relative Density (%) Relative Dominance (%)

Acer negundo - - 0.9 0.1 0.1 - - -
Acer saccharum Marsh. 70.6 11.3 413 6.9 7.1 45.0 9.7 5.0
Acer rubrum L. 68.8 10.0 26.6 3.2 3.4 10.1 1.0 0.2
Ostrya virginiana (P. Mill.) K. Koch 70.6 8.7 79.8 38.1 37.6 44.0 8.4 1.6
Viburnum acerifolium L. 34.9 7.9 - - - - - -
Quercus alba L. 55.0 7.2 3.7 2.0 23 79.8 23.2 40.1
Fraxinus americana L. 46.8 6.3 14.7 1.6 1.4 13.8 1.3 1.7
Carya spp. 54.1 4.6 6.4 0.7 0.9 75.2 14.7 13.2
Ligustrum sinense Lour. 18.3 4.5 - - - - - -
Quercus rubra L. 41.3 33 0.9 0.1 0.1 14.7 1.3 4.3
Fagus grandifolia Ehrh. 29.4 3.2 34.9 7.4 6.8 46.8 8.6 5.7
Cornus florida L. 33.9 3.1 48.6 8.0 8.3 11.9 0.9 0.1
Nyssa sylvatica Marsh. 36.7 2.8 39.4 7.0 7.6 35.8 4.7 1.7
Cercis canadensis L. 339 23 15.6 3.0 2.7 0.9 0.2 0.0
Vaccinium arboreum Marshall 20.2 19 - - - - - -
Prunus serotina Ehrh. 36.7 19 6.4 13 14 3.7 0.4 0.2
Carpinus caroliniana Walt. 16.5 1.7 19.3 2.8 2.7 2.8 0.3 0.0
Sassafras albidum (Nutt.) Nees 5.5 1.6 1.8 0.4 0.4 2.8 0.2 0.1
Ulmus rubra Muhl. 17.4 15 5.5 0.4 0.5 3.7 0.3 0.2
Lidera benzoin 4.6 1.4 - - - - - -
Liriodendron tulipifera L. 10.1 1.4 4.6 0.5 0.5 26.6 29 6.2
Asimina triloba (L.) Dunal 11.0 1.1 0.9 0.1 0.0 - - -
Pinus taeda L. 11.9 11 - - - 83 1.4 4.3
Ulmus alata Michx. 22.0 1.0 17.4 1.7 1.8 7.3 0.7 0.5
Magnolia macrophylla Michx. 15.6 1.0 45.0 9.5 9.0 32.1 6.0 1.3
Frangula caroliniana (Walter) A. Gray 13.8 0.9 5.5 0.9 0.8 - - -
Quercus prinus L. 10.1 0.9 3.7 0.4 0.5 22.0 3.8 4.3
Rhododendron catawbiense Michx. 4.6 0.7 - - - - - -
Magnolia acuminata (L.) L. 15.6 0.7 13.8 1.2 1.3 211 2.0 1.5
Juniperus virginiana L. 12.8 0.6 1.8 0.1 0.2 9.2 1.2 0.9
Aesculus pavia 1.8 0.5 1.8 0.1 0.1 - - -
Arundinaria tecta (Walter) Muhl. 0.9 0.5 - - - - - -
Amelanchier arborea 9.2 0.5 2.8 0.2 0.2 - - -
Styrax grandifolius Aiton 4.6 0.5 - - - - - -
Aralia spinosa 5.5 0.4 - - - - - -
Quercus velutina Lam. 5.5 0.3 - - - - - -
Quercus muehlenbergii Engelm. 4.6 0.3 - - - 11.0 1.9 1.8
Diospyros virginiana L. 4.6 0.2 - - - - - -
Oxydendrum arboreum (L.) DC. 2.8 0.2 12.8 1.5 2.0 16.5 1.7 0.7
Pinus virginiana Mill. 3.7 0.2 - - - 2.8 0.2 0.2
Celtis occidentalis 4.6 0.2 - - - - - -
Quercus falcata Michx. 4.6 0.2 - - - 11.0 1.2 2.2
Tilia americana L. 1.8 0.1 0.9 0.1 0.1 3.7 0.3 0.3
Ulmus americana L. 1.8 0.1 - - - 5.5 0.5 0.5
Betula lenta L. 1.8 0.1 - - - 0.9 0.1 0.0
Castanea dentata (Marshall) Borkh. 1.8 0.1 6.4 0.7 0.9 - - -
Crataegus phaenopyrum (L. F.) Medik. 1.8 0.1 - - - - - -
Morus rubra L. 0.9 0.1 - - - 1.8 0.1 0.0
Pinus echinata Mill. 18 0.1 - - - 2.8 0.2 0.4
Prunus americana 1.8 0.1 - - - - - -
Illex opaca Aiton 0.9 0.0 1.8 0.2 0.3 - - -
Juglans nigra L. 0.9 0.0 - - - 2.8 0.3 0.4
Kalmia latifolia L. 0.9 0.0 - - - - - -
Quercus stellata Wangenh. 0.9 0.0 - - - 4.6 0.3 0.4
Total 892.7 100.0 458.7 100.0 100.0 580.7 100.0 100.0
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grandifolius, T. americana, and U. americana. The optimal NMS had three axes and the final
stress and instability of the solution was 19.94 and 0.00121, respectively suggesting poor
representation of plots in ordination space. Thus, my interpretation of results could be
misleading and this ordination should be loosely used as an interpretive aid. NMS axis 1, axis 2,
and axis 3 explained 13%, 15%, and 42% of the variation in the species matrix,
respectively.Orientation of plots along axis 1 (disturbance gradient: correlated with basal area
of decay class 1 stems, gap fraction, canopy openness, and leaf area index) and 3 (topographic
and diversity gradient: correlated with elevation, percent slope, tree diversity, and transformed
slope aspect) revealed that seedling composition was weakly related to these gradients (Table
2). Axis 1 was orthagonal to both axis 2 and axis 3 indicating that all axes were independent of
one another, meaning interactive effects among variables can be examined possibly resulting in
unique species responses.

Results of MRPP suggest that seedling composition differed among damage classes
(MRPP: A=0.008, T=-2.343, P =0.021), however this result may not be ecologically
meaningful. The statistical significance of the T-statistic, a measure of separation between
groups, can occur when the ‘effect size’ (A) is small, and if the sample size is large (McCune and
Grace, 2002). In addition, the observed within-group distance was relatively high (Sgrensen
distance = 0.707). The low A statistic combined with the high Sgrensen distance within-groups
suggested that the observed difference between damage classes may not be ecologically
meaningful. However, ISA results revealed that certain species had an affinity for different
damage classes. Quercus rubra (IV =32.7, P=0.014) and U. alata (IV = 22.1, P = 0.022) seedlings

occurred almost exclusively in light damaged plots, whereas M. macrophylla (IV = 25.8, P =
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Figure 2. Non-metric multidimensional scaling (NMS) ordination of seedling composition in 109
plots in the Sipsey Wilderness portion of Bankhead National Forest, Alabama. Elev: elevation
above sea level. Plots are shaded based on damage class (control: no visible wind damage; light:
< 3 windthrown trees (stems = 10 cm dbh); moderate: > 3 windthrown trees (stems = 10 cm
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0.001), C. florida (IV = 25.3, P = 0.048), N. sylvatica (IV = 24.8, P =0.094), and P. taeda (IV = 13.4,
P =0.084) seedlings had an affinity for undamaged neighborhoods (Table 3). Vaccinium
arboreum seedlings (/V =19.6, P = 0.048) were more abundant in moderately damaged plots

(Table 3).

3.2 Saplings

Ostrya virginiana, M. macrophylla, C. florida, N. sylvatica, and A. saccharum were the
most dominant sapling species (Table 1). Ostrya virginiana was disproportionately abundant in
the sapling strata relative to other species. It was present on 80% of the plots with a relative
density of 38% and a relative dominance of 38%, which was four times greater than the second
most abundant species, M. macrophylla (Table 1). The sapling forest stratum was densely
populated by stems of shade-tolerant taxa such as O. virginiana, M. macrophylla, C. florida, N.
sylvatica, A. saccharum, and F. grandifolia. Combined, these species accounted for 77% of the
relative dominance in the sapling forest strata. Species that were present as saplings, but not
represented in the tree layer included: A. arborea, A. negundo, A. pavia, A. triloba, C. dentata,
F. caroliniana, and I. opaca.

The optimal sapling NMS was found using non-transformed relative dominance values
as the measure of abundance (Figure 3). Sapling richness was 29 and 14 species were removed
from the final ordination because they were rare (present on < 5 plots) or to improve the final
solution. These species included: A. arborea, A. negundo, A. pavia, A. triloba, |. opaca,
J.virginiana, L. tulipifera, P. serotina, Q. alba, Q. prinus, Q. rubra, S. albidum, T. americana, and

U. rubra. The optimal NMS had three axes and the final stress and instability of the solution was
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15.20 and 0.00095, respectively suggesting a somewhat adequate representation of sites in
ordination space. However, the instability was still high making interpretation of results difficult
and possibly misleading in some cases. For this reason, the resulting ordination should be
loosely used as an interpretive aid. NMS axis 1, axis 2, and axis 3 explained 45%, 26%, and 16%
of the variation in the species matrix, respectively. Orientation of plots along axis 2
(topographic and diversity gradient: correlated with elevation, percent slope, tree diversity, and
seedling diversity) and axis 3 (disturbance gradient: correlated with percent full sunlight, leaf
area, gap fraction, and canopy openness) revealed that sapling composition was weakly related
to these gradients (Table 4). Axis 2 was orthagonal to axis 3 indicating that these axes were
independent of one another, meaning interactive effects among variables can be examined in
relation to unique species responses.

Overall, results from the MRPP analysis revealed no statistically significant difference in
species composition on plots among the different damage classes (MRPP: A =0.0068, T = -
1.4614, P=0.08627). However, results from the ISA analysis revealed O. virginiana (IV =37.9, P
=0.064), A. saccharum (IV =32.8, P =0.018), and F. caroliniana (IV = 13.2, P = 0.013), were
more abundant in lightly damage plots (Table 5). Oxydendrum arboreum (IV = 19.0, P = 0.018)

had an affinity for moderately damaged neighborhoods (Table 5).
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Table 2. Relationships between non-metric multidimensional scaling (NMS) axis values and

continuous environmental variables for seedlings. Values shown are Pearson correlation

coefficients.

Explanatory variable Axis 1 Axis 2 Axis 3

r r? r r? r r2
Elevatoin (Elev) -0.317 0.101 -0.175 0.031 0.35 0.122
Transformed slope aspect (Beers) -0.116 0.013 0.127 0.016 -0.284 0.081
Percent slope (Slope) -0.083 0.007 -0.051 0.003 0.158 0.025
Terrain shape index (TSI) -0.016 0 0.088 0.008 -0.095 0.009
Basal area of decay class 1 stems (D1_ba) -0.246 0.061 0.066 0.004 0.003 0
Shannon diversity for seedlings (SedlingH) -0.092 0.008 0.013 0 -0.198 0.039
Shannon diversity for saplings (SaplingH) 0.021 0 0.104 0.011 -0.146 0.021
Shannon diversity for trees (TreeH) 0.025 0.001 -0.254 0.064 0.302 0.091
Percent full sunligt (Prct) 0.05 0.003 -0.03 0.001 0.057 0.003
Gap fraction (GapFrac) -0.17 0.029 -0.029 0.001 0.15 0.022
Percent canopy opennes (Openness) -0.159 0.025 -0.051 0.003 0.157 0.025
Leaf area index (LAI) 0.201 0.04 0.038 0.001 -0.097 0.009
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Table 3. Species indicator values (/V) for seedlings by environmental damage class. Species are
ranked from highest to lowest based on /V.

Species Max group (damage class) 1V (%)
Quercus rubra Light 32.7**
Acer rubrum Moderate 30.4
Carya spp. Moderate 28.6
Acer saccharum Control 28.4
Fraxinus americana Light 27.8
Aralia spinosa Moderate 26.7
Ostrya virginiana Moderate 26.5
Magnolia macrophylla Control 25.8%**
Quercus alba Light 25.8
Cornus florida Control 25.3%*
Nyssa sylvatica Control 24.8*
Ulmus alata Light 22.1%*
Vaccinium arboreum Moderate 17.6*
Viburnum acerifolium Control 17.3
Cercis canadensis Control 15.1
Ligustrum sinense Light 15
Pinus taeda Control 13.4*
Quercus rubra Light 13
Prunus serotina Light 12.9
Carpinus caroliniana Control 12.8
Frangula caroliniana Light 12.5
Fagus grandifolia Light 11.9
Juniperus virginiana Light 8.7
Liriodendron tulipifera Control 7.4
Sassafras albidum Control 7.3
Magnolia acuminata Control 6.5
Quercus prinus Moderate 4.9
Quercus velutina Control 4.3
Asimina triloba Control 4.2
Amelanchier arborea Moderate 41

Significance: *0.10 > P >0.05; ** 0.05> P >0.01; *** 0.01> P >0.001; **** P <0.001
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Figure 3. Non-metric multidimensional scaling (NMS) ordination of sapling composition in 109
plots in the Sipsey Wilderness portion of Bankhead National Forest, Alabama. Elev: elevation
above sea level; TreeH: Shannon diversity index values for trees. Plots are shaded based on
damage class (control: no visible wind damage; light: < 3 windthrown trees (stems = 10 cm

dbh); moderate: > 3 windthrown trees (stems > 10 cm dbh)).

22




3.3 Trees

Quercus and Carya spp. were the most dominant tree taxa, and combined accounted for
53% of the relative dominance for trees > 10 cm dbh (Table 1). Quercus alba was the most
dominant overstory tree and the fifth most frequent seedling. However, Q. alba was present on
less than 5% of the plots in the sapling size class. This trend was mirrored by the second most
dominant overstory taxa, Carya. Species represented in the tree class, but not in sapling class
included: B. lenta, J. nigra, M. rubra, P. echinata, P. taeda, P. virginiana, Q. falcata, Q.
meuhlenbergii, Q. stellata, and U. americana.

The optimal tree NMS was found using non-transformed relative dominance values as
the measure of abundance (Figure 4). Tree richness was 33 and 12 rare species were removed
from the final ordination because they were rare (present on < 5 plots) or to improve the final
solution. These species included: B. lenta, C. canadensis, C. caroliniana, Carya spp., J. nigra, M.
rubra, P. echinata, P. virginiana, P. serotina, S. albidum, T. americana, and U. rubra. The optimal
NMS had three axes and the final stress and instability of the solution were 16.14 and 0.00009,
respectively suggesting poor representation of sites in ordination space. NMS axis 1, axis 2, and
axis 3 explained 32%, 22%, and 33% of the variation in the species matrix, respectively.
Orientation of plots along axis 2 (disturbance gradient: correlated with gap fraction, canopy
openness, and leaf area index) and axis 3 (topographic gradient: correlated with elevation,
transformed slope aspect, and percent slope) revealed that overstory composition was weakly
related to these gradients (Table 6). Axis 1 was orthagonal to axes 2 and 3 indicating that these
axes were independent of one another, meaning interactive effects among variables can be

examined in relation to species responses.
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Table 4. Relationships between non-metric multidimensional scaling (NMS) axis values and

continuous environmental variables for saplings. Values shown are Pearson correlation

coefficients.

Explanatory variable Axis 1 Axis 2 Axis 3

r r? r r? r r2
Elevatoin (Elev) 0.225 0.051 -0.353 0.125 -0.035 0.001
Transformed slope aspect (Beers) -0.142 0.02 0.075 0.006 0.066 0.004
Percent slope (Slope) 0.269 0.072 -0.179 0.032 -0.196 0.038
Terrain shape index (TSI) -0.15 0.022 0.019 0 0.098 0.01
Basal area of decay class 1 stems (D1_ba) -0.051 0.003 -0.047 0.002 0.031 0.001
Shannon diversity for seedlings (SedlingH) -0.288 0.083 0.142 0.02 0.085 0.007
Shannon diversity for saplings (SaplingH) -0.04 0.002 -0.11 0.012 0.02 0
Shannon diversity for trees (TreeH) 0.407 0.166 -0.411 0.169 -0.089 0.008
Percent full sunligt (Prct) 0.146 0.021 -0.034 0.001 0.113 0.013
Gap fraction (GapFrac) 0.011 0 -0.039 0.002 -0.082 0.007
Percent canopy opennes (Openness) 0.022 0 -0.046 0.002 -0.081 0.007
Leaf area index (LAI) 0.06 0.004 0.01 0 0.093 0.009
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Table 5. Species indicator values (/V) for saplings by environmental damage class. Species are
ranked from highest to lowest based on /V.

Species Max group (damage class) 1V (%)
Ostrya virginiana Light 37.9*
Acer saccharum Light 32.8**
Cornus florida Moderate 22.9
Nyssa sylvatica Moderate 21.1
Magnolia macrophylla Moderate 20.8
Oxydendrum arboreum Moderate 19**
Fagus grandifolia Light 16.7
Carpinus caroliniana Control 16
Frangula caroliniana Light 13.2**
Acer rubrum Moderate 12.1
Cercis canadensis Light 11.3
Ulmus alata Control 10.5
Fraxinus americana Light 9.8
Prunus serotina Moderate 7
Magnolia acuminata Control 6.5
Ulmus rubra Light 5.5
Carya spp. Light 4.5

Significance: * 0.10> P >0.05; ** 0.05 > P >0.01; *** 0.01> P >0.001; **** P <0.001
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Figure 4. Non-metric multidimensional scaling (NMS) ordination of tree composition in 109

plots in the Sipsey Wilderness portion of Bankhead National Forest, Alabama. Beers:

transformed slope aspect; Slope: percent slope; Openness: percent canopy oppenness;
GapFrac: gap fraction. Plots are shaded based on damage class (control: no visible wind

damage; light: < 3 windthrown trees (stems > 10 cm dbh); moderate: 2 3 windthrown trees

(stems =10 cm dbh)).
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Results from the MRPP analysis revealed no statistical difference in tree species composition
between damage classes (MRPP: A =-0.0012, T=0.3144, P = 0.55737). However, results from
the ISA revealed that when present, A. saccharum (IV = 29.5, P =0.074), O. virginiana (IV = 27.9,
P =0.078), Q. muehlenbergii (IV=22.4, P=0.003), and U. rubra (IV=12.9, P=0.013), occurred
more often in light damage plots, whereas F. grandifolia (IV = 32.0, = 0.003) was largely

restricted to moderately damaged neighborhoods (Table 7).
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4. DISCUSSION

4.1 Dynamics in the seedling class

Disturbance driven changes in community composition are often the result of increased
abiotic and biotic pressures (Parmesan and Yohe, 2003; Toot et al., 2003; Walther, 2010). Stems
in different vertical positions within a stand may respond independently from one another to
these pressures resulting in different compositional responses among forest strata (Aukema et
al., 2007). The NMS and ISA results combined provided insight into the different individual and
cumulative factors governing species assemblages of varying forest strata in response to
disturbance, and their collective impacts. Based on the NMS results, seedling species seem to
be aligned most strongly along a topographic and diversity gradient related to elevation and
tree diversity. Of the more abundant seedling species, A. rubrum and Q. prinus occurred in
greater abundance on higher elevation sites with higher tree diversity, whereas O. virginiana
and A. saccharum abundance was more concentrated at lower elevations with lower tree
diversity. While elevation per se is not a significant factor in the greatly dissected terrain on the
Cumberland Plateau, higher elevation plots were closer to ridge tops where conditions were
typically more xeric relative to lower elevations. This zone could support higher tree diversity as
species composition transitions from the Quercus-rich mid-slopes to a Pinus dominated

community on the ridge tops. This may explain the correlation between elevation and tree
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Table 6. Relationships between non-metric multidimensional scaling (NMS) axis values and
continuous environmental variables for trees. Values shown are Pearson correlation

coefficients.

Explanatory variable Axis 1 Axis 2 Axis 3

r r? r r? r r2
Elevatoin (Elev) -0.218 0.047 -0.118 0.014 0.157 0.025
Transformed slope aspect (Beers) 0.165 0.027 0.048 0.002 0.295 0.087
Percent slope (Slope) -0.098 0.01 -0.04 0.002 0.249 0.062
Terrain shape index (TSI) 0.088 0.008 0.136 0.019 -0.05 0.003
Basal area of decay class 1 stems (D1_ba) -0.143 0.02 0.017 0 0.038 0.001
Shannon diversity for seedlings (SedlingH) 0.083 0.007 -0.021 0 0.039 0.002
Shannon diversity for saplings (SaplingH) 0.061 0.004 0.049 0.002 0.145 0.021
Shannon diversity for trees (TreeH) -0.103 0.011 -0.091 0.008 0.134 0.018
Percent full sunligt (Prct) -0.043 0.002 0.042 0.002 -0.05 0.003
Gap fraction (GapFrac) -0.093 0.009 -0.225 0.05 0.013 0
Percent canopy opennes (Openness) -0.097 0.009 -0.242 0.058 0.001 0
Leaf area index (LAI) 0.022 0.001 0.183 0.033 0.057 0.003
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Table 7. Species indicator values (/V) for trees by environmental damage class. Species are
ranked highest to lowest based on /V.

Species Max group (damage class) 1V (%) p-value
Carya spp. Light 35 0.1366
Quercus alba Light 34.3 0.2008
Fagus grandifolia Moderate 32%* 0.0442
Acer saccharum Light 29.5% 0.0744
Ostrya virginiana Light 27.9* 0.0784
Quercus muehlenbergii Light 22.4%%* 0.0032
Magnolia macrophylla Moderate 20.9 0.1376
Liriodendron tulipifera Moderate 19.3 0.1446
Quercus prinus Moderate 13.2 0.3853
Ulmus rubra Light 12.9** 0.0134
Oxydendrum arboreum Moderate 12 0.2639
Cornus florida Light 9.4 0.3091
Juniperus virginiana Moderate 8.8 0.2951
Magnolia acuminata Moderate 8.1 0.941

Fraxinus americana Moderate 6.9 0.776

Quercus falcata Control 6.4 0.6591
Acer rubrum Moderate 6.2 0.6155
Ulmus alata Light 5.4 0.5767
Pinus taeda Control 5.3 0.6845
Cercis canadensis Light 5 0.1776
Ulmus americana Moderate 3.5 0.7079

Significance: * 0.10> P >0.05; ** 0.05>P > 0.01; *** 0.01> P >0.001; **** p <0.001
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diversity to species abundance and why certain species had an affinity for certain
neighborhoods. Acer rubrum and Q. prinus are more likely to occur on xeric sites relative to A.
saccharum and O. virginiana, and are sorted accordingly along this gradient.

Species responses to disturbance mediated changes in the seedling class was hindered
because opportunities for establishment and recruitment were low and likely ephemeral in
disturbed areas. | hypothesized this is why plots did not orient into clusters in NMS
mathematical space based on severity, (i.e. damage class) and why Pearson correlation values
were low between metrics used to quantify disturbance severity and species composition. A
previous study by Cowden et al. (2014) found that understory light levels following
intermediate-scale disturbance returned to pre-disturbance conditions within three years
except in the most disturbed neighborhoods and were likely insufficient in creating new
opportunities for the establishment and recruitment of moderately shade-tolerant and shade-
intolerant stems in the seedling class. The newly available light in disturbed neighborhoods was
largely captured by intermediate stems, which remained mostly protected from direct wind
damage because they were below the main canopy at the time of the disturbance (White et al.,
2015). This would have hindered new establishment and recruitment opportunities for
moderately shade-tolerant and shade-intolerant species in the seeding and sapling size classes,
and may explain why these classes were dominated by shade-tolerant species.

Further support for this hypothesis may be reflected in the ISA results. Although not
significant, ISA results revealed that most moderately shade-tolerant Quercus spp. occurred
more frequently and in higher abundances in damaged neighborhoods, possibly indicating

initial regeneration success immediately prior to the disturbance event when understory light
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levels would have been highest. However, when comparing species present as seedling and not
represented in the sapling class it was clear that the effects this disturbance event had on
possibly promoting moderately shade-tolerant or shade-intolerant species was ephemeral. All
Pinus spp. and most Quercus spp. with the exception of Q. alba, Q. prinus, and Q. rubrum failed
to recruit into the sapling class. Furthermore, combined the Quercus spp. that were present in
the sapling class represented only a small portion (< 3%) of the relative density and relative
dominance. Rather, dominant species displaying a significant affinity for disturbed areas were
all shade-tolerant indicating that this disturbance alone was likely insufficient for the

establishment and recruitment of moderately shade-tolerant and shade-intolerant species.

4.2 Dynamics in the sapling class

Changes to the biophysical environment after disturbance events are known to be
influential in driving species composition patterns in forest ecosystems (Putz and Sharitz, 1991;
Hook et al., 1991; Foster and Boose, 1992; Duever and McCollom, 1993; Imbert et al., 1996;
Bluhm 1997). For example, of the most abundant species in the sapling layer C. florida and N.
sylvatica increased in abundance on higher elevation sites with higher tree diversity whereas
O. virginiana, A. saccharum and F. grandifolia abundance increased on lower elevation sites
with lower tree diversity. NMS results for the sapling class exhibited similar trends to those
observed in the seedling class with species most strongly aligned along elevation and diversity
gradients and a muted correlation to disturbance metrics. This finding further emphasizes the

importance of stand structure at the time of the disturbance (White et al., 2015).
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Based on Pearson correlation coefficients between NMS axes and species abundances, |
suspect tree diversity, elevation, and alterations to the biophysical environment as a result of
the disturbance were not the only or most influential drivers influencing compositional patterns
in the seedling and sapling classes because correlation coefficients were low. Other factors not
examined in this study such as differences in soil moisture content, substrates, and nutrient
availability, can generate a wide range of edaphic conditions that can alter species assemblages
(McEwan et al., 2005; Hart and Kupfer, 2011). | speculate these underlying gradients played an
important role in the vegetation patterns in these classes. For example, in lightly damaged
plots, | hypothesized higher insolation inputs from lightly damaged plots mostly having a south-
facing aspect may have promoted the initial establishment of moderately shade-tolerant
species because competition from more mesic species was reduced. The higher insolation
inputs on south-facing slopes may have lead to higher temperatures and evapotranspiration
rates compared to other aspects, possibly decreasing available soil moisture (Isard, 1986).
Disturbance likely added to the moisture pressure by removing canopy trees thus, increasing
temperatures and evaporation rates near the forest floor. For this reason, | suspect
composition on these sites was at least partially driven by a moisture gradient and other
attributes related to soil nutrient availability. Fine-scale soil measurement are needed to gain a
more complete understand of vegetation patterns in this forest.

Overall, | hypothesize that the disturbance acted primarily as a release mechanism for
the already established, shade-tolerant, advanced regeneration in the sapling class. Site
characteristics certainly influence damage and recovery, but the stage of development at the

time of the disturbance was of primary importance. These stands were in the understory
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reinitiation stage of development thus, species that had abundant advanced reproduction were
expected to be influential in shaping post-disturbance vegetation because the seedling and
sapling layers often do not experience direct wind damage except when they are impacted by
the fall of a tree crown. Therefore, the shade-tolerant advanced reproduction in the sapling
class had a competitive advantage over new post-disturbance stems in capturing newly
available resources (Webb, 1989). ISA results in the sapling class provided further support for
this because all significant indicator species were shade-tolerant in disturbed areas. Rather than
promoting growth and recruitment of moderately-shade tolerant or shade-intolerant species,
the disturbance event primarily released shade-tolerant stems that were present prior to the

disturbance event.

4.3 Dynamics in the tree class

Throughout the Cental Hardwood Forest of the eastern United States, studies have
documented Quercus dominated systems transitioning to support stronger components of Acer
and other mesic taxa (e.g. Lorimer, 1993; Abrams, 2005; Hart et al., 2008; Nowacki and Abrams,
2008) and my findings support this trend. The cessation of low intensity anthropogenic fire,
climate change, land-use modification, and changes in wildlife populations have all been
proposed as possible reasons for the observed pattern (Lorimer, 1993; Abrams, 2005; Hart et
al., 2008; Nowacki and Abrams 2008; Hart et al., 2012). It is likely all these factors are acting in a
synergistic manor and facilitating the Quercus to Acer transition, (McEwan et al., 2011) just in
varying degrees in different geographic locations. Site characteristics and disturbance history

were likely instrumental in creating the Quercus and Carya dominated overstory and these taxa
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will likely maintain canopy dominance after the disturbance event. A change in stand structure
from pre-European settlement to present day may have had significant impact on the
disturbance regimes, consequently affecting the composition of these stands. For example,
canopy gap sizes prior to European settlement could have been larger, supporting the
regeneration of moderately shade-tolerant and shade-intolerant taxa such as Quercus and
Carya because a greater percentage of the landscape was estimated to support stands in the
complex stage of development (Whitney, 1994; Lorimer 2001). Through time these stands will
likely transition to support increasingly larger components of A. saccharum and F. grandifolia.
Quercus alba and Carya spp. overall were the most dominant overstory taxa before and after
the disturbance. However, with the exception of Q. muehlengergii, overstory species showing
significant /V’s in disturbed areas were all shade-tolerant, most notably, F. grandifolia and A.
saccharum. | suspect these species had an affinity for disturbed areas because they were
numerous in the mid-story and understory. Thus, they were able to readily capture newly
available resources, primarily light resulting from the mortality of dominant and codominant
canopy individuals.

Stand structure at the time of the disturbance is particularly important when examining
changes in composition after intermediate-scale disturbance (Cowden et al., 2014; White et al.,
2015). If a disturbance occurs in young stands, the stem density of advanced reproduction can
be low, reducing its contribution to future composition (White and Pickett, 1985). Conversely, if
stands are past the stem exclusion stage of development and advanced regeneration is not
reduced by herbivory, future composition may closely resemble that of the advanced

regeneration layer (DeCoster, 1996). The secondary stands in this study were in the understory
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reinitiation stage of development and stems established in the understory and mid-story prior
to the canopy disturbance was expected to recruit into larger diameter classes. However,
successional replacement is also dependent on the primary gap closure mechanism. In
developing secondary stands not in the complex stage of development, gaps are typically closed
by the lateral crown expansion of dominant and codominant individuals because gap sizes are
usually smaller than what is required for gaps to be filled by subcanopy height growth (Hart and
Grissino-Mayer, 2009; Hart et al., 2011; Richards and Hart, 2011). If this is the primary gap
closure mechanism in these stands, it is likely Q. alba and Carya will maintain canopy
dominance in the short-term. Additionally, larger gaps that are also present following
intermediate-scale disturbances and projected to be filled by sub-canopy height growth will
likely be captured by Q. alba and Carya. Previous research in these stands reported Q. alba and
Carya spp. to be the most abundant taxa of the tallest and most abundant stems in the
intermediate crown class (Cowden et al. 2014; White et al., 2015). These stems are those
deemed most likely to capture the larger gaps. Thus, regardless of the gap closure mechanism,
Q. alba and Carya spp. will likely maintain canopy dominance until the point when shade-
tolerant stems in the understory and mid-story, particularly A. saccharum and F. grandifolia,

begin to capture canopy openings as the stands continues to develop.

4. 4 Effects on Succession
The abundance of moderately shade-tolerant Quercus and Carya spp. in the seedling
and sapling class was relatively low when compared to Quercus and Carya abundance in the

overstory, and many moderately shade-tolerant and shade intolerant seedling species failed to
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recruit to saplings following the disturbance event. Rather, the seedling and sapling classes
were largely comprised of shade-tolerant Acer spp., F. grandifolia, and O. virginiana that
displayed and affinity for disturbed areas. In addition, shade-intolerant, early successional
species were sparse. Liriodendron tulipifera, a noted gap opportunist and shade-intolerant
species (Boring et al., 1981; Phillips and Shure, 1990; Busing 1995), was relatively rare in the
seedling and sapling class despite the presence of mature individuals in the overstory. |
hypothesized this was because under closed canopy conditions, shade-tolerant species had
competitive advantage over shade-intolerant species. As time progressed under these
conditions, a well developed, shade-tolerant layer of advanced reproduction formed. When
the disturbance event removed dominant and codominant individuals, a pre-existing layer of
shade-tolerant advanced reproduction below the main canopy was released. This event allowed
for the recruitment of these individuals while simultaneously suppressing the establishment of
shade-intolerant species, thereby accelerating succession (i.e. disturbance-mediated

accelerated succession).
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5. CONCLUSION

The physical environment and species-specific responses following a disturbance shape
future composition. The effects of disturbance on underlying gradients and light regimes are
not discrete and these factors interact, driving species assemblages. In this study, | observed
interactions between underlying gradients related to topography and diversity that influenced
species assemblages in the seedling and sapling class. However, because of the well developed
advanced reproduction that remained after the disturbance, the removal of canopy trees (i.e.
disturbance severity) largely released the shade-tolerant understory and mid-story stems.
Species responses to alterations of the biophysical environment as a result of the disturbance
were hindered because opportunities for the establishment and recruitment of moderately
shade-tolerant and shade-intolerant individuals were suppressed. In the short term, it is likely
Quercus and Carya spp. will maintain canopy dominance regardless of the gap closure
mechanism. However, | predict that with time and under the current disturbance regime these
stands will transition to support an increasing stronger component of shade-tolerant species,
primarily Acer spp. and F. grandifolia. My results provide insight into the complexity of species
assemblages and the influence of intermediate-scale disturbances on species composition and

structure and provide managers with valuable information to make informed decisions.
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