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ABSTRACT 

 All forest ecosystems are subject to natural disturbances that influence development and 

succession. Forest disturbances are typically classified based on severity and spatial extent with 

events ranging from small, single-tree gaps to large, stand replacing disturbances. Intermediate-

scale disturbances occur along the gradient between the two endpoints. On 20 April 2011 in 

Lawrence County, AL, an EF1 tornado tracked 5 km, leaving a patchwork mosaic of disturbed 

areas that included multiple mixed Pinus-hardwood stands. The objectives of this thesis were to 

describe the effects of intermediate-scale wind disturbance on forest composition, structure, 

succession, and development, and to compare and contrast the effects of silvicultural entries to 

those of natural disturbance. The storm disproportionately removed large Pinus stems, and 

effectively accelerated succession and promoted hardwood dominance. The ISD created 

understory light levels in the disturbed neighborhoods that were significantly higher than pre-

disturbance conditions after five growing seasons. Similar to the naturally disturbed stands, the 

intermediate treatments also accelerated succession by preferentially removing Pinus canopy 

stems and promoting Quercus dominance. This study addresses the gap in our understanding of 

the effects of intermediate-scale wind disturbance on composition, structure, succession, 

development, biodiversity, and sub-canopy light regimes in mixed Pinus-hardwood systems. 

This study will serve as a reference point for natural disturbance-based management in this forest 

type. 
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CHAPTER 1 

INTRODUCTION 

1.1 Purpose 

 The purpose of this thesis is to describe the effects of an intermediate-scale wind 

disturbance on mixed Pinus-hardwood stands. Wind is the most common natural disturbance 

agent in temperate forests. Results from this study will provide information on the effects of an 

intermediate-scale wind disturbance on species composition, stand structure, biodiversity 

patterns, and sub-canopy light regimes in mixed Pinus-hardwood stands, and serve as a reference 

point for natural disturbance-based management in this forest type. 

1.2 Influence of natural disturbance  

All forest ecosystems are subject to natural disturbances that influence development and 

succession (White and Pickett, 1985; Foster et al, 1998). Forest disturbances disrupt the 

biophysical environment and are typically classified based on severity and spatial extent. These 

events range from small, single-tree gaps to large, stand replacing disturbances (Oliver and 

Larson, 1996). Intermediate-scale disturbances (ISD) occur along the gradient between the two 

endpoints (Cowden et al, 2014). Natural agents that may result in an ISD are not restricted to 

wind events (e.g., tornadoes, downbursts from convective storms, and hurricanes), but also 

include mixed-severity fires, ice storms, insect outbreaks, and diseases among others (Oliver and 

Larson, 1996; Peterson, 2000; Nagel et al., 2006; Hart et al., 2008). Although disturbance agents 

and the effects of discrete ISD events may vary widely, all ISDs alter the availability of light in 

the understory, which is regarded as the most limiting abiotic factor in forests of the eastern US 
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(Canham and Loucks, 1984; Hanson and Lorimer, 2007; Grayson et al. 2012). Intermediate-scale 

disturbances disrupt larger areas than gap-scale events and have a shorter return interval than the 

lifespan of most canopy trees, yet surprisingly little information is available on their effects on 

forest ecosystems (Canham and Loucks, 1984; Lorimer, 2001; Seymour et al., 2002; Hanson and 

Lorimer, 2007; Cowden et al., 2014; White et al. 2015).  

Intermediate-scale disturbance events typically result in spatial heterogeneity within stands 

and increase intra-stand structural complexity (Cowden et al., 2014; White et al. 2015; Keasberry 

et al., 2016). This disturbance-induced heterogeneity demonstrates the multitude of structures 

capable of being produced through natural events; structures which may be replicated through 

natural disturbance-based management (Franklin et al., 1997; O’Hara, 2001; Long, 2009; 

Hanson et al., 2012; O’Hara, 2014). Few studies have analyzed natural intermediate-scale 

disturbances and fewer still have analyzed these processes in mixed Pinus (Pinus taeda, Pinus 

virginiana, and Pinus echinata)-hardwood stands of the eastern US (Batista and Platt, 2003). 

Quantifying the effects of these events is necessary to revise silvicultural treatments for 

managers interested in maintaining a Pinus component in stands with an abundance of relatively 

shade-tolerant hardwoods in the understory, promoting more natural mixtures of hardwoods in 

managed Pinus systems, or shifting composition (i.e. accelerating succession) toward hardwood 

dominance. 

1.3 Mixed Pinus-hardwood stands 

The mixed Pinus-hardwood forest type spans millions of hectares throughout the eastern 

US (Cooper, 1989; Smith and Darr, 2004). In the southeastern US, many contemporary mixed 

Pinus-hardwood stands established as a result of land clearing for agriculture and subsequent 

abandonment (Delcourt and Delcourt, 1979; Cooper, 1989; Keeley and Zedler, 1998). The 
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theoretical basis for natural succession in such mixed Pinus-hardwood stands has been 

established (Peet and Christensen, 1987; Cooper, 1989; Shelton and Cain, 1999). The open, and 

sometimes low-fertility, conditions in old fields favor the establishment of early-seral Pinus 

stems. In the absence of fire, more shade-tolerant hardwoods typically establish in these stands 

and an abundance of hardwood advanced reproduction in the understory inhibits Pinus 

regeneration. Without active management or relatively broad-scale natural disturbance, the Pinus 

component of these successional stands will diminish and the dominance of hardwood species 

will increase (Cooper, 1989; Guyette et al., 2007; Hart et al. 2012; Weber et al., 2014).  

Managers in the Central Hardwood Forest increasingly wish to maintain Pinus in 

successional stands or promote a hardwood component in managed Pinus stands to meet a range 

of objectives including increased biodiversity, achieving desired fuel loads, enhanced resiliency 

to perturbations, commodity production, and restoration objectives (Hart et al., 2012; Clabo and 

Clatterbuck, 2015). Mixed Pinus-hardwood stands may be more structurally heterogeneous than 

pure Pinus or pure hardwood stands. As mixed stands contain tree species that represent a range 

of life history characteristics and growth forms (e.g. deciduous v. evergreen foliage), these stands 

may promote biological diversity by providing a comparatively wide range of habitat niche space 

for other organisms. For example, some wildlife species such as Picoides borealis Vieillot, Sitta 

pusilla Latham, and Setophaga pinus Wilson are associated with mature Pinus trees (Johnston 

and Odum, 1956; Dickson, 1982; Buckner, 1982; Owen, 1984). The acidic and highly flammable 

Pinus litter also provides a pathway for change in these systems. Pinus litter is considered highly 

flammable relative to some hardwood litter and promotes the spread of fire (Keeley and Zedler, 

1998; Kane et al., 2008; Ellair and Platt, 2013). The Pinus-hardwood mixture may also promote 

resiliency to future disturbances, as well as provide options for uncertain future timber markets 
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(Cooper, 1989; Clabo and Clatterbuck, 2015; O’Hara and Ramage, 2013). By quantitatively 

comparing the effects of natural and anthropogenic intermediate-scale disturbances in mixed 

Pinus-hardwood stands, I can provide data necessary to actively manage in accord with natural 

processes and update silvicultural systems designed to maintain or create mixed Pinus-hardwood 

systems. 

1.4 Objectives 

This study addresses the gap in our understanding of the effects of intermediate-scale 

wind disturbance on composition, structure, succession, development, biodiversity, and sub-

canopy light regimes in mixed Pinus-hardwood systems. This study will serve as a reference 

point for natural disturbance-based management in this forest type. The overarching goals of this 

study are to describe the effects of intermediate-scale wind disturbance on forest composition, 

structure, succession, and development, and to compare and contrast the effects of silvicultural 

entries to those of natural disturbance. The specific objectives of this study are to: 1) quantify 

and compare woody species composition, canopy structure, understory light regimes, and species 

diversity along a gradient of canopy disturbance; 2) analyze the effects of the ISD on the 

successional and developmental trajectories of mixed Pinus-hardwood stands; and 3) compare 

the effects of an intermediate-scale wind disturbance and intermediate-stand treatments.  
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CHAPTER 2 

STUDY AREA AND METHODS 

2.1 Description of the study area 

This study was conducted in the Sipsey Wilderness within the William B. Bankhead 

National Forest (BNF) in Lawrence and Winston Counties, Alabama. The 10,085 ha reserve was 

established in 1975 and is located on the Cumberland Plateau section of the Appalachian 

Plateaus physiographic province (Fenneman, 1938). The topography of the region is 

distinguished by its locally high relief with narrow ridges, steep slopes, and deep valleys. The 

area is so strongly dissected that it does not resemble a true plateau (Smalley, 1979). The 

underlying geology of the region is Pennsylvanian quartzose sandstone containing interstratified 

layers of limestone, shale, siltstone, and discontinuous anthracite and bituminous coal (Szabo et 

al., 1988). Soils in the region are generally shallow, acidic and well-drained (USDA SCS 1959). 

The regional climate is classified as humid mesothermal, characterized by long, hot summers and 

short, mild winters (Thornthwaite, 1948). The mean annual temperature is 16° C, with average 

temperatures in January and July of 5° C and 26° C, respectively. The growing season typically 

begins in mid-March and ends in early-November, lasting ca. 220 days. Mean annual 

precipitation is 149 cm with no formal dry season (PRISM Climate group, 2015)  

Forests on the Cumberland Plateau are known for having high plant species richness and 

gamma diversity (Hinkle et al., 1993). Topography and soil-water availability exhibit strong 

influences on the species composition of plant communities in the region (Hinkle, 1989; 

Clatterbuck et al., 1993). The region is classified as a transition zone between the Mixed 
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Mesophytic Forest region to the north and the Quercus−Pinus Forest region to the south by 

Braun (1950). Environmental gradients are steep and stands may contain taxa that would 

typically dominate at both higher and lower latitudes (Zhang et al., 1999; Richards and Hart, 

2011; Parker and Hart, 2014). Pinus taeda L. and Pinus virginiana Mill. often dominate the 

ridges and upper slope positions. Less than 100 m down slope of the ridgetops, stands transition 

to a mixture of species with a strong hardwood component as middle and lower slope positions 

are largely dominated by mesic hardwoods species (Zhang et al., 1999; Richards and Hart, 

2011). The stands sampled for this study were in the Oak-Pine USDA cover type group. Within 

this cover type, upland hardwoods comprise a plurality of the relative density of tree species, and 

pines account for 25−50% relative tree density. This cover type spans millions of hectares with a 

geographic range spanning from east Texas to the Atlantic coast, and from central Florida to 

Delaware.  

On 20 April 2011, a long-lived, bow echo system tracked eastward across north Alabama 

(NCDC, 2012). The system produced an EF1 tornado that affected multiple stands within the 

Bankhead National Forest. The tornado and the winds from the wake low that followed produced 

wind gusts reaching 153 kph (NWS, 2011). The most heavily impacted areas within the Sipsey 

Wilderness were concentrated in the path of the tornado, while patches of disturbed areas and 

blowdowns decreased in severity with distance from the swath (Cowden et al., 2014; White et 

al., 2014; Keasberry et al. 2016).  
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Figure 1. Sipsey Wilderness on the Bankhead National Forest in Alabama, US. Shaded portion 

on Alabama inset map is the Cumberland Plateau physiographic section. 
 
2.2 Field Methods 

Stands impacted by the 2011 tornado were surveyed in the fifth growing season post-

disturbance. All stands were within the same biophysical setting based on Smalley’s (1979) land 

classification system. An inventory of post-disturbance biophysical conditions was conducted in 

each stand. A stratified subjective sampling scheme was used to capture the gradient of wind 
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disturbance in the area (c.f. Cowden et al., 2014; White et al., 2015). A geo-referenced dataset 

provided by the USDA Forest Service was used in ArcMap v. 10.2 to determine which stands 

met the predetermined sampling criteria. The dataset consisted of quantitative information on 

stand-level species composition, establishment year, roads, established trails, streams, and the 

tornado damage track. To determine terrain features such as slope and aspect, USGS quadrangles 

and geo-referenced aerial photographs were imported into ArcMap as basemaps. Using these 

data, paired with field reconnaissance, stands were selected that: (1) were classified in the Oak-

Pine USDA forest cover type group, (2) 30−60 years of age, (3) were directly affected by the 

2011 tornado, and (4) had no recorded or identifiable features indicative of prior exogenous 

disturbance during stand development. Undisturbed neighborhoods within stands were used as 

controls in the study, based on the assumption that they were representative of pre-disturbance 

conditions using a space-for-time substitution. Stand boundaries were congruent with those 

established by management personnel on the Bankhead National Forest.  

In ArcMap, plots were subjectively established in the selected stands to ensure a 

representative sample distribution across the canopy disturbance gradient. In the field, each 

predetermined plot identified in ArcMap was visually assessed in the context of surrounding 

stand conditions. Thus, sample points were established based on a combination of computer 

mapping and field observation. If the site was deemed suitable after visual assessment, a 0.04 ha 

fixed-radius overstory vegetation plot was established and classified into one of three severity 

classes based on the number of downed trees within or crossing through the plot and its 

proximity to the tornado path (Cowden et al., 2014; White et al., 2015). The three severity 

classes were control (i.e. no visible storm damage, n = 27), light disturbance (n = 32), and 

moderate disturbance (n = 29; sensu Canham et al., 2001, Cowden et al., 2014). For all live 
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woody stems ≥ 5 cm diameter at breast height (dbh) (hereafter referred to as trees), species, dbh, 

and crown class were recorded. For crown class, each stem was classified as dominant, co-

dominant, intermediate, or overtopped based on the amount of intercepted light and height in 

relation to the adjacent canopy (Oliver and Larson, 1996).  Additionally, to further delineate the 

composition and structure of the subcanopy, the intermediate class was subdivided into 

intermediate I (I1: 0−50% of total canopy height), intermediate II (I2: 50−75% of total canopy 

height), and intermediate III (I3: ≥ 75% of total canopy height (Cowden et al., 2014; White et al., 

2015). All dead woody stems ≥ 5 cm dbh rooted within the plot were identified to the lowest 

possible taxonomic level, measured to estimate standing dbh (1.37 m above the root collar), 

assigned a decay class, and classified them as an uprooted stem (root network uplifted), snapped 

stem (bole broken below the crown), or snag (standing dead tree with intact crown; Clinton et al., 

1993; Yamamoto, 2000; Hart and Grissino-Mayer, 2009; Richards and Hart, 2011). To elucidate 

the influence of the disturbance on overstory composition changes and examine species-specific 

mortality trends, dead stems were divided into four decay classes based on Fraver et al., (2002): 

decay class I (sound wood, bark intact, small to medium sized branches present), decay class II 

(sound to partially rotten wood, branch stubs firmly attached with only larger stubs present, some 

bark slippage), decay class III (substantially rotten wood, branch stubs easily pulled from 

softwood species, wood texture is soft and compacts when wet), and decay class IV (mostly 

rotten wood, branch stubs rotted down to log surface, bark no longer attached or absent, log is 

oval or flattened in shape). To quantify regeneration patterns, a 40 m2 plot was established nested 

within each overstory plot. On these plots, all woody stems <1 m tall were considered seedlings 

and all stems (≥1 m tall and <5 cm dbh were considered saplings. All seedlings and saplings 

were tallied by species.  
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Canopy openness and light regimes along the canopy disturbance gradient were quantified 

because light is the abiotic factor most often limiting in forests of the eastern US (Oliver and 

Larson, 1996), For each overstory plot, one hemispherical photograph was taken at breast height 

at plot center. These photographs were captured by a specialized camera system calibrated by the 

canopy analysis program (WinSCANOPY, Regent Instruments, Canada) distributor (Wulder, 

1998). Two synchronized ceptometers (AccuPAR LP-80, Decagon Devices, US) were 

implemented to measure photosynthetically active radiation (µmol m⁻² s⁻¹) (PAR) in the 

understory; one ceptometer was used to manually record PAR within each plot while a second 

was placed in full sunlight and set to record automatically.  

2.3 Laboratory Methods 

To compare the effects of disturbance on composition and structure, all trees (≥ 5 cm 

dbh) were analyzed by standard descriptors of density (stems ha⁻¹), relative density (contribution 

to total stems), dominance (m² ha⁻¹), relative dominance (contribution to total basal area), and 

relative importance (average of relative density and relative dominance). Seedlings and saplings 

were analyzed by density, relative density, frequency (number of plots where the species was 

present), and relative frequency (percent of plots on which the species was present). I calculated 

quadratic mean diameter (QMD) and q-factors based on 5 cm dbh bins to analyze diameter 

distributions across disturbance classes (Nyland, 2002). Species richness (S), abundance, 

Shannon diversity (H’), and evenness (J’) were calculated to determine compositional diversity 

within each disturbance class. Trees were grouped by genus into four functional groups (Pinus, 

Quercus/Carya, Acer/Fagus, and Others) based on similar silvical characteristics relevant to this 

study (Trimble, 1975). 
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The decay classification for each tree was used to evaluate the effect of ISD on stand basal 

area. To account for decay in time since disturbance, the stems considered affected by the storm 

were softwoods in decay classes II and III, and hardwoods in decay classes I and II (Radtke, 

2004; Radtke, 2009). The average percent of basal area removed (i.e. trees killed) within these 

decay classes in the control plots was used as a surrogate for natural mortality in study stands 

within the Sipsey Wilderness. To account for dead stems that were not removed by the 2011 

wind event, the backround rate of mortality was subtracted from basal area of dead stems within 

these decay class parameters in the light and moderate disturbance classes to estimate the basal 

area removed by the wind event (sensu Runkle et al., 1982; Cowden et al., 2014; White et al., 

2014). Hereafter in this study, dead stems will only refer to trees within these decay class 

parameters (i.e. natural mortality in the control class and storm-killed in the light and moderate 

disturbance classes) because dead stems outside these parameters were determined to have died 

before or after the disturbance and were not included in my analysis. 

Hemispherical photograph analyses were performed using the forest canopy analysis 

software program WinSCANOPY. All hemispherical photograph analyses were performed by 

one individual to ensure all images could be directly compared by eliminating user bias (Robison 

and McCarthy, 1999). Each image was analyzed via ‘pixel classification’, a process of using 

gray levels to classify each pixel as canopy or sky (Silbernagel and Moeur, 2001; Regent 

Instruments, 2011). To describe canopy structure and estimate the light environment in the 

subcanopy, WinSCANOPY was used to calculate measures of canopy openness and gap fraction. 

Gap fraction is the proportion of pixels unobstructed by vegetation on the projected image plane. 

Canopy openness is similar to gap fraction in that it is the proportion of open sky, but the value 

assigned to each pixel is adjusted to account for the angular distortion created by the fish-eye 
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lense and weighted in relation to the given zenith angle. (Regent Instruments, 2011). Ceptometer 

readings were analyzed to determine a PAR value for each plot by averaging 80 total readings, 

20 in each cardinal direction. To calculate percent full sunlight, the PAR value for each plot was 

divided by the corresponding PAR value recorded at the same time by the ceptometer in open 

sunlight. Percent full sunlight was used to establish a relationship between subcanopy solar 

radiation and the level of canopy disturbance on a per plot basis. One relative PAR value for a 

control plot was determined to be a statistical outlier (61%) and thus was not included. I 

postulate shade caused by isolated cloud cover skewed the PAR value of the ceptometer in full 

sunlight, producing an inflated percent canopy openness reading for that plot.  

To compare means between the three disturbance classes, all plot-level data were statistically 

and visually analyzed for normality and homoscedasticity. A one way analysis of variance 

(ANOVA) test was used to detect differences between means across disturbance classes for all 

analyses. Where significance (P < 0.05) was found, a Scheffe post-hoc test was used to 

distinguish means. Logistic regression was used to predict stem mortality across both disturbance 

classes. Tree mortality (live v. storm-killed trees) was used as the dependent variable and dbh 

and taxonomic groups (coded as dummy variables) as independent variables (Trexler and Travis 

1993, Hanson and Lorimer 2007, Peterson 2007). The Box-Tidwell transformation was applied 

to verify a linear relationship between the logit-transformation of tree mortality and dbh, the only 

continuous independent variable (Menard 1995). When divided into separate light and moderate 

disturbance classes, data violated the assumption of linearity. Therefore, I combined data across 

both disturbance classes to satisfy this assumption and determine taxa- and size-specific 

mortality trends across all plots disturbed by the wind event. I used the forward selection method 
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with a threshold of P < 0.05 to build the model (Peterson 2007). The likelihood ratio χ² was used 

to test the significance of the model and the wald χ² was used to test the significance of variables. 

2.4 Comparison of natural and managed disturbance 

To compare the effects of natural and managed intermediate-scale disturbance, compositional 

and structural attributes from this study were compared to a dataset from a study where the 

effects of intermediate-stand treatments were recorded. The managed stands were in close 

proximity (separated by 0.5−5 km) to the naturally disturbed stands in this study, and deemed 

comparable based on establishment date, management and disturbance history, forest type, land 

type (Smalley, 1979), soil type, and field reconnaissance. The intermediate-stand treatments 

(light and heavy thins) were applied to evaluate the mechanistic processes designed to accelerate 

the succession from mixed Pinus-hardwood forest to Quercus dominance. Described in 

Schweitzer et al. (2013), the study established in 2005 subjectively sampled stands located on 

upland sites within the BNF. The stands contained unmanaged 20−50 year old Pinus taeda 

plantations with a significant hardwood component in the understory and basal areas ranging 

from 22−37 m2 ha⁻1. A randomized complete block design was implemented with a three by three 

factorial treatment arrangement in four blocks. Three residual basal area treatments (heavy thin, 

light thin, and untreated control) and three prescribed burn frequencies [frequent burns (3 years), 

infrequent burns (9 years), and unburned] were the applied intermediate stand treatments. The 

commercial thinning treatments had target residual basal areas of 11.5 m² ha⁻¹ and 17.2 m² ha⁻¹ 

for the heavy and light thins, respectively.  Prior to treatment, P. taeda was the dominant species 

with upland oaks, L. tulipifera, A. rubrum, and P. serotina accounting for 15 % of the 

pretreatment basal area. Hardwoods were preferentially retained during thinning. On each plot, 

all trees were tagged, identified, and their dbh recorded prior to treatment and dbh was recorded 
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on residual trees every growing season since treatment. For analogous comparison to the 

naturally disturbed area, only data collected four years post-treatment were used from the stands 

that were thinned but not burned (twelve stands, four for each treatment level and four control). 

Comparisons were made to the naturally disturbed stands based on measures of density, 

dominance, and quadratic mean diameter for all stems ≥ 5 cm dbh. To facilitate direct 

comparison of the tree layer between the managed and unmanaged stands, I statistically analyzed 

species diversity (H’), relative density, relative dominance, and relative importance for live 

stems > 14.2 cm dbh only (hereafter referred to as large stems). Such stems in managed and 

unmanaged stands were placed into functional groups to compare compositional characteristics. 
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CHAPTER 3 

RESULTS 

 

3.1 Composition and structure 

 
Mean basal area was statistically different between control, light disturbance, and 

moderate disturbance classes, with values of 41.8 m2 ha-1, 33.7 m2 ha-1, and 21.6 m2 ha-1, 

respectively (P < 0.05; Table 1). Density of stems ≥ 5 cm dbh was 1446 stems ha-1 in the control 

class, 1051 stems ha-1 in the light disturbance class, and 968 stems ha-1 in the moderate 

disturbance class. Density was statistically different between the control class and the light and 

moderate disturbance classes, but not between the light and moderate disturbance classes (P < 

0.05). Species richness for trees across all classes combined was 41. Mean Shannon diversity for 

control plots was 1.91±0.04 (SE), for light disturbance plots 2.02±0.04, and for moderate 

disturbance plots, 2.02±0.05. No significant (P < 0.05) differences in Shannon diversity or 

species evenness were noted.  

 The most important species (based on the mean of relative density and relative 

dominance) was P. taeda. In the control class, light disturbance class, and moderate disturbance 

class importance of P. taeda was 44%, 34%, and 26%, respectively. Total Pinus importance 

decreased with increasing disturbance severity. The species with notable increases in total 

importance with disturbance severity were Quercus alba L., Quercus prinus L., and Prunus 

serotina Ehrh.. Relative density of Acer rubrum L. was slightly higher in the control class than in 

the light disturbance and moderate disturbance classes because of a higher number of 5−10 cm 
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trees, however there was less than 1% difference in its relative dominance between all three 

classes (Table 2). Based on importance, A. rubrum (13%) and P. virginiana (11%) were the 

second and third ranked species in the control class. The most important species behind P. taeda 

in the light disturbance class were A. rubrum (10%) and Liriodendron tulipifera L. (9%), and in 

the moderate disturbance class Q. alba (15%) and Q. prinus (11%).   

Table 1. Mean basal area measures and quadratic mean diameter ± SE for stems ≥ 5 cm dbh 

across control, light disturbance, and moderate disturbance classes within a wind-disturbed 

mixed Pinus-hardwood forest in the Sipsey Wilderness, Alabama. Dead stems in the control 

class are the result of natural mortality and those in the light and moderate disturbance classes 

were killed by the storm. Different letters indicate differences at P < 0.05. 
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Table 2. Density (number of stems ha⁻¹), relative density (contribution to total stems ha⁻¹), 
dominance (basal area ha⁻¹), and relative dominance (contribution to total basal area) for all live 

stems ≥ 5 cm dbh in the Sipsey Wilderness, Alabama. Species are ranked according to the 

relative dominance in the control class.  

 

 

 

 

 

 

 

Species Density (stems ha¯¹) Relative Density (%) Dominance (m² ha¯¹) Relative dominance (%)

Control Light Moderate Control Light Moderate Control Light Moderate Control Light Moderate

Pinus taeda 377 219 113 26.0 20.9 11.6 26.27 16.27 8.56 62.9 48.3 39.6

Pinus virginiana 144 78 43 10.0 7.4 4.4 5.00 3.25 1.80 12.0 9.6 8.3

Quercus prinus 170 82 102 11.8 7.8 10.6 2.89 2.66 2.37 6.9 7.9 11.0

Liriodendron tulipifera 80 99 24 5.5 9.4 2.5 2.54 3.42 0.58 6.1 10.1 2.7

Acer rubrum 310 178 147 21.4 16.9 15.2 1.50 1.16 0.84 3.6 3.5 3.9

Quercus alba 104 54 144 7.2 5.1 14.8 0.98 2.08 3.34 2.3 6.2 15.4

Quercus rubra 38 5 14 2.6 0.5 1.4 0.80 0.07 0.16 1.9 0.2 0.8

Prunus serotina 28 76 78 1.9 7.2 8.1 0.41 1.25 1.27 1.0 3.7 5.9

Magnolia macrophylla 46 32 19 3.2 3.0 2.0 0.34 0.36 0.18 0.8 1.1 0.8

Quercus velutina 12 12 13 0.8 1.2 1.3 0.25 0.13 0.13 0.6 0.4 0.6

Cornus florida 25 59 49 1.7 5.6 5.1 0.13 0.38 0.32 0.3 1.1 1.5

Nyssa sylvatica 28 30 32 1.9 2.8 3.3 0.12 0.22 0.20 0.3 0.7 0.9

Oxydendron arboreum 14 15 3 1.0 1.4 0.4 0.10 0.15 0.01 0.2 0.4 0.1

Carya tomentosa 21 20 28 1.5 1.9 2.9 0.09 0.19 0.21 0.2 0.6 1.0

Fagus grandifolia 18 22 31 1.2 2.1 3.2 0.08 0.22 0.18 0.2 0.7 0.9

Quercus coccinea 2 6 11 0.1 0.6 1.2 0.07 0.28 0.27 0.2 0.8 1.3

Quercus falcata 6 5 4 0.4 0.5 0.4 0.07 0.29 0.06 0.2 0.8 0.3

Liquidambar styraciflua 1 8 − 0.1 0.7 − 0.05 0.18 − 0.1 0.5 −

Carya glabra 11 18 27 0.8 1.7 2.8 0.03 0.91 0.38 0.1 2.7 1.8

Ilex opaca 4 1 − 0.3 0.1 − 0.01 0.00 − 0.0 0.0 −

Sassafras albidum 2 5 3 0.1 0.4 0.4 0.01 0.04 0.04 0.0 0.1 0.2

Amelanchier arboreum 3 2 5 0.2 0.2 0.5 0.01 0.01 0.02 0.0 0.0 0.1

Diospyros virginiana 1 − 4 0.1 − 0.4 0.00 − 0.05 0.0 − 0.2

Platanus occidentalis 1 − − 0.1 − − 0.00 − − 0.0 − −

Juniperus virginiana 1 2 5 0.1 0.1 0.5 0.00 0.03 0.10 0.0 0.1 0.5

Ulmus alata 1 1 − 0.1 0.1 − 0.00 0.02 − 0.0 0.1 −

Magnolia acuminata − 5 3 − 0.4 0.4 − 0.03 0.02 − 0.1 0.1

Fraxinus americanus − 1 2 − 0.1 0.2 − 0.02 0.00 − 0.1 0.0

Acer saccharum − 2 8 − 0.2 0.8 − 0.02 0.10 − 0.1 0.5

Fraxinus pennsylvanica − 3 2 − 0.3 0.2 − 0.01 0.07 − 0.0 0.3

Cercis canadensis − 2 3 − 0.1 0.4 − 0.01 0.01 − 0.0 0.1

Ostrya virginiana − 2 38 − 0.1 3.9 − 0.01 0.22 − 0.0 1.0

Fraxinus caroliniana − 2 − − 0.2 − − 0.01 − − 0.0 −

Quercus stellata − 2 3 − 0.1 0.4 − 0.00 0.02 − 0.0 0.1

Vaccinium arboreum − 2 5 − 0.1 0.5 − 0.00 0.01 − 0.0 0.1

Morua rubra − 1 − − 0.1 − − 0.00 − − 0.0 −

Tilia americana − 1 − − 0.1 − − 0.00 − − 0.0 −

Carpinus caroliniana − 1 1 − 0.1 0.1 − 0.00 0.01 − 0.0 0.0

Pinus echineata − − 1 − − 0.1 − − 0.07 − − 0.3

Aralia spinosa − − 1 − − 0.1 − − 0.00 − − 0.0

Total 1446 1051 968 100.0 100.0 100.0 41.77 33.68 21.61 100.0 100.0 100.0
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Figure 2. Density (number of stems ha⁻¹) of live and dead trees in 5 cm diameter bins across one 

control and two disturbance classes in a mixed Pinus-hardwood forest in the Sipsey Wilderness, 

Alabama.  
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Figure 3. Density (number of stems ha⁻¹) of stems ≥ 5 cm dbh grouped by canopy class (based 

on the amount of intercepted light and height in relation to the adjacent canopy) across control, 

light disturbance, and moderate disturbance classes in the Sipsey Wilderness, Alabama.  
 

3.2 Wind-induced mortality patterns  

 The storm reduced basal area by approximately 15% in the light disturbance class and 

38% in the moderate disturbance class based on values from control plots using a space-for-time 

substitution. QMD of dead stems was 11 cm dbh, 18 cm dbh, and 23 cm dbh in the control, light 

disturbance, and moderate disturbance class, respectively. Among all dead trees, Pinus spp. had 

the highest density (Figure 4) and relative density values across the control (21%), light 

disturbance (27%), and moderate disturbance (35%) classes (Table 3). Logistic regression of tree 

fate (live stems v. stems killed by the storm) by functional group in the disturbance classes 

revealed significant probability of mortality for all Pinus trees (P<0.05; χ²<0.0001), as well as 

increasing probability of Pinus mortality with diameter (P<0.05; χ²<0.0001; Figure 5). Among 

all recorded modes of death, uprooted stems exhibited the greatest change in relative density of 

dead stems from the control class to the light and moderate disturbance classes (3%, 23%, and 

30%, respectively; Figure 6).  
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Figure. 4. Basal area and density of dead stems ≥ 5 cm dbh that were estimated to be killed by 

the storm in the light and moderate disturbance classes, and by natural mortality in the control 

class in the Sipsey Wilderness, Alabama. 
 

Table 3. Density (number of stems ha⁻¹), relative density (proportion of stems ha⁻¹), dominance 

(basal area ha⁻¹), and relative dominance (proportion of total basal area) for dead stems ≥ 5 cm in 

the Sipsey Wilderness, Alabama. Dead stems in the control class are the result of natural 

mortality and those in the light and moderate disturbance classes were killed by the storm. 

Species are ranked based on relative dominance in the control class. 
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Figure 5.  Logistic regression of mortality by dbh and taxonomic group for live v. storm-killed 

trees across the combined light and moderate disturbance classes in wind-disturbed stands in the 

Sipsey Wilderness, Alabama.  The forward selection method with a threshold of P<0.05 was 

used to build the model.  

 

 

Figure 6. Mode of death in 5 cm diameter bins for dead stems across the control, light 

disturbance, and moderate disturbance classes in the Sipsey Wilderness, Alabama. Dead stems in 

the control class are the result of natural mortality and those in the light and moderate 

disturbance classes were killed by the storm. 
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Figure 7. Mean (with standard error) percent of full sunlight values for control, light disturbance, 

and moderate disturbance classes within wind-disturbed stands in the Sipsey Wilderness, 

Alabama. Bars with different letters are significantly different (P < 0.05). 

 

3.3 Effects on regeneration and sub-canopy light regimes 

 
Throughout the control and two disturbance classes 51 unique species were documented 

within the seedling layer and 45 in the sapling layer. Density of total stems was statistically 

different (P < 0.05) between the control and disturbance classes in the seedling layer, and 

between all three classes in the sapling layer. Total seedling density was 28243, 48156, and 

53866 ha-¹, for control, light, and moderate classes, respectively. In the control, light, and 

moderate classes, sapling density was 1380, 4210, and 6905 ha⁻¹, respectively (Table 4). In the 

sapling layer, the relative densities of A. rubrum and Quercus spp. in the disturbance classes 

averaged 6% and 9% higher than in the control, respectively (Table 5). Pinus taeda seedlings 

occurred on 74%, 91%, and 83% of plots in the control, light disturbance, and moderate 

disturbance classes, respectively. In the sapling layer, P. taeda stems only occurred on 4% of 

control plots, and were nonexistent in the light and moderate disturbance classes. Viburnum 

acerifolium occurred on 62% of plots in the moderate disturbance class, but only occurred on 9% 

of plots in the light disturbance class, and was not found at all in the control class. Mean 
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Shannon diversity values per plot within the seedling layer were 1.37 ± 0.08, 1.93 ± 0.07, and 

1.79 ± 0.06, and 0.96 ± 0.09, 1.47 ± 0.08, and 1.61 ± 0.09 in the sapling layer for control, light, 

and moderate classes, respectively. Shannon diversity in the light and moderate disturbance 

classes was significantly higher than the control class in both the seedling and sapling layers (P 

< 0.05). 

Percent full sunlight values calculated from ceptometer readings were significantly (P < 

0.05) lower in the control class than in the light and moderate disturbance classes and did not 

differ between the disturbance classes (3% ± 0.4, 10% ± 2, and 8% ± 1, respectively; P < 0.05; 

Figure 7). Hemispherical photo analysis yielded gap fraction values of 10%, 11%, and 13%, and 

percent openness values of 12%, 12%, and 14% for control, light and moderate classes, 

respectively. The moderate class exhibited significantly higher values for each of these analyses, 

but no significant differences were noted between the control and light disturbance classes (P < 

0.05).  
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Table 4. Density (number of stems ha⁻¹), relative density (contribution to stems ha⁻¹), frequency 

(number of plots on which each species occurred), and relative frequency (contribution to total 

occurrence) for all seedlings (≥ 1 m height, ≤ 5 cm dbh) across the control, light disturbance, and 

moderate disturbance classes in the Sipsey Wilderness, Alabama. Species were ranked based on 

relative density in the control class.  

 
 

 

 

 

 

 

 

 

 

Species Density (stems/ha) Relative Density (%) Frequency (# plots) Relative Frequency (%)

Control Light Moderate Control Light Moderate Control Light Moderate Control Light Moderate

Acer rubrum 15881 14894 11671 56.2 30.9 21.7 27 32 28 100.0 100.0 96.6

Pinus taeda 2759 4389 1862 9.8 9.1 3.5 20 29 24 74.1 90.6 82.8

Vaccineum spp. 1454 3967 7879 5.1 8.2 14.6 12 23 23 44.4 71.9 79.3

Quercus rubra 1028 906 836 3.6 1.9 1.6 19 29 24 70.4 90.6 82.8

Viburnum acerifolium 1009 2156 13025 3.6 4.5 24.2 9 15 26 33.3 46.9 89.7

Prunus serotina 917 2851 3879 3.2 5.9 7.2 23 31 23 85.2 96.9 79.3

Quercus prinus 889 859 802 3.1 1.8 1.5 16 19 16 59.3 59.4 55.2

Quercus alba 565 2374 2500 2.0 4.9 4.6 19 28 25 70.4 87.5 86.2

Nyssa sylvatica 537 812 310 1.9 1.7 0.6 12 14 13 44.4 43.8 44.8

Quercus velutina 463 836 181 1.6 1.7 0.3 13 21 13 48.1 65.6 44.8

Sassafras albidum 426 2452 1353 1.5 5.1 2.5 9 17 18 33.3 53.1 62.1

Carya tomentosa 407 883 983 1.4 1.8 1.8 14 23 23 51.9 71.9 79.3

Frangula caroliniana 370 3304 2767 1.3 6.9 5.1 17 23 16 63.0 71.9 55.2

Liriodendron tulipifera 315 1539 414 1.1 3.2 0.8 14 20 16 51.9 62.5 55.2

Carya globera 278 976 1250 1.0 2.0 2.3 15 29 27 55.6 90.6 93.1

Diospyros virginiana 194 648 336 0.7 1.3 0.6 10 19 13 37.0 59.4 44.8

Asimina triloba 148 203 328 0.5 0.4 0.6 8 10 13 29.6 31.3 44.8

Rhamnus cathartica 93 836 233 0.3 1.7 0.4 1 3 2 3.7 9.4 6.9

Ostrya viginiana 93 266 500 0.3 0.6 0.9 4 10 8 14.8 31.3 27.6

Magnolia macrophylla 74 125 103 0.3 0.3 0.2 5 10 6 18.5 31.3 20.7

Americana arboreum 74 94 241 0.3 0.2 0.4 3 7 11 11.1 21.9 37.9

Cornus florida 46 273 414 0.2 0.6 0.8 2 11 9 7.4 34.4 31.0

Fagus grandifolia 37 141 78 0.1 0.3 0.1 3 6 4 11.1 18.8 13.8

Callicarpa americana 37 94 − 0.1 0.2 − 2 5 − 7.4 15.6 −

Quercus falcata 28 187 233 0.1 0.4 0.4 2 7 11 7.4 21.9 37.9

Styrax grandifolius 28 55 − 0.1 0.1 − 3 2 − 11.1 6.3 −

Oxydendron arboreum 28 8 9 0.1 0.0 0.0 2 1 1 7.4 3.1 3.4

Styrax americanus 28 − − 0.1 − − 1 − − 3.7 − −

Fraxinus pennsylvanica 9 578 250 0.0 1.2 0.5 1 7 9 3.7 21.9 31.0

Liquidambar styraciflua 9 383 − 0.0 0.8 − 1 2 − 3.7 6.3 −

Ulmus alata 9 47 − 0.0 0.1 − 1 2 − 3.7 6.3 −

Ilex opaca 9 23 17 0.0 0.0 0.0 1 3 2 3.7 9.4 6.9

Hydrangea quercifolia − 234 216 − 0.5 0.4 − 6 7 − 18.8 24.1

Quercus stellata − 164 112 − 0.3 0.2 − 6 6 − 18.8 20.7

Euonymus americanus − 141 172 − 0.3 0.3 − 4 4 − 12.5 13.8

Magnolia acuminata − 86 9 − 0.2 0.0 − 2 1 − 6.3 3.4

Rhamnus  spp. − 86 − − 0.2 − − 1 − − 3.1 −

Quercus coccineum − 55 233 − 0.1 0.4 − 3 8 − 9.4 27.6

Fraxinus americana − 55 78 − 0.1 0.1 − 4 4 − 12.5 13.8

Acer saccharum − 39 86 − 0.1 0.2 − 3 4 − 9.4 13.8

Cercis canadensis − 39 86 − 0.1 0.2 − 4 3 − 12.5 10.3

Aralia spinosa − 23 129 − 0.0 0.2 − 1 5 − 3.1 17.2

Crataegus spp. − 23 43 − 0.0 0.1 − 2 3 − 6.3 10.3

Morus rubra − 16 9 − 0.0 0.0 − 1 1 − 3.1 3.4

Carpinus caroliniana − 8 9 − 0.0 0.0 − 1 1 − 3.1 3.4

Sambucus spp. − 8 − − 0.0 − − 1 − − 3.1 −

Elaeagnus spp. − 8 − − 0.0 − − 1 − − 3.1 −

Kalmia latifolia − − 190 − − 0.4 − − 1 − − 3.4

Juglans nigra − − 17 − − 0.0 − − 2 − − 6.9

Acer barbatum − − 9 − − 0.0 − − 1 − − 3.4

Rubus spp. − − 9 − − 0.0 − − 1 − − 3.4

Grand Total 28,243 48,140 53,857 100.0 100.0 100.0 − − − − − −
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Table 5. Density (number of stems ha⁻¹), relative density (contribution to stems ha⁻¹), frequency 

(number of plots on which each species occurred), and relative frequency (contribution to total 

occurrence) for all saplings (≥ 1 m height, ≤ 5 cm dbh) across the control, light disturbance, and 

moderate disturbance classes in the Sipsey Wilderness, Alabama. Species were ranked based on 

relative density in the control class.  

 

3.4 Natural vs managed disturbance 

The density of all stems ≥ 5 cm dbh in the managed stands was 1831 ha⁻¹ where no thinning 

treatment was applied, 599 ha⁻¹ in the light thin, and 482 ha⁻¹ in the heavy thin. The basal area of 

stems ≥ 5 cm dbh was 39.4 m² ha⁻¹, 18.7 m² ha⁻¹, and 14.7 m² ha⁻¹ in the no thin, light thin, and 

heavy thin, respectively. The density and basal area were most similar between the undisturbed 

Species Density (stems/ha) Relative Density (%) Frequency (# plots) Relative Frequency (%)

Control Light Moderate Control Light Moderate Control Light Moderate Control Light Moderate

Acer rubrum 482 1125 2215 34.9 26.7 32.1 19 31 28 70.4 96.9 96.6

Nyssa Sylvatica 176 164 95 12.8 3.9 1.4 7 12 8 25.9 37.5 27.6

Carya tomentosa 148 172 328 10.7 4.1 4.7 11 14 15 40.7 43.8 51.7

Carya glabra 139 164 241 10.1 3.9 3.5 13 10 16 48.1 31.3 55.2

Fraxinus caroliniana 65 500 543 4.7 11.9 7.9 3 12 12 11.1 37.5 41.4

Quercus prinus 46 148 284 3.4 3.5 4.1 4 9 14 14.8 28.1 48.3

Quercus alba 37 148 371 2.7 3.5 5.4 4 10 15 14.8 31.3 51.7

Liriodendron tulipifera 37 148 26 2.7 3.5 0.4 3 5 3 11.1 15.6 10.3

Magnolia macrophylla 37 78 69 2.7 1.9 1.0 2 4 5 7.4 12.5 17.2

Oxydendron arboreum 37 16 43 2.7 0.4 0.6 2 2 4 7.4 6.3 13.8

Vaccinium spp. 28 141 181 2.0 3.3 2.6 3 5 9 11.1 15.6 31.0

Asimina triloba 28 23 69 2.0 0.6 1.0 3 2 6 11.1 6.3 20.7

Ilex opaca 28 23 34 2.0 0.6 0.5 2 2 4 7.4 6.3 13.8

Prunus serotina 19 39 9 1.3 0.9 0.1 2 4 1 7.4 12.5 3.4

Fagus grandifolia 19 31 95 1.3 0.7 1.4 2 4 8 7.4 12.5 27.6

Sassafras albidum 9 297 284 0.7 7.1 4.1 1 8 8 3.7 25.0 27.6

Quercus velutina 9 86 129 0.7 2.0 1.9 1 7 9 3.7 21.9 31.0

Diospyros virginiana 9 23 43 0.7 0.6 0.6 1 3 4 3.7 9.4 13.8

Hydrangea quercifolia 9 23 9 0.7 0.6 0.1 1 2 1 3.7 6.3 3.4

Liquidambar styraciflua 9 − − 0.7 − − 1 − − 3.7 − −

Pinus taeda 9 − − 0.7 − − 1 − − 3.7 − −

Fraxinus pennsylvanica − 164 52 − 3.9 0.7 − 5 5 − 15.6 17.2

Cornus florida − 109 52 − 2.6 0.7 − 3 6 − 9.4 20.7

Ostrya virginiana − 102 319 − 2.4 4.6 − 8 7 − 25.0 24.1

Quercus rubra − 102 259 − 2.4 3.7 − 8 12 − 25.0 41.4

Styrax grandifolius − 62 − − 1.5 − − 2 − − 6.3 −

Euonymus americanus − 55 − − 1.3 − − 1 − − 3.1 −

Quercus coccinea − 47 26 − 1.1 0.4 − 3 3 − 9.4 10.3

Viburnum acerifolium − 39 750 − 0.9 10.9 − 3 18 − 9.4 62.1

Amelianchier arborea − 39 147 − 0.9 2.1 − 4 8 − 12.5 27.6

Quercus stellata − 31 17 − 0.7 0.2 − 1 1 − 3.1 3.4

Fraxinus americana − 16 34 − 0.4 0.5 − 2 2 − 6.3 6.9

Juniperus virginiana − 16 − − 0.4 − − 2 − − 6.3 −

Rhamnus  spp. − 16 − − 0.4 − − 1 − − 3.1 −

Quercus falcata − 8 52 − 0.2 0.7 − 1 4 − 3.1 13.8

Acer saccharum − 8 26 − 0.2 0.4 − 1 3 − 3.1 10.3

Aralia spinosa − 8 17 − 0.2 0.2 − 1 2 − 3.1 6.9

Magnolia acuminata − 8 17 − 0.2 0.2 − 1 1 − 3.1 3.4

Ulmus alata − 8 17 − 0.2 0.2 − 1 2 − 3.1 6.9

Cercis canadensis − 8 9 − 0.2 0.1 − 1 1 − 3.1 3.4

Morus rubra − 8 − − 0.2 − − 1 − − 3.1 −

Crataegus spp. − 8 − − 0.2 − − 1 − − 3.1 −

Rhamnus cathartica − − 26 − − 0.4 − − 1 − − 3.4

Callicarpa americana − − 9 − − 0.1 − − 1 − − 3.4

Rhus copalinum − − 9 − − 0.1 − − 1 − − 3.4

Total 1380 4210 6905 100.0 100.0 100.0 − − − − − −
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stands (Figure 8). With values of 21.6 m² ha⁻¹ and 18.7 m² ha⁻¹ respectively, the moderate 

disturbance class in the naturally disturbed stands and the light thin treatment in the managed 

stands were the only basal area comparison that was not significantly different between the 

disturbed stands (P < 0.05). The QMD of the no thin, light thin, and heavy thin stands was 16.6 

cm, 20.0 cm, and 19.7 cm, respectively.  

 Large stem diversity was higher in the wind-disturbed stands in the light disturbance and 

moderate disturbance classes than in the control class, but there was little discernible difference 

between no thin, light thin, and heavy thin treatments in the managed stands (Table 6). Density 

(ha⁻¹) and basal area (m² ha⁻¹) were most similar between the moderate disturbance class and the 

light thin treatment (Table 6). Relative importance of Pinus spp. decreased with increasing 

disturbance severity in both the wind-disturbed and managed stands, but the reduction was 

greater in the wind-disturbed stands. The relative importance of the Quercus/Carya functional 

group increased with disturbance severity in both the wind-disturbed and managed stands. The 

higher relative importance of Quercus/Carya was more notable between the control and 

moderate disturbance classes in the wind-disturbed stands, than between the no thin and heavy 

thin of the managed disturbance. Relative importance for the Acer/Fagus functional group varied 

minimally across all three levels of disturbance in both the naturally disturbed and managed 

stands (P < 0.05). 
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Figure 8. Number of stems ha⁻¹ and basal area (m² ha⁻¹) for all stems ≥ 5 cm dbh across 

disturbance severity gradients from natural (EF-1 tornado) and managed (intermediate thinning 

treatments) disturbances in the Sipsey Wilderness and Bankhead National Forest in Alabama. 
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Table 6. Comparison of compositional characteristics across severity gradients from natural (EF-

1 tornado) and managed (intermediate thinning treatments) disturbances in the Sipsey 

Wilderness and Bankhead National Forest in north Alabama. For direct comparison of the 

canopy and subcanopy strata between the two disturbance types, the reported values are for all 

live stems  > 14.2 cm dbh .  

 

 

 

 

 

 

 

 

 

 

 

 



 

29 

 

 

 

 

CHAPTER 4 

 
DISCUSSION 

4.1. Composition and structure 

 The seedling and sapling layers were dominated by A. rubrum, a species able to persist 

for extended periods under a closed canopy and then recruit to larger size classes following 

canopy disturbance (Hart et al. 2012). The high relative frequency of Pinus stems in the seedling 

layer of wind-disturbed stands is evidence of its presence in the seedbed and manifests the 

capability of the sexually mature Pinus stems to produce viable seeds. The general absence of 

Pinus in the sapling layer and its low abundance in the small size classes of the tree layer in the 

impacted stands indicated the disturbance did not facilitate conditions conducive to the natural 

regeneration of Pinus. Despite their abundance in the seedling layer, the frequency and density of 

Quercus was comparatively low in the sapling layer. This can likely be attributed to an 

understory light environment below the 20% full sunlight threshold necessary to sustain Quercus 

seedling growth (Parker and Dey, 2008; Dey et al, 2012). Species such as A. rubrum that can 

persist for years under a closed canopy will likely have the greatest chance of survival under the 

current disturbance regime (Peterson and Rebertus, 1997; Shelton and Cain, 1999; Hanson and 

Lorimer, 2011).  

The intermediate-scale wind event had the greatest impact on canopy (dominant and 

codominant crown classes) Pinus trees. When grouped into 5 cm diameter bins, stems from all 

but the largest size class (< 1% of all stems) were removed by the storm, yet Pinus was the only 

taxon that was found to have a significant diameter-dependent mortality risk in plots affected by 
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the storm. A significant mortality risk was also found for Pinus, regardless of size, in the light 

and moderate disturbance classes. These results are consistent with prior studies in mixed species 

stands of the eastern US that found pioneer cohort Pinus stems were more likely to be killed by 

wind-disturbance than co-occurring hardwoods (Foster, 1988; Zimmerman et al., 1994; Batista 

and Platt, 2003). The disparities in susceptibility to wind-induced mortality are likely attributed 

to differences in the root and shoot characteristics of the Pinus species and co-occurring 

hardwoods. Pinus stems allocate more resources to rapid height growth instead of overall 

structural strength, making them less wind firm than the slower growing hardwoods (Givnish, 

1995; USFPL, 1999; Shelton and Cain, 1999) Also, results from prior studies suggest that the 

susceptibility of Pinus stems to wind-damage rapidly increases with age, but hardwood 

susceptibility to wind-damage gradually increases with age (Foster, 1988; Foster and Boose, 

1992; Peterson and Rebertus, 1997; Shelton and Cain, 1999). This is consistent with canopy tree 

mortality patterns observed in this study, based on the hypothesis that most canopy hardwoods in 

the study stands were likely younger and therefore more wind-firm as they had filled the space 

made available from the mortality of pioneer cohort Pinus stems.  

The theoretical basis for successional pathways in mixed Pinus-hardwood stands in the 

eastern US has been established; during stand initiation, early-seral Pinus stems grow fast and 

dominate, but they cannot regenerate in the low light environment of a closed canopy 

(Glitzenstein et al., 1986; Peet and Christensen, 1987; Cooper, 1989). This allows more shade 

tolerant hardwoods to establish and persist in the understory until canopy space is made available 

from the mortality of pioneer cohort Pinus stems. Historically, natural mixed Pinus-hardwood 

systems were likely maintained by periodic fires severe enough to kill the majority of shade-

tolerant hardwoods in the understory (at least top kill), allowing Pinus to naturally regenerate 
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(Braun, 1950; Cowell, 1998; Clabo and Clatterbuck, 2015). In the absence of fire, disturbance 

regimes characterized by gap-scale disturbance events may predominate (Abrams, 1998; Weber 

et al. 2014). These gap-scale events are typically associated with the establishment and 

recruitment of mid- to late-successional species, eventually leading to pure stands of hardwoods 

(Braun, 1950; Cooper, 1989; Shelton and Cain, 1999; Schweitzer and Dey, 2011; Weber et al., 

2014). Pinus stands in the region reportedly enter the understory reinitiation stage of 

development around 50−60 years after establishment (Peet and Christensen, 1987; Oliver and 

Larson, 1996). Prior to the wind disturbance, the stands sampled were in the understory 

reinitiation stage of development based on stand age and findings from the undisturbed 

neighborhoods. Wind disturbances, such that impacted the stands here, typically benefit the mid- 

to late-successional hardwood species that established prior to the canopy disturbance event 

(Abrams and Scott, 1989; Franklin el al., 2007; Xi et al., 2008). Because the ISD primarily 

removed pioneer cohort Pinus stems, and hardwood dominance in the midstory increased with 

disturbance severity, I postulate the wind event resulted in disturbance-mediated accelerated 

succession (Foster, 1988; Abrams and Scott, 1989; Shelton and Cain, 1999). Post-disturbance 

dynamics are likely a function of the stand’s pre-disturbance status in the understory reinitiation 

stage of development (i.e., the wind-event resulting in disturbance-mediated accelerated 

succession is likely a product of the well-developed midstory). This result is consistent with prior 

ISD studies in stands in the understory reinitiation stage of development (Woods, 2004; Johnson 

et al., 2009; Holzmueller et al., 2012; White et al., 2015).  

The wind-event created a patchwork mosaic of canopy disturbance with single and multi-

treefall gaps, areas with few standing trees, and clusters of undamaged trees within the broader 

matrix of disturbance. This non-uniform distribution of damage is, in part, a function of the 
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dissimilar vertical strata that are characteristic of the understory reinitiation stage of development 

in successional stands (Franklin et al., 2007; Johnson et al., 2009; Cowden et al., 2014). The 

unique stand structures created by the disturbance are outside the four distinct stages of stand 

development as described by Oliver and Larson (1996). Thus, I suggest the “mixed-stage” of 

stand development, described in Johnson et al. (2009), best embodies the resultant structural state 

of the stands after the wind-disturbance. 

The mixed-stage of development results from an incomplete stand-scale disturbance that 

results in irregularly spaced populations of younger trees developing in the canopy openings 

mixed with patches of older trees. A combination of fire that removes understory stems and wind 

events that create large openings sufficiently large to allow for establishment of shade-intolerant 

Pinus, may produce the necessary site conditions that allow Pinus to regenerate. 

 In the absence of disturbances more severe than localized canopy gaps, the stands may 

advance to the complex stage of stand development. The complex stage is characterized by a 

reverse J-shaped diameter distribution with multiple-aged canopy (Johnson et al., 2009). Based 

on their relative importance in the midstory of stands impacted by the storm, Quercus spp., P. 

serotina, and L. tulipifera will constitute the majority of the second cohort of canopy trees. 

However, based on abundance in the understory, with a gap-scale disturbance regime, A. rubrum, 

and to a lesser extent Carya spp., will likely become more important canopy components also 

(Barden, 1980; Abrams, 1998; Woods, 2004; Hart et al., 2012; Cowden et al., 2015). Based on 

their relative importance in the sapling layer of the wind-disturbed stands, Fraxinus caroliniana, 

Nyssa sylvatica, and Ostrya virginiana may occur in high densities across the stands, especially 

in the small size classes, further amplifying the reverse J-shape diameter distribution indicative 

of the complex stage (Peterson and Rebertus, 1997; Johnson et al., 2009). 
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4.2 Light regimes and diversity 

A significant difference was found between pre- and post-disturbance conditions for all 

three variables tested to assess understory light regimes five growing seasons after an 

intermediate scale wind-disturbance. Gap fraction and canopy openness were significantly higher 

in the moderate disturbance class than in the control class. Although significant differences were 

found between the control class and moderate disturbance class, this is not necessarily indicative 

of a closed canopy in the light disturbance class, but rather that midstory trees likely increased 

enough in height and crown volume to sufficiently abrogate any increases in light from canopy 

gaps caused by the wind disturbance. Percent of full sunlight was significantly higher in both the 

light and moderate disturbance classes than in the control class five years after the storm. Prior to 

the disturbance, the midstory of these stands was well-developed with trees in the intermediate 

position accounting for 33% of all stems in the control class. In the light and moderate 

disturbance classes, the relative density of trees in the intermediate canopy position was 48% and 

65%, respectively. Thus, rather than allowing for the establishment of new stems, the disturbance 

largely served as a mechanism to release the stems already present in the midstory (i.e. 

disturbance mediated succession; Abrams and Scott, 1989; Holzmueller et al., 2012; Cowden et 

al., 2014). This result is, in part, a function of the stand’s developmental status in the understory 

reinitiation stage of development at the time of disturbance. I posit that had the disturbance 

impacted the stands during stem exclusion of the pioneer cohort Pinus stems, an earlier stage of 

stand development, the regeneration and recruitment patterns in the understory may have been 

different. Although the canopy trees and, consequently, the canopy openings may have been 

smaller after a disturbance during the stem exclusion stage, without a well-developed midstory, 

the higher light levels induced by the disturbance would have likely endured for a longer period 
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of time in openings too large to be closed by lateral crown expansion. This may have allowed the 

shade-intolerant Pinus spp. the opportunity to regenerate and recruit to the canopy (Woods, 

2004; Johnson et al., 2009; Weber et al., 2014). 

 Within the tree layer, no discernible difference in species diversity (H’) was present 

between the control class and the light and moderate disturbance classes or between the 

disturbance classes individually. However, species diversity values in both the seedling and 

sapling layers were significantly higher from the control class to the light and moderate 

disturbance classes. These results are consistent with prior studies that found higher levels of 

diversity in the understory, but not among canopy trees following moderate-severity wind 

disturbances. (Foster, 1988; Peterson and Rebertus, 1997; Cowden et al. 2014). One explanation 

for these findings may be time since disturbance; seedlings present at the time of the wind-event 

were able to recruit to the sapling layer, propagules in the seedbed and those that arrived shortly 

thereafter were able to germinate and become seedlings and saplings, but five growing seasons 

may not be enough time for the disturbance to effect a significant change in diversity of the 

overstory (Xi et al., 2008). Additionally, the abundance of residual midstory stems may have 

mitigated much of the possible impact the disturbance may have otherwise had on tree level 

diversity by preventing the recruitment of saplings and small trees (Batista, 1998; Batista and 

Platt, 2003; Woods, 2004). Once the well-established understory or midstory stems fill the 

available space by vertical and/or lateral crown extension, most shade-intolerant and moderately-

tolerant seedlings and saplings that established in the open conditions that immediately followed 

the disturbance will not be able to survive. This may ultimately cause any significant increases in 

diversity to be transitory and restricted to the regeneration layer (e.g. Holzmueller et al., 2012; 

Cowden et al., 2014; Vodde et al. 2015). 
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4.3 Management implications 

Forest managers in the Central Hardwood Forest region are increasingly being tasked with 

maintaining a Pinus component in stands that would naturally succeed to hardwood dominance, 

or, conversely, promoting a hardwood component in Pinus dominated stands by accelerating 

succession. If a Pinus component is to be retained in successional stands, disturbances that create 

conditions that favor Pinus regeneration and recruitment must be created through silvicultural 

treatments (Cooper, 1989; Clabo and Clatterbuck, 2015). The requirements for Pinus 

regeneration in Pinus-hardwood stands include canopy openings that provide sufficient light to 

seedling and sapling sized Pinus stems, and for P. taeda, P. echinata, and P. virginiana, a 

seedbed of exposed mineral soil is required or favorable (Fowells, 1965, Trimble, 1975). One 

approach is to strategically create group openings throughout the stand that are focused on 

existing Pinus advanced reproduction or outplantings of Pinus seedling, and sites with abiotic 

conditions hypothesized to favor Pinus regeneration (e.g. xeric microsites). Based on findings of 

prior studies, these initial harvest-created openings should have a gap diameter to peripheral tree 

height ratio (D:H) of at least 1.5 (Palik et al., 1997; Brockway and Outcalt, 1998; McGuire et al., 

2001; Gagnon et al., 2003). Where present, residual Pinus stems should be retained within the 

openings and hardwood stems less than 1.5 m tall may remain, but basal area in the openings 

should not exceed 17 m2 ha-1 (Cain, 1993; Murphy et al., 1993; Shelton and Murphy, 1994; 

Shelton and Cain, 2000). On sites where sexually viable Pinus trees are scarce, outplanting Pinus 

seedlings in openings at 3 x 3 m to 4.5 x 4.5 m spacing is an available option following a site 

preparation burn (Phillips and Abercrombie, 1987; Waldrop, 1997). On xeric or subxeric sites, 

the use of herbicide to control hardwood competition may be an option to allow Pinus seedlings 

to establish and recruit to larger size classes (Zedaker et al., 1989; Waldrop, 1997; Schweitzer 
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and Dey, 2011). I note that, characteristic of most intermediate-scale disturbance, the wind-event 

documented here did not impact any of the stands uniformly; rather the stands contained canopy 

openings across a range of sizes and included undamaged neighborhoods in the broader matrix of 

disturbance. Variable density thinning, which purposefully promotes structural heterogeneity 

(Franklin et al., 2007), may be the most appropriate strategy to emulate the patchwork mosaic of 

canopy openings characteristic of ISD events that may accelerate succession toward hardwood 

dominance in Pinus stands with an abundance of hardwood advanced reproduction. 

The intermediate-scale wind event documented here did not result in Pinus regeneration, but 

accelerated succession toward hardwood dominance. In pure or mostly pure Pinus stands, a 

management objective may be to establish and/or promote a hardwood component to achieve a 

mixed Pinus-hardwood system, as in Schweitzer et al. (2013). Both the natural and managed 

disturbance events analyzed here effectively accelerated succession by removing overstory Pinus 

stems and releasing hardwood advanced reproduction that was established prior to canopy 

disturbance. Residual basal area in moderately wind-disturbed neighborhoods approximated the 

basal area of the light and heavy thinned stands (14–18 m2 ha-1) and in these treatments the 

Quercus dominance increased and Pinus dominance decreased. Near identical QMD values 

between the light thin and light disturbance stands further illustrates the similarities between the 

effects of these two disturbance types. Thus, the commercial thinning treatments applied in the 

managed stands effectively approximated the effects of a natural ISD. Total seedling density 

increased with disturbance severity in the naturally disturbed stands, but no statistical difference 

was noted in the managed stands. However, percent full sunlight values above the 20% threshold 

necessary for Quercus seedling growth were recorded in the heavy thin stands. 
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4.4 Conclusion  

The purpose of this thesis was to describe the effects of an intermediate-scale wind 

disturbance on mixed-Pinus hardwood stand composition and structure and to compare these 

characteristics to managed stands. The ISD disproportionately removed large Pinus stems, and 

effectively accelerated succession and promoted hardwood dominance. The ISD created 

understory light levels in the disturbed neighborhoods that were significantly higher than pre-

disturbance conditions after five growing seasons. Because the ISD effected significant basal 

area reductions, these wind-disturbed stands were classified into the mixed stage of 

development.  Similar to the naturally disturbed stands, the intermediate treatments also 

accelerated succession by preferentially removing Pinus canopy stems and 

promoting Quercus dominance. Results from this study may be used as guidelines by managers 

who wish to promote Quercus or maintain Pinus in mixed Pinus-hardwood stands. 
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