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ABSTRACT 

Bottomland hardwood forests provide important economic and ecological values 

within the midwestern United States, yet silvicultural guidelines for reaching 

management objectives have been poorly developed outside the southern United States. 

This study was conducted in a mixed bottomland hardwood forest located within Deer 

Ridge Conservation Area in northeastern Missouri. Broadly, the purpose of the study was 

to determine the effects two silvicultural treatments and a control treatment had on stand 

development and the competitive environment surrounding midstory oaks (pin oak 

(Quercus palustris Muenchh.), bur oak (Quercus macrocarpa Michx.), swamp white oak 

(Quercus bicolor Willd.)) through the first 15 years after regeneration harvests. The three 

treatments were applied in the fall and winter of 1999/2000 and included clearcut with 

reserves (CC; basal area reduced to 2.3 m2/ha or 10 ft2/ac; n=8); basal area retention 

(BAR; basal area reduced to 6.9 m2/ha or 30 ft2/ac; n=7), and a control (CO; no harvest, 

basal area 32.0 m2/ha or 139 ft2/ac; n=5). From 2010 to 2014, stands treated with the 

BAR and CC treatments exhibited a significant increase in the trees per hectare and basal 

area per hectare for rapid growing, light seeded species including green ash (Fraxinus 

pennsylvanica Marsh.) and American elm (Ulmus americana L.), while they exhibited no 

significant effect on the number trees per hectare of oaks during that period. An analysis 

of the average annual diameter increment (AADI) and the average annual basal area 

increment (AABAI) by species for all trees that were recruited into the overstory 

following 2003 indicated that average growth rates (AADI and AABAI) of silver maple 

(Acer saccharinum L.), American elm, green ash, and oak species were not significantly 

different between 2010 and 2014. The CC and BAR treatments reverted treated stands 
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back to the stand initiation stage of stand development and those stands were still 

undergoing stand initiation in 2014. Moreover, our results suggested that stands assigned 

the CO treatment were likely in the process of understory reinitiation. 

Two distance-dependent competition indices (a subject tree diameter weighted 

competition index (WCI) and a non-subject tree diameter weighted competition index 

(NWCI)) were used to quantify the competitive environment around 149 midstory oaks 

located within stands in our study. Both indices suggested that midstory oaks within the 

CC treatment experienced a significantly greater level of competition than that 

experienced by midstory oaks within the CO treatment. The level of competition that 

midstory oaks within the BAR treatment were exposed to did not significantly differ from 

the other treatments. There was no significant relationship between NWCI and midstory 

oak diameter at breast height (dbh), although a significant relationship was observed 

between WCI and midstory oak dbh. Using a series of simulated competitive 

environments around midstory oaks, we determined that the significant relationship 

between WCI and midstory oak dbh was likely due to a confounding effect exhibited by 

subject tree dbh, as it was included in the computation of WCI.  

Our finding indicates that although the CC and BAR treatment did not 

significantly increase the abundance of oaks, they did promote the growth of dominant 

oak regeneration presumably originating from oak advance reproduction. This suggests 

that if an adequate amount of oak advance reproduction is present on a site to satisfy a 

specific management objective, implementing either a CC or BAR treatment will produce 

satisfactory growth for oak regeneration. 
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Chapter I: Literature Review 

Bottomland Hardwood Forests in the Eastern United States 

 Bottomland hardwood forests of the eastern United States are located in low-lying 

floodplains created from alluvium parent material (Hodges, 1997). Prior to European 

settlement, bottomland hardwood forests were abundant, covering much of the eastern 

United States, although not to the extent of upland forests. Our understanding of the pre-

settlement extent of bottomland hardwood forests across the midwestern United States is 

lacking, as most information pertaining to the extent of bottomlands across the eastern 

United States prior to European settlement comes from the southern region. Within the 

Lower Mississippi Alluvial Valley alone, there was an estimated 8.5 – 9.7 million 

hectares of bottomland hardwood forests prior to European settlement (Stanturf et al., 

2000). Due in large part to their highly productive alluvial soils and generally flat 

topography, large-scale conversion to agriculture has dramatically reduced the extent of 

these forests across the central and southeastern United States (Lockhart et al., 2009; 

Stanturf et al., 2001; Stanturf et al., 2000; Kellison and Young, 1997). Consequently, 

recent estimates indicated that 12 million hectares of bottomland forest remained within 

the southeastern United States during the early to mid-1980s (Kellison and Young, 1997; 

McKnight et al., 1981). Additionally, there were only an estimated 1.2 million hectares of 

bottomland hardwood forest within the Upper Mississippi River Basin in 2009 (USDA 

Forest Service, 2009).  

Bottomland hardwood forests are valued for timber production as well as a variety 

of ecosystem services (King et al., 2009; Knutson and Klaas, 1998). Bottomland 
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hardwood forests are among the most diverse ecosystems in the United States (Kellison 

and Young, 1997). For example, the Lower Mississippi Alluvial Valley supports between 

50 and 70 commercial tree species and roughly half that many non-commercial species 

(Conner and Sharitz, 2005; Kellison and Young, 1997; Stanturf et al., 2001). Bottomland 

hardwood forests also support diverse fauna, including a multitude of both resident and 

neo-tropical migratory bird species, as well as numerous species of mammals and reptiles 

(Kellison and Young, 1997; Twedt and Porter, 1997). Bottomland hardwood forests 

improve water quality of adjacent aquatic ecosystems and help control flooding by acting 

as natural reservoirs and by reducing sediment loads during heavy precipitation events 

(Kellison and Young, 1997; Root et al., 2003). Bottomland forests reduce soil erosion 

and act as carbon sources through inputs of organic matter into streams and rivers, which 

is necessary to sustain the natural ecological processes associated with aquatic 

ecosystems (Jackson, 2005; Kellison and Young, 1997; Romano, 2010; Twedt and 

Porter, 1997).  

Recent bottomland management has largely been focused on the recovery of these 

ecosystems through afforestation (the establishment of a forest or stand in an area that 

was not previously forested land; Helms, 1998) and restoration efforts. During the late 

1980s the U.S. Fish and Wildlife Service and other federal agencies began large-scale 

afforestation projects across the southeastern United States in an effort to convert 

abandoned agricultural land to bottomland hardwood forests (Stanturf et al., 2000). 

Reforestation (the prompt reestablishment of forest cover either naturally or artificially 

following the removal of the previous stand or forest that usually maintains the previous 

forest type; Helms, 1998) efforts have largely focused on artificial regeneration of hard-
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mast species such as oak (Quercus spp.) and hickory (Carya spp.) in order to provide 

quality wildlife habitat and increase timber production (Dey et al., 2001). Many early 

reforestation efforts failed due to heavy herbivory from wildlife and a lack of quality 

hardwood seedling stock (Dey et al., 2001). More recently, bottomland restoration and 

afforestation efforts have emphasized the establishment of fast growing, soft hardwood 

species like eastern cottonwood (Populus deltoides Bartr. ex Marsh.), American 

sycamore (Plantanus occidentalis L.) and green ash (Fraxinus pennsylvanica Marsh.) 

along with hard-mast species such as oaks and hickories in an effort to increase the 

vertical heterogeneity of forest structure, which results in more suitable habitat for many 

bird species (Hanberry et al., 2012; Twedt and Porter, 1997). 

Ecology of Bottomland Hardwood Forests 

 The structure and dynamics of bottomland hardwood forests are influenced by a 

multitude of biological and environmental factors. Environmental factors such as 

hydrology, disturbances (flooding and wind), and microtopography, along with biotic 

factors such as competition for resources and the silvics of associated tree species, create 

complex, heterogeneous distributions of tree species across bottomland sites (Conner and 

Sharitz, 2005; Romano, 2010). Our scientific understanding of the ecology of bottomland 

hardwood forests, including site geomorphology, hydrologic regimes, forest succession, 

and species-site relationships, is largely based on research from the southeastern United 

States, with relatively little work from central or eastern regions.  

Although generally flat, bottomland sites exhibit complex microtopography that is 

characterized by minor differences in elevation, commonly ranging from 0.5 and 4.5 m 

(Battaglia et al., 2004; Hodges, 1994). The microtopography of bottomland hardwood 
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forests is influenced by flooding (frequency/duration), heavy wind events, and fluvial 

processes such as soil deposition and erosion (Collins and Battaglia, 2007; Conner and 

Sharitz, 2005; Hodges, 1997; Hodges, 1995). Minor elevational differences create 

heterogeneous hydrologic and soil conditions (Conner and Sharitz, 2005, Romano, 2010). 

Consequently, microsite elevation often affects the establishment and survival of woody 

seedlings based on individual species’ tolerance to flooding and ability to survive in 

anaerobic soil conditions common in frequently flooded bottomland forests (Conner and 

Sharitz, 2005). 

 Natural levees, flats, ridges, sloughs, and swamps are examples of topographic 

features common to bottomland sites (Hodges, 1997; Hodges; 1995; Putnam et al., 1960). 

Natural levees and ridges (past natural levees) are typically the highest and most 

productive features of bottomland sites (Hodges, 1994). Formed from coarse soil 

particles (i.e. sand, silt), they range from somewhat poorly drained to well drained 

(Hodges, 1997). Flats are defined as somewhat poorly to poorly drained, low-lying, flat 

areas usually composed of finer textured soils and are located between ridges and natural 

levees (Hodges, 1997). Sloughs and swamps consist of clayey soil and are poorly 

drained. Sloughs are seasonally inundated with water, while swamps are permanently 

inundated with water (Hodges, 1994).  

Succession in bottomland hardwood forests is driven by both autogenic (process 

in which one plant community prepares a site for the next plant community) and 

allogenic (process in which external forces or conditions independent of the community 

drive succession) processes (Helms, 1998; Hodges, 1997). Similar to species-site 

relationships in bottomland forests, bottomland succession is complex and heavily 
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influenced by changes in hydrology, frequency of flooding, and rate of sedimentation 

(Conner and Sharitz, 2005; Hodges, 1997). Pioneer species in bottomland hardwood 

forests include shade-intolerant, flood-tolerant, fast-growing, light-seeded species such as 

eastern cottonwood and black willow (Salix nigra Marsh.) (Hodges, 1997; Kabrick and 

Dey, 2001). In the central United States, these species typically live less than 100 years 

and are replaced by more shade tolerant, sub-climax species including primarily silver 

maple (Acer saccharinum L.), American elm (Ulmus americana L.), green ash, hackberry 

(Celtis occidentalis L.), boxelder (Acer negundo L.), and American sycamore (Dollar et 

al. 1992; Hodges, 1994; Hodges, 1997; Phares and Larsson, 1980; Romano, 2010). 

Bottomland oaks species in the central United States region typically include pin oak 

(Quercus palustris Muenchh.), bur oak (Quercus macrocarpa Michx.), and swamp white 

oak (Quercus bicolor Willd.), which are considered later successional species, although 

their establishment and growth is often unpredictable and dependent on hydrologic 

conditions and the flood regime associated with individual sites (Clatterbuck and 

Meadows, 1993; Johnson, 1990; McQuilkin, 1990; Rogers, 1990). Bottomland hickories 

such as bitternut hickory (Carya cordiformis (Wangenh.) K. Koch) are thought to occur 

in later stages of succession in bottomland hardwoods of the southern United States 

(Conner and Sharitz, 2005; Hodges, 1997).  

Oak Regeneration in Bottomland Hardwood Forests 

Natural regeneration of oaks on highly productive sites can be difficult to attain 

(Loftis, 1988; Lorimer, 1993). Bottomland hardwood forests of the eastern United States 

have exemplified this, indicating that a clear understanding of both the ecology of these 

ecosystems and the effects of silvicultural systems on them is needed to successfully 
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manage for oak regeneration. There are three sources of regeneration associated with 

oaks: 1) seedlings, which develop directly from acorns; 2) seedling sprouts, which are 

defined as seedlings that have died back and resprouted one or more times; and 3) stump 

sprouts, which develop from the stumps or bases of cut or top-killed oaks with a diameter 

≥ 5 cm (Johnson, 1993). Advance reproduction is defined as “seedlings or saplings that 

develop or are present in the understory prior to death of overstory trees” (Helms, 1998). 

Bottomland oaks in large part rely on advance reproduction from seedlings and seedling 

sprouts as their primary regeneration methods (Johnson et al. 2009). Seedling sprouts 

account for most of the advance reproduction present in upland forests as well as in 

bottomland hardwood forests. In contrast to seedling sprouts, seedlings originating from 

acorns after disturbance/harvest are often unreliable as a regeneration source because of 

herbivory and inconsistent acorn production between good seed years (Smith, 1993; 

Collins and Battaglia, 2007). Additionally, the potential contribution of oak regeneration 

from stump sprouts after overstory removal varies depending on diameter and age of 

parent oaks (Clatterbuck and Meadows, 1993; Hodges and Gardiner, 1993; Johnson, 

1993). For bottomland oaks, individuals that have diameters ≤ 30.5 cm are much more 

likely to produce vigorous stump sprouts than those exceeding 30.5 cm (Johnson and 

Deen, 1993). Success of natural oak regeneration in these forests is influenced by the 

amount, size, and distribution of advance reproduction on the site (Motsigner et al., 

2010). In general, the survival and potential overstory recruitment of oak advance 

reproduction is positively correlated with their size (Johnson et al. 2009).  

Silvicultural techniques are often used to promote the development of adequate 

advance reproduction in bottomland hardwood forests because their growth is frequently 
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limited by site conditions that include frequent flooding and low light levels at the forest 

floor. Although mature oaks are weakly to moderately tolerant of flooding (Clatterbuck 

and Meadows, 1993; Smith, 1993; Collins and Battaglia, 2002), oak seedlings are 

generally intolerant of flooding and less flood-tolerant than many sympatric bottomland 

species (Mcknight et al., 1981; Clatterbuck and Meadows, 1993; Smith, 1993). In 

general, bottomland oak species range from intermediate to intolerant of shade, and 

several associated species exhibit greater shade tolerance than oaks (Belli et al., 1999; 

Kabrick and Dey, 2001). The presence of a thick understory layer composed of a 

multitude of herbaceous and woody species, along with a closed canopy, restricts light 

levels to the forest floor (Clatterbuck and Meadows, 1993; Johnson, 1993). The low light 

conditions favor the establishment and growth of regeneration of more shade tolerant 

species rather than bottomland oaks (Clatterbuck and Meadows, 1993). 

Because flooding events and the microtopography of these ecosystems are not 

easily manipulated, silvicultural treatments must effectively target site conditions that are 

more easily manipulated such as light levels and competition. In order to increase the size 

of advance reproduction, it is necessary to manage in a way that increases light to the 

forest floor. Light levels ranging from 30% to 50% of full sunlight produce high growth 

rates for cherrybark oak (Quercus pagoda Raf.) and northern red oak (Quercus rubra L.) 

seedlings (Dey et al. 2012). However, understory light levels in bottomland hardwood 

forests that have a developed midstory layer have been observed at or below 4% of full 

sunlight (Lhotka and Loewenstein, 2009; Lockhart et al. 2000). In a study examining the 

response of cherrybark oak advance reproduction to midstory removal, Lockhart et al. 
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(2000) found that the release increased growth rates when compared to unreleased 

advance reproduction due to greater light levels in the regeneration layer.  

Silviculture of Bottomland Hardwood Forests 

 Depending on management objectives and initial forest structure and composition, 

a variety of silvicultural practices may be appropriate in bottomland hardwood forests. 

Both even-aged and uneven-aged silvicultural systems have been implemented in these 

forests (Kellison and Young, 1997; Meadows and Stanturf, 1997). Uneven-aged 

management for bottomland hardwood forests includes single-tree selection and group 

selection silvicultural systems, while even-aged management includes clearcut and 

shelterwood silvicultural systems (Meadows and Stanturf, 1997). Two-aged silvicultural 

systems, which are a blend of even- and uneven-aged management, have also been 

suggested for bottomland hardwood forests management (Clatterbuck and Meadows, 

1993; Kellison and Young, 1997). If management objectives are focused on timber 

production, even-age management is typically used, while uneven-age management is 

more commonly used if management objectives include increasing the abundance of 

shade-tolerant species, increasing the vertical heterogeneity of forest structure or 

mimicking natural disturbance regimes (Clatterbuck and Meadows, 1993; Hodges, 1995; 

Hodges et al., 2005). Additionally, if an existing stand is of poor growth, timber quality, 

or exhibits undesirable species composition based on management objectives, foresters 

may opt to use even-aged management techniques such as clearcutting to regenerate a 

new stand that is better-suited to meet objectives (Hodges, 1995). If objectives include 

improving/creating wildlife habitat, two-aged silvicultural systems may be desirable, as 

the development of structural diversity and increased mast production occurs relatively 
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quickly with these systems (Hodges et al., 2005). Even-aged management techniques that 

create large patches of early successional forest have also been used to improve wildlife 

habitat in these forests (Hodges et al., 2005).  

 Single-tree selection and group selection systems have been used to manage 

bottomland hardwood forests to a lesser extent than even-aged management techniques, 

as they require frequent stand entries and more experience to successfully implement 

(Kellison and Young, 1997; Meadows and Stanturf, 1997). Single-tree selection creates 

multi-aged (≥ three age-cohorts) forests through implementation of partial canopy 

removal harvests that make relatively small, tree-sized gaps in the canopy. Many 

overstory trees remain in the stand after harvest under the single-tree selection system 

(Smith et al. 1997). The small gaps that are created increase the amount of light available 

and growing space at the forest floor but typically not to the extent of even-aged 

management techniques (Smith et al. 1997). Although similar to single-tree selection 

systems in many ways, group selection systems create larger gaps (0.2 – 0.4 hectare) in 

the canopy (Clatterbuck and Meadow, 1993). Both methods typically favor regeneration 

of shade-tolerant tree species over shade-intolerant species (Clatterbuck and Meadows, 

1993; Meadows and Stanturf, 1997; Larsen and Johnson, 1998). However, group 

selection systems more closely mimic patterns of natural gap-phase disturbances common 

to bottomland forests, such as heavy wind events, and can be used to regenerate oaks 

(Clatterbuck and Meadow, 1993; Collins and Battaglia, 2002).  

Even-aged silvicultural techniques such as clearcuts and shelterwoods are 

commonly recommended for bottomland hardwood forests because they create 

conditions suitable for regeneration and recruitment of desirable species (e.g., oaks) that 
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are moderately intolerant to intolerant of shade (Meadows and Stanturf, 1997; Kellison 

and Young, 1997). Management objectives often emphasize oak regeneration because 

oak species provide both economic benefits through greater timber value as well as 

ecological benefits such as providing hard mast forage for wildlife and increased species 

diversity (Denman and Karnuth, 2005). Clearcutting removes all or nearly all of trees 

from a site, creating fully exposed light conditions at the forest floor, which promotes the 

regeneration of moderately intolerant to intolerant species (Meadows and Stanturf, 1997). 

For oak regeneration, this silvicultural system is most useful when oak advance 

reproduction is abundant prior to implementation (Clatterbuck and Meadow, 1993; 

Hodges et al., 2005; Kellison and Young 1997; Meadows and Stanturf, 1997). With 

adequate red oak advance reproduction (200-375 red oaks per hectare) in place, Oliver et 

al. (2005) recommend a silvicultural clearcut (clearcut that removes both merchantable 

and unmerchantable trees from a stand) to maximize growth of oak in the regenerating 

cohort.  

In contrast to clearcutting, shelterwood systems create a regeneration cohort 

through an initial establishment harvest that partially removes the overstory and a second 

release harvest (typically 15-20 years after the establishment harvest) that removes all 

overstory trees that were not taken during the establishment harvest (Smith et al. 1997). 

By retaining overstory trees, shelterwood systems increases light levels at the forest floor 

while not allowing for full light conditions (Smith et al. 1997). Motsigner et al. (2010) 

suggested that shelterwood systems promote the development of advance reproduction of 

bottomland oaks. The release harvest then removes all or most of the residual overstory 

trees, which allows greater light levels to reach the regeneration cohort created by the 
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establishment harvest and increases growth (Smith et al. 1997). Moreover, Oliver et al. 

(2005) recommends that if the establishment of oak advance reproduction is required, 

shelterwood systems promote oak establishment over more shade-tolerant or intolerant 

species due to the modified light environment created by the treatment. Importantly, they 

also recommend the release harvest be implemented as soon as adequate oak advance 

reproduction is obtained in order to maximize oak advance reproduction growth (Oliver 

et al. 2005). 

Understory/midstory removal treatments are used to reduce competition and 

increase light availability to regenerating species on highly productive sites and can be 

included in a variety of silvicultural systems. These treatments are generally 

recommended as part of three-cut shelterwood systems that are specifically designed to 

promote oak regeneration in bottomland hardwood forests (Meadows and Stanturf, 1997). 

When used in this type of shelterwood system, understory/midstory removal treatments 

are implemented between the establishment treatment and the release treatment in order 

to reduce the competitive pressure of undesirable tree species on oak advance 

reproduction (Meadows and Stanturf, 1997). Understory/midstory removal treatments are 

usually accomplished through mechanical removal or herbicide application (Meadows 

and Stanturf, 1997). Removing the understory/midstory layers also increases light levels 

at the forest floor. Lhotka and Loewenstein (2009) found that bottomland hardwood 

stands treated with a complete midstory removal harvest, which removed all trees that 

were not part of the dominant/codominant canopy layer, exhibited significantly greater 

understory light transmittance (11%) than uncut stands (4%). They also found that the 

complete midstory removal treatment significantly increased the 2-year survival and 
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height and diameter growth of underplanted cherrybark oak seedlings compared to those 

that were planted in the uncut treatment (Lhotka and Loewenstein, 2009).  

Two-aged systems closely resemble the design of shelterwood systems during 

initial management operations. Similar to a shelterwood, an establishment harvest retains 

between 5-7 m2/ha of basal area (Kellison and Young, 1997). However, in contrast to a 

shelterwood, no release cut is implemented and the residual overstory trees remain in the 

stand until the end of the rotation (Kellison and Young, 1997). The residual overstory 

trees regulate understory light levels and act as seed trees for the regenerating stands in 

addition to providing benefits to wildlife (Kellison and Young, 1997). Two-aged systems 

have been used to successfully regenerate oaks in the Appalachians and show 

considerable promise for promoting oak regeneration in bottomlands, although limited 

research regarding their use for this purpose in bottomland hardwood forests has been 

conducted (Clatterbuck and Meadows, 1993).  

Project Overview 

 There is a paucity of scientific research that has examined the ecology and stand 

development of bottomland hardwood forests in the central United States. A particular 

research need is the evaluation of effects of different silvicultural systems on forest stand 

dynamics and composition of these ecosystems. Without a proper understanding of these 

processes, meeting specific management objectives is difficult and can lead to the 

mismanagement of ecosystems. In an effort to fill this knowledge gap, the Missouri 

Department of Conservation (MDC) began the Riparian Ecosystem Assessment and 

Management (REAM) project. The REAM project was conducted between 1993 and 

2003 (portions of the project continued beyond 2003) across five state-owned 
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conservation area in northern Missouri (Root et al., 2003). The two primary goals of the 

project were to collect baseline data on terrestrial resources within these forests and to 

gain a better understanding of how silvicultural treatments affected the vegetative 

communities within bottomland hardwoods forest of northern Missouri (Root et al., 

2003). The REAM project included a replicated field study at Deer Ridge Conservation 

Area (DRCA), designed to test the effects of two silvicultural treatments and a control 

treatment had on a > 50 year-old bottomland forest in northeast Missouri (Gwaze and 

Elliott, 2011).  

The overall goal of this study was to determine how the treated stands developed 

(i.e., changes in forests structure and composition) through the first 10 to 15 years after 

treatment. Additionally, our study was particularly interested in determining how the 

silvicultural treatments affected the abundance and growth of oak regeneration on the 

sites through the first 10 to 15 years after harvest. Our study included an unharvested 

control treatment that allowed us to compare results from treated stands to results of 

naturally developing stands. In Chapter II, we will present and discuss study results 

pertaining to stand-level changes in structure and composition through the first 10 to 15 

years after harvest. The specific objectives for Chapter II were to: 1) determine treatment 

effects on forest structure at the stand level (stocking, trees per hectare, basal area per 

hectare, and diameter distributions) through the first 10 to 15 years after harvest; 2) 

determine treatment effects on forest composition at the stand level (relative abundance 

of trees per hectare and relative abundance of basal area per hectare) through the first 15 

years after harvest; 3) determine effects of the regeneration harvests on the diameter and 

recent growth rate of the regeneration cohort by species group. In Chapter III, we will  
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discuss the competitive environments surrounding individual midstory oaks within each 

treatment at year 15 and examine the following three specific objectives: 1) determine 

treatment effects on the competitive environment around midstory oaks at year 15; 2) 

determine if the competitive environment around midstory oaks was related to their 

diameter at breast height (dbh) at year 15; and 3) determine the effect of including subject 

tree dbh to model the relationship between tree size and competitive environment. 
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Chapter II: Patterns of Stand Development and Regeneration 

Dynamics 10 to 15 Years after Regeneration Harvests  

 Introduction 

Bottomland forest ecosystems provide important economic and ecological values 

within the southern and midwestern United States, yet silvicultural guidelines for 

reaching management objectives have been poorly developed outside the southern United 

States (Conner and Sharitz, 2005; Dollar et al., 1992; Romano, 2010; Walker, 1999). Due 

to the high value and spatial extent of these forests across the central and eastern United 

States, it is imperative that foresters understand the ecological processes that drive stand 

development in these forests, in addition to understanding how stands are influenced by 

different management techniques. In 2015, the elm/ash/cottonwood forest-type group 

accounted for 7% (approximately 500,000 hectares) of the total forested area in Missouri 

and represented the second largest forest-type group in the state behind the oak/hickory 

forest-type (Piva and Treiman, 2016). Bottomland hardwood forests are associated with 

streams and rivers and are often considered riparian corridors (MDC, 1986). Bottomland 

hardwood forests are highly productive and dynamic ecosystems that contain a multitude 

of herbaceous and woody plant species and are capable of supporting an abundance of 

wildlife species throughout stand development (Kellison and Young, 1997, MDC, 1986). 

The abundance of both hard and soft mast tree species provides food for wildlife, while 

the high susceptibility of trees to decay provides abundant cavity habitat. When correctly 

managed, these forests also have a positive impact on the quality of associated aquatic 

ecosystems (King et al., 2009; MDC, 1986). The high productivity inherent to 

bottomland hardwood forests also make them valuable timber resources, as they are 
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capable of producing high quality, commercially desirable hardwood species like oaks, 

hickories, and ashes (Fraxinus spp.) (Hodges, 1995; King et al., 2009; Walker, 1999).  

Oak regeneration is often a management objective in bottomland hardwood 

forests; however, it can be difficult to attain due to complex microtopography and 

hydrology, intense competition associated with highly productive sites, and restricted 

understory light levels (Clatterbuck and Meadows, 1993; Dey et al., 2012; Hodges and 

Gardiner, 1993; Motsinger et al., 2010). Bottomland oaks primarily rely on the 

development of advance reproduction from seedling and seedling sprouts for successful 

regeneration (Hodges and Gardiner, 1993). The probability of survival and recruitment of 

oak advance reproduction generally increases as the size of regeneration increases 

(Johnson et al., 2009). Because bottomland oaks generally range from intermediate to 

very intolerant of shade, the low understory light levels common to bottomland hardwood 

forests typically favor more shade-tolerant species over the establishment and growth of 

oak advance reproduction (Belli, 1999; Clatterbuck and Meadows, 1993). Low 

understory light levels in these forests are regularly created by the presence of dense 

understory and midstory layers in addition to closed canopy conditions (Conner and 

Sharitz, 2005; Hodge and Gardiner, 1993). If management objectives for a bottomland 

hardwood forest include promoting oak regeneration, the silvicultural treatments must 

adequately control competition from associated species and create light conditions that 

allow for the accumulation and growth of oak advance reproduction.  

 Contingent upon management objectives and initial forest structure and 

composition, a variety of silvicultural practices may be suitable for use in bottomland 

hardwood forests. Both even-aged and uneven-aged silvicultural systems have been 
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implemented in these forests (Kellison and Young, 1997; Meadows and Stanturf, 1997). 

Even-aged management for bottomland hardwood forests includes clearcut and 

shelterwood silvicultural systems, while uneven-aged management includes single-tree 

selection and group selection silvicultural systems (Meadows and Stanturf, 1997). Two-

aged silvicultural systems, which are a blend of even- and uneven-aged management, 

have also been suggested for bottomland hardwood forests management (Clatterbuck and 

Meadows, 1993; Kellison and Young, 1997). If management objectives are focused on 

timber production, even-age management is typically used. Additionally, if an existing 

stand is of poor quality, foresters may opt to use even-aged management techniques like 

clearcutting to regenerate a better quality stand (Hodges, 1995). Uneven-age management 

is more commonly used if management objectives include increasing the abundance of 

shade-tolerant species, increasing the vertical heterogeneity of forest structure for wildlife 

or mimicking natural disturbance regimes (Clatterbuck and Meadows, 1993; Hodges, 

1995; Hodges et al., 2005). Two-aged systems have been suggested for use when 

objectives include improving/creating wildlife habitat, due to their relatively rapid 

development of structural diversity and increased rate of mast production (Hodges et al., 

2005).  

This study was designed to examine how the structure and composition of a 

mixed bottomland hardwood forest in northeast Missouri responded to two silvicultural 

regeneration harvests and one unharvested control treatment through the first 10 to 15 

years after implementation. A greater understanding of the influence such harvests have 

on stand dynamics of these forests will enable foresters to develop silvicultural 

prescriptions that better suit management objectives. The study looked at two distinct 
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datasets: the first was used to examine stand-level responses and included all trees 

sampled during 2010 and 2014, and the second was used to examine the response of the 

regeneration cohort only and excluded all residual trees and the all trees in the CO 

treatment. This study addressed three specific objectives: 1) determine treatment effects 

on forest structure at the stand level (stocking, trees per hectare, basal area per hectare, 

and diameter distributions) through the first 10 to 15 years after harvest; 2) determine 

treatment effects on forest composition at the stand level (relative abundance of trees per 

hectare and relative abundance of basal area per hectare) through the first 15 years after 

harvest; 3) determine effects of the regeneration harvests on the diameter and recent 

growth rate of the regeneration cohort by species group.  

Methods and Materials 

Study Site 

 This study was conducted on a 220 hectare parcel of mixed bottomland hardwood 

forest adjacent to the North Fabius River at Deer Ridge Conservation Area (DRCA) in 

Lewis County, Missouri (N40°10’17.2056” W91°47’8.934”). The soils of the site were 

primarily mollisols with minor occurrences of entisols. The Blackoar soil series and 

Fatima soil series were the dominant soils present on the site. Both soil series are 

considered flood plain soils that formed in alluvium and are associated with slopes 

between 0 and 2 degrees. They are both poorly drained silt loams that are occasionally 

exposed to flooding (NRCS Soil Survey Staff). The site microtopography reflects 

characteristics typical of bottomland forests, including natural levees forming near the 

river’s edge and ox-bows indicating locations where the river channel previously existed 

(Hodges, 1997). Low lying areas were permanently inundated with water. There was 
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evidence that this study site experienced frequent flooding from the North Fabius River, 

and previous research suggests such flooding can directly influence the topography of 

bottomland forests (Hodges, 1997).  

 In 1997 (pre-treatment), forest species composition included primarily silver 

maple (Acer saccharinum L.), eastern cottonwood (Populus deltoides Bartr. ex Marsh.), 

American elm (Ulmus americana L.), green ash (Fraxinus pennsylvanica Marsh.), pin 

oak (Quercus palustris Muenchh.), bur oak (Quercus macrocarpa Michx.), swamp white 

oak (Quercus bicolor Willd.), and American sycamore (Platanus occidentalis L.). Silver 

maple was the most dominant species based on basal area, accounting for just over one-

third of the overstory (trees ≥ 11.43 cm or 4.5 inches at diameter breast height (dbh)) 

basal area per hectare. Midstory composition (woody species ≥ 3.81 cm or 1.5 inches but 

< 11.43 cm, or 4.5 inches dbh) was primarily made up of American elm, silver maple, 

green ash, boxelder (Acer negundo L.), and scattered oaks. The midstory contributed 

62.3% of the total trees per hectare, while accounting for only 9% of the total basal area 

per hectare across stands. On average, stands contained nearly 2400 stems per hectare of 

understory (all woody vegetation ≥ 1.0 m or 3.3 ft tall but < 3.81 cm or 1.5 inches dbh) 

woody vegetation. Common tree species in the understory included silver maple, 

American elm, and green ash. Oak regeneration was lacking in the understory, making up 

an average of less than 1% of the stems per hectare across stands. Woody vegetation in 

the understory included shrubs and vines, such as multiflora rose (Rosa multiflora 

Thunb.), blackhaw (Viburnum prunifolium L.), Virginia creeper (Parthenocissus 

quinquefolia (L.) Planch.), American elderberry (Sambucus nigra L. ssp. Canadensis (L.) 

R. Bolli), greenbriar species (Smilax spp.), grape species (Vitis spp.), and poison ivy 
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(Toxicodendron radicans L.). Herbaceous vegetation was generally abundant, although 

variable across the site depending on microsite conditions and time since flood events. 

Experimental Design and Treatment Descriptions 

This study extended from the Riparian Ecosystem Assessment and Management 

(REAM) project originally developed by the Missouri Department of Conservation 

(MDC) and implemented on several conservation areas across northern Missouri in 1993. 

The DRCA study used a completely randomized design, with one of three treatments 

randomly assigned to 20 stands (the experimental unit) that ranged from approximately 

2.6 hectares (6.5 acres) to 3.2 hectares (8.0 acres). The three treatments include: clearcut 

with reserves (CC; basal area reduced to 2.3 m2/ha or 10 ft2/ac; n=8); basal area retention 

(BAR; basal area reduced to 6.9 m2/ha or 30 ft2/ac; n=7), and a control (CO; no harvest, 

basal area 32.0 m2/ha or 139 ft2/ac; n=5).  

The prescription for the CC treatment called for a commercial harvest of nearly 

all trees > 2.54 cm dbh, except for scattered canopy trees comprised primarily of oaks, 

some of which were cavity trees left for wildlife habitat (Gwaze and Elliott, 2001). The 

commercial harvest implemented for BAR cut all trees > 11.43 cm dbh while retaining a 

sufficient number of large trees to meet the residual basal area requirement. Selection of 

retention trees for the BAR treatment was similar to that of for the CC treatment, in that 

large oaks were favored for retention, but the primary purpose was to maintain an oak 

seed source to encourage oak regeneration in addition to providing wildlife habitat 

(Gwaze and Elliott, 2001). To a lesser extent, large soft mast species were retained in 

BAR stands to maintain species diversity, benefit wildlife, and meet overstory retention 

targets (Olson et al., 2015). The prescription for both the CC and BAR included a 
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slashing operation conducted immediately following the commercial harvest to remove 

any remaining 2.4 – 20.3 cm dbh stems that were not marked for retention. Additionally, 

trees exceeding 20.3 cm that were left uncut after the commercial harvest operation and 

not marked for retention were double-girdled as part of the slashing operation (Olson et 

al., 2015). All cutting was done using chainsaws, and yarding was done with a grapple-

skidder. The harvest treatments were implemented from fall 1999 to spring 2000.  

Data Collection 

Within each stand, two circular, 0.2 hectare nested vegetation sampling plots were 

established in 1997. The nested plot design was based on the sampling design of the 

Missouri Ozark Forest Ecosystem Project (MOFEP) (Figure 1). Within each plot, all 

overstory trees were tagged for repeated measurement, and data were collected on 

species, dbh, Kraft crown class, and ‘fate’. Fate codes were qualitative descriptions of the 

tree condition based on visual characteristics and included twelve categories. In this 

study, fate codes were used to sort dead, dying, or damaged trees from healthy, intact, 

living trees and to aid in the identification of retention trees. Nested within each 0.2 

hectare overstory plot were four circular 0.02 hectare subplots, with their centers located 

17.2 m from plot center at each cardinal direction (Figure 1). Each midstory woody stem 

(trees, shrubs, and vines) rooted within each 0.02 hectare subplot was identified to 

species and dbh was recorded. Nested within each of the four 0.02 hectare subplots was 

also a circular 0.004 hectare subplot that shared the same subplot center as the 0.02 

hectare, midstory subplots. All understory woody stems rooted within the 0.004 hectare 

subplot were identified to species and placed into one of two size classes: 1) ≥1.0 m in 
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height but <1.27 cm dbh and 2) 1.27 cm ≤ dbh < 3.81 cm. For the purposes of this study, 

we combined the two 0.004 hectare subplot size classes to make the understory size class.  

One pre-harvest inventory was conducted in 1997 as well as five additional post-

harvest inventories, the first of which commenced immediately following harvest in the 

spring of 2000. The remaining inventories were conducted in 2001, 2003, and 2010 with 

the final inventory occurring in the summer and fall of 2014.  

 

Figure 1. Diagram of the cluster plot used for vegetation sampling at the study site.  
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Data Analysis 

Species Groups 

We included eight species groups in all statistical analyses and comparisons 

conducted throughout the study. Species groups were determined based on species 

abundance and study objectives, and include the following: American elm, American 

sycamore, eastern cottonwood, green ash, hickories, oaks, ‘other’ and silver maple. The 

hickory group includes bitternut hickory (Carya cordiformis (Wangenh.) K. Koch) and 

shellbark hickory (Carya laciniosa (Michx. f.) Lould.), and the oak group includes pin 

oak, bur oak, and swamp white oak. The ‘other’ group includes species such as boxelder, 

honey locust (Gleditsia triacanthos L.), hackberry (Celtis occidentalis L.), black walnut 

(Juglans nigra L.), river birch (Betula nigra L.), willows (Salix spp.), Ohio buckeye 

(Aesculus glabra Willd.), American basswood (Tilia americana L.), mulberries (Morus 

spp.), and eastern redbud (Cercis canadensis L.).  

Stand Structure and Composition 

 Stand stocking was calculated using trees from midstory and overstory size 

classes, with basal area and trees per hectare averaged across stands by treatment for each 

inventory. We plotted these data by harvest treatment on Gingrich stocking diagrams 

created for Midwestern bottomland hardwood forests (Larsen et al. 2010) to show 

patterns in stand development through time for each treatment. We created diameter 

distributions to compare forest structure among treatments in 2014 (statistical 

comparisons among distributions were not conducted). Diameter distributions for each 

treatment were divided into each of the eight species groups. We partitioned diameter 
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into 2.0 cm diameter classes, including all individuals ≥ 4.0 cm dbh using the class range 

as bounds. 

We examined structure and composition of treatments using the eight species 

groups defined above. Prior to analyses, data were summarized at the stand level for the 

response variables trees per hectare (TPH), basal area per hectare (BA), relative of 

abundance of trees per hectare as a percentage (RATPH; Eq. 1), and relative abundance of 

basal area per hectare as a percentage (RABA; Eq. 2):    

Equation 1.    𝑅𝐴𝑇𝑃𝐻 =  (
(𝑇𝑃𝐻𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑔𝑟𝑜𝑢𝑝)

∑ 𝑇𝑃𝐻𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑔𝑟𝑜𝑢𝑝
 ) 𝑥 100  

Equation 2.    𝑅𝐴𝐵𝐴 =  (
(𝐵𝐴𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑔𝑟𝑜𝑢𝑝)

∑ 𝐵𝐴𝑠𝑝𝑒𝑐𝑖𝑒𝑠 𝑔𝑟𝑜𝑢𝑝
)  𝑥 100 

We used repeated measures analysis of variance (ANOVA) for a completely 

randomized design to test for effects of harvest treatment, time, and an interaction 

between harvest treatment and time on the each of the four response variables by species. 

Only 2010 and 2014 inventories were included in the analysis because the assumptions of 

normality and equal variance could not be satisfied when data from additional inventories 

were also included in the model. Additionally, for the 2010 and 2014 datasets, only 

overstory and midstory size class data were included in the model. For the analysis of 

TPH and BA, eastern cottonwood data and silver maple data were not statistically 

analyzed because they did not meet the assumption of normality and/or homoscedasticity 

regardless of transformation type. However, we present the mean ± one standard error of 

each species group for both metrics in the results section. We used a linear mixed model 

(PROC MIXED) with time as the repeated effect and an autoregressive (AR-1) 
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covariance structure. When analyses resulted in significant interaction, we tested for 

significant effects of one factor within each level of the other factor (slice effects). All 

pairwise comparisons were determined with Tukey’s Honestly Significant Difference 

adjustment. For many of the response variables, the initial models did not meet statistical 

assumptions of normality and homogeneity of variance. When this occurred, a Box-Cox 

transformation procedure (PROC TRANSREG) was applied to response variables in 

order to identify appropriate transformations. Before conducting the transformation 

procedure, a value of one was added to all response variables to make all values non-

zero. Although we used least squared means estimates to determine pairwise differences 

of response variables among factor levels, we present the actual mean values for each 

response variable factor combination for our results. SAS 9.4 (SAS Institute Inc., Cary, 

NC) was used for the statistical analysis (alpha = 0.05) to determine statistical differences 

for all analyses.  

Development of the Regeneration Cohort  

We created a dataset representing the dominant trees within the regeneration 

cohort by identifying all living trees in the CC and BAR treatments that recruited into the 

overstory size class following the 2003 inventory. Consequently, all residual trees were 

excluded from the analysis. To gain knowledge about the effects of CC and BAR 

harvests on the rate of secondary growth of the regeneration cohort, the average annual 

diameter increment (AADI) and average annual basal area increment (AABAI) from 

2010 to 2014 were calculated at the stand level for each species group as:  
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Equation 3.    𝐴𝐴𝐷𝐼 =
(𝐷𝑏− 𝐷𝑎)

(𝑇𝑏−𝑇𝑎)
 

Equation 4.    𝐴𝐴𝐵𝐴𝐼 =
(𝐵𝐴𝑏− 𝐵𝐴𝑎)

(𝑇𝑏−𝑇𝑎)
 

where Da and Db equal dbh in 2010 and 2014, respectively, BAa and BAb equal basal area 

per tree in 2010 and 2014, respectively, and Ta and Tb equal the respective inventory 

years. Additionally, we calculated the quadratic mean diameter (qmd; cm) of each species 

group in the regeneration cohort in 2014. 

We determined the mean stand AADI and AABAI and qmd for each of eight 

species groups except for eastern cottonwood, due to inadequate sample size. We used a 

linear mixed model to test for effects of species group, harvest treatment, and an 

interaction between harvest treatment and species in a completely randomized split-plot 

design using PROC MIXED in SAS 9.4. Harvest treatment was the whole-plot factor and 

species group was the split-plot factor because species groups were represented in each 

stand. Stand was considered the subject and a random effect in the model. Degrees of 

freedom were calculated with the Satterthwaite adjustment for these models to allow for 

analysis of an unbalanced study design, and all pair-wise comparisons were determined 

with Tukey’s Honestly Significant Difference adjustment to correct for multiplicity. In 

order to satisfy the statistical assumptions of normality and equal variance a square root 

transformation was applied to the AADI and AABAI data and a Box-Cox transformation 

was applied to the qmd data. 



 

27 

 

 

Results 

Stand Structure and Composition 

Percent Stocking  

 Prior to harvest (1997), the CO, BAR, and CC treatments exhibited similar mean 

stocking of approximately 83%, 87%, and 89%, respectively. Following harvest in 2000, 

mean stocking for BAR (35%) and CC (<10%) treatments were greatly reduced, while 

stocking for the uncut CO treatment increased to 85%. From 1997 to 2014, stocking for 

the CO treatment gradually increasing to approximately 88% in 2014. During this time, 

mean basal area per hectare generally increased while number of trees/hectare generally 

decreased for the CO treatment, indicating that fewer, larger trees contributed to greater 

stocking in 2014 than stocking in 1997. Quadratic mean diameter (qmd) in the CO 

treatment increased from 19.8 cm in 1997 to 22.6 cm in 2014 (peaking at 23.7 cm in 

2010) (Figure 2). The decrease in qmd observed from 2010 to 2014 was likely due to an 

increase in the mean number of trees/hectare from small trees and the decrease in mean 

basal area per hectare (suggesting mortality of some large trees) in the CO treatment 

during that time period. However, those results were inconsistent with the overall trend of 

a slight but steady decrease in mean number of trees/hectare for the CO treatment from 

1997 to 2010.  

 Immediately following harvest, mean stocking for the BAR treatment remained 

above the B-line (representing the level of average minimum density for full-site 

occupancy; Larsen et al., 2010) and increased to a peak stocking level of 73% in 2014. 

The largest gain in mean stocking (17% increase) occurred between 2010 and 2014 for 

the BAR treatment (Figure 3). Mean number of trees/hectare and qmd were 1112 and 
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15.9 cm, respectively for the BAR treatment in 2014 compared to a mean of 1250 

trees/hectare and a qmd of 16.8 cm observed for the BAR treatment in 1997. 

The CC treatment exhibited the greatest initial reduction in mean stocking after 

harvest, as well as the greatest recovery in mean stocking thereafter, reaching a stocking 

level of 87% by 2014, which was nearly equal to the mean stocking exhibited in 1997. 

Although stocking in 2014 was similar to stocking in 1997, the structure was much 

different. In 2014 the CC treatment had a mean of 1963 trees/hectare and qmd of 10.6 

cm, while exhibiting a mean of 1139 trees/hectare and a qmd of 18.4 cm in 1997 (Figure 

4). From 2003 to 2010, mean stocking and number of trees/hectare increased by 39% and 

896 trees, respectively, for the CC treatment, while maintaining a qmd of just over 10.0 

cm for both years. Additionally, during this period mean stocking levels crossed the B-

line, indicating that canopy closure occurred within the CC treatment as stands changed 

from an understocked to fully stocked condition. 
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Figure 2. Mean Gingrich stocking percent for the CO treatment by inventory year. 
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Figure 3. Mean Gingrich stocking percent for the BAR treatment by inventory year. 
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Figure 4. Mean Gingrich stocking percent for the CC treatment by inventory year.  
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Diameter Distributions in 2014 

 For the CO treatment, diameter classes < 13 cm each exhibited frequencies 

greater than 50 trees/hectare. Within these diameter classes, American elm and the ‘other’ 

species group accounted for at least 70% of the total trees/hectare (Figure 5). The 5 cm 

diameter class exhibited the greatest frequency (206 trees/hectare) of any diameter class. 

However, as diameter increased, the total number of trees/hectare decreased, with 

apparent declines in the relative abundance of American elm and the relative abundance 

of the ‘other’ species group. Relatively more silver maple, eastern cottonwood, American 

sycamore, and oak species were present as diameter increased. Generally, this trend was 

more apparent for diameter classes > 61 cm. No diameter classes > 57 cm contained more 

than 5 trees/hectare. 

For the BAR treatment, diameter classes 5 through 15 cm contained at least 50 

trees/hectare, with the 5 cm diameter class supporting the greatest mean number of 

trees/hectare (303) of any diameter class (Figure 6). Among those diameter classes, more 

than 30% of their respective total trees/hectare were American elms, which was the most 

abundant species within that dbh range. Additionally, silver maple and the ‘other’ species 

group each made up an average of nearly 20% of the total trees/hectare from 5 to 15 cm 

for the BAR treatment in 2014. In contrast, American elm was completely absent in 

diameters classes greater than 37 cm. Generally, the relative abundance of silver maple, 

oaks, American sycamore, eastern cottonwood, and green ash increased as diameter 

increased. Diameters classes greater than 37 cm contained fewer than 5 trees/hectare, 

while diameter classes above 75 cm contained fewer than 1 tree/hectare.  
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 On average, nearly 95% of the trees within the CC treatment had diameters that 

ranged between 5 cm and 17 cm in 2014. The 5 cm diameter class contained the greatest 

mean number of trees/hectare (590) of any diameter class, while the 7 cm through 15 cm 

diameter classes contained a decreasing mean number of trees/hectare from 428 to 102, 

respectively (Figure 7). Silver maple contributed between 29.5% and 47.0% to the 

trees/hectare for each dbh class in the 5 to 17 cm range, and American elm exhibited an 

average contribution of 30% of trees/hectare within the same range. Broadly, silver maple 

was abundant throughout the diameter classes in the CC treatment, while American elm 

and green ash decreased in abundance as diameter increased. Larger diameter classes 

were composed primarily of eastern cottonwood, silver maple, and oak species. Diameter 

classes greater than 27 cm contained an average of less than 1 tree/hectare, expect for the 

51 cm diameter class, which had a mean total of 1.5 trees/hectare in 2014.  

 All three harvest treatments exhibited a similar ‘reverse-J’ pattern, although the 

magnitude and shape of the patterns differed. The CC and BAR treatments exhibited a 

similar pattern in which silver maple and American elm made up a majority of the 

smaller diameter stems, in addition to a high relative abundance of silver maple observed 

among the larger diameter classes. Oaks, silver maples, eastern cottonwood, and 

American sycamore typically increased in abundance as diameter increased across all 

treatments in 2014. The CC treatment contained the greatest number of trees/hectare 

while exhibiting the smallest range in diameter among the treatments. The BAR 

treatment had the second greatest number of trees/hectare among the treatments while 

maintaining a diameter range greater than the observed diameter range for the CC 

treatment, yet smaller than the observed range for the CO treatment.
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Figure 5. Diameter distribution by species group for the CO treatment. The left-panel shows diameter classes < 15 cm and the panel to 

the right includes all diameter classes ≥15.0 cm, with different scales on the left and right y-axes. Diameter classes are centered on odd 

numbers.
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Figure 6. Diameter distribution by species group for the BAR treatment. The left-panel shows diameter classes < 15 cm and the panel 

to the right includes all diameter classes ≥15.0 cm, with different scales on the left and right y-axes. Diameter classes are centered on 

odd numbers.
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Figure 7. Diameter distribution by species group for the CC treatment. The left-panel shows diameter classes < 15 cm and the panel to 

the right includes all diameter classes ≥15.0 cm, with different scales on the left and right y-axes. Diameter classes are centered on odd 

numbers. 
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Trees Per Hectare 

There was a significant interaction between harvest treatment and year for 

American elm (p = 0.0468) and green ash (p = 0.0206). For American elm and green ash, 

the effect of year was significant within BAR (p = 0.0004 and 0.0007, respectively) and 

CC (p = 0.0251 and 0.0006, respectively). However, the effect of treatment within year 

was observed for only green ash in 2014 (p = 0.0210), while no significant treatment 

effect within either 2010 (p = 0.1686) or 2014 (p = 0.1920) was observed for American 

elm. The Tukey adjustment indicated no significant pair-wise comparisons of the harvest 

treatments for American elm and green ash in 2010 or 2014. However, the mean number 

of trees/hectare for both American elm and green ash significantly increased from 2010 

to 2014 for BAR treatments (p = 0.0047 and 0.0082, respectively; Figure 8A & 8B). This 

pattern was also significant (p = 0.0069) for green ash within CC stands from 2010 to 

2014. Although not statistically significant, the CC treatment had the greatest mean 

number of trees/hectare in 2010 and 2014 for both American elm and green ash. In 2014, 

the CO treatment exhibited the least number of trees/hectare for both American elm and 

green ash.  

A significant year effect (p = 0.0002) was observed for the ‘other’ species group, 

with a greater mean number of trees/hectare in 2014 than 2010 across all harvest 

treatments (Figure 9). For the remaining species groups that were statistically analyzed, 

no significant main effects or interaction effects were observed for mean number of 

trees/hectare. Table 1 provides a summary of mean number of trees/hectare by harvest 

treatment and year for each species group, including those not statistically analyzed. 
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Figures depicting the trends in TPH across all inventories (1997, 2000, 2001, 2003, 2010, 

and 2014) by harvest treatment for each species group are presented in Appendix I.  

 

Figure 8. Number of trees per hectare (mean ± standard error) by harvest treatment in 

2010 and 2014 for American elm and green ash. Different letters indicate significant 

differences from pairwise comparisons of year within harvest treatments in panel A and 

B.  
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Figure 9. Number of trees per hectare (mean ± standard error) across all harvest 

treatments in 2010 and 2014. Different letters indicate significant differences from 

pairwise comparisons. 
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Table 1. Number of trees per hectare (mean and one standard error in parentheses) by 

harvest treatment and year for each species group. 

 

Relative Abundance of Trees per Hectare 

 There were no significant harvest treatment, year, or interaction effects for any of 

the species groups analyzed, with the exception of the ‘other’ species group. The ‘other’ 

species group had a significantly greater (p = 0.0436) mean RATPH in 2014 (23.5%) than 

in 2010 (21.0%) across all treatments. Although not statistically significant, several other 

patterns were evident. For example, mean RATPH increased slightly from 2010 to 2014 

for green ash across all treatments. For the BAR and CC treatments, silver maple 

exhibited a nominal increase in mean RATPH, while oaks, hickories, and American 

sycamore all exhibited a nominal decrease in RATPH from 2010 to 2014. For the CO 

treatment, all species groups increased in RATPH from 2010 to 2014 except for American 

Species Group 2010 2014 2010 2014 2010 2014

American elm 250.5 369.4 484.8 581.9 286.4 287.1

(39.3) (69.6) (92.3) (116.5) (52.9) (48.4)

American sycamore 50.3 61.2 38.8 46.6 12.4 13.8

(22.9) (21.8) (23.4) (31.0) (8.3) (8.6)

eastern cottonwood* 12.7 8.1 5.1 7.1 8.4 8.4

(8.5) (7.0) (2.7) (3.9) (6.6) (6.6)

green ash 73.2 128.1 156.8 267.5 60.3 70.2

(23.6) (33.1) (39.0) (68.9) (14.1) (28.2)

hickory species 50.1 53.0 24.4 23.8 24.5 31.4

(26.9) (23.4) (8.3) (8.9) (5.7) (7.5)

oak species 34.8 34.1 65.0 58.5 26.7 31.9

(6.9) (6.3) (19.2) (16.0) (3.5) (8.2)

other species 136.8 210.7 178.4 257.1 263.4 313.6

(42.2) (43.0) (58.8) (79.4) (117.9) (111.3)

silver maple* 161.3 247.6 462.4 720.3 96.6 88.5

(26.6) (36.5) (124.1) (184.6) (39.3) (33.1)

COCCBAR

* Species group was not statistically analyzed
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elm, eastern cottonwood, and silver maple. Overall, American elm and silver maple 

accounted for >50% of the total mean trees/hectare for both the BAR and CC treatments 

in 2010 and 2014 (Figure 10). Furthermore, nearly 70% of the total mean trees/hectare 

for CO treatments were American elm and ‘other’ species in 2010 and 2014. Eastern 

cottonwood contributed the least to RATPH of any species group for all treatments in 2010 

and 2014 (Figure 10). Figures depicting the trends in RATPH across all inventories (1997, 

2000, 2001, 2003, 2010, and 2014) by harvest treatment for each species group are 

presented in Appendix II. 

 

Figure 10. Mean relative abundance of trees per hectare by harvest treatment and year for 

species groups. 
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Basal Area  

 For oaks and ‘other’ species, there were no significant effects of year (p = 0.4138 

and 0.0911, respectively) or harvest treatment and year interaction (p = 0.8721 and 

0.0941, respectively) on basal area. There was a significant harvest treatment effect on 

basal area for oaks and ‘other’ species (p = 0.0096 and 0.0089, respectively), in which the 

CO treatment had a significantly greater basal area than the CC treatment (p = 0.0085 and 

0.0070, respectively; Figure 11). For both species groups, mean basal area per hectare for 

the BAR treatment did not significantly differ from that of the CC or CO treatments.  

For green ash, a significant harvest treatment and year interaction was observed (p 

= 0.0015), with the effect of year significant within BAR (p = 0.0003) and CC (p < 

0.0001) treatments. Mean basal area per hectare for green ash significantly increased in 

both the BAR and CC treatments from 2010 to 2014 (p = 0.0030 and p < 0.0001, 

respectively; Figure 12). Additionally, a significant treatment effect (slice) within year 

was observed only in 2010 (p = 0.0399), although the Tukey adjustment indicated no 

significant differences in pairwise comparisons among harvest treatments.  

Year had a significant main effect on basal area per hectare for American elm (p = 

0.0011), and harvest treatment was not significant (p = 0.2171). Pairwise comparisons 

indicate that basal area per hectare of American elm significantly increased from 2010 to 

2014 across all treatments (p = 0.0011; Figure 13). No significant harvest treatment, year, 

or interaction effects were observed for remaining species that were statistically analyzed. 

Table 2 provides a summary of mean basal area per hectare by harvest treatment and year 

for each species group, including those not statistically analyzed. Figures depicting the 
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trends in basal area per hectare across all inventories (1997, 2000, 2001, 2003, 2010, and 

2014) by harvest treatment for each species group are presented in Appendix III. 

 

Figure 11. Basal area per hectare (m2/ha; mean and one standard error) by harvest 

treatment across years (2010 and 2014) for oaks (panel A) and ‘other’ species (panel B). 

Different letters indicate significant differences from pairwise comparisons of harvest 

treatments across years in panel A and B.  
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Figure 12. Basal area per hectare (m2/ha; mean ± standard error) by harvest treatment in 

2010 and 2014 for green ash. Different letters indicate significant differences from 

pairwise comparisons of year within harvest treatments. No significant differences among 

harvest treatments within years were observed.  
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Figure 13. Basal area per hectare (m2/ha; mean ± standard error)) across all harvest 

treatments in 2010 and 2014. Different letters indicate significant differences from 

pairwise comparisons. 
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Table 2. Basal area per hectare (mean and one standard error in parentheses) by harvest 

treatment and year for each species group. 

 

Relative Abundance of Basal Area  

 No significant interaction between harvest treatment and year was observed for 

the mean RABA of any species group analyzed. Mean RABA for oaks was significantly 

greater in 2010 (10.1%) than in 2014 (7.9%) regardless of harvest treatment (p = 0.0180). 

While no significant harvest treatment effect was observed for oak species (p = 0.4830), a 

significant harvest treatment effect was observed for mean RABA of American elm (p = 

0.0084). American elm mean RABA for the CC treatment (23.05%) was significantly 

greater than mean RABA for both the BAR (p = 0.0168; 12.91%) and CO (p= 0.0237; 

12.49%) treatments, while mean RABA values for the BAR and CO treatments (p = 

Species Group 2010 2014 2010 2014 2010 2014

American elm 2.1 3.2 2.8 3.9 4.0 4.2

(0.4) (0.6) (0.4) (0.6) (0.9) (0.6)

American sycamore 2.9 3.4 0.8 1.0 2.3 2.7

(0.8) (0.9) (0.3) (0.6) (1.5) (1.8)

eastern cottonwood* 1.6 1.5 0.8 1.0 2.9 3.0

(1.0) (1.2) (0.5) (0.6) (1.9) (2.0)

green ash 1.1 1.8 0.9 1.9 3.4 3.2

(0.3) (0.4) (0.2) (0.4) (1.1) (0.9)

hickory species 0.9 0.7 0.1 0.1 0.6 0.6

(0.6) (0.3) (0.04) (0.05) (0.2) (0.2)

oak species 1.8 1.5 0.8 0.8 4.0 4.3

(0.5) (0.3) (0.2) (0.2) (1.5) (2.4)

other species 2.0 2.6 1.5 1.9 7.4 6.3

(0.5) (0.6) (0.6) (0.6) (2.5) (1.5)

silver maple* 5.6 7.3 4.1 6.6 9.8 9.5

(1.1) (1.0) (0.7) (1.4) (3.4) (3.3)

* Species group was not statistically analyzed

COBAR CC



 

47 

 

0.9927) were not significantly different. No other significant effects were observed 

among the remaining species.  For the BAR treatment, patterns in mean RABA for each 

species group from 2010 to 2014 matched those observed for mean RATPH. American elm 

and silver maple contributed approximately 60% of the basal area per hectare across CC 

stands in 2010 and 2014 (Figure 14). Silver maple exhibited the greatest RABA of any of 

the species groups analyzed for all harvest treatments and all years. Hickory species 

contributed the least basal area per hectare for each treatment in both 2010 and 2014. 

Figures depicting the trends in RABA across all inventories (1997, 2000, 2001, 2003, 

2010, and 2014) by harvest treatment for each species group are presented in Appendix 

IV. 

 

Figure 14. Mean relative abundance of basal area per hectare by harvest treatment and 

year for species groups. 
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Regeneration Cohort 

A Note on Species-Specific Analyses  

After conducting the statistical analysis, we discovered that the species group 

least squared mean estimates for both the AADI and AABAI models did not exhibit the 

same magnitude order as their respective treatment mean values for each species group 

calculated from the stand averages. We determined that this contradiction occurred 

because stands exhibited unequal sample sizes, and therefore least squared means degrees 

of freedom varied greatly. There was only one contradiction regarding order of 

magnitudes, and the contradiction was the same for both response variables for green ash 

and silver maple. The least squared means estimates for both the AADI and AABAI 

model indicated that silver maple had a greater value than green ash, however this is in 

reverse order of the AADI and AABAI mean treatment values. The mean treatment 

values indicate that green ash has a greater value than silver maple. Moreover, in order to 

maintain the validity of the analysis, we concluded that we would still indicate significant 

differences based on the pairwise comparisons of least squared means estimates and 

apply them to the treatment means values even though green ash exhibited greater values 

than silver maple. 

Average Annual Diameter Increment (AADI) from 2010 to 2014  

 There was no interaction effect (p = 0.6268) between species group and harvest 

treatment on AADI from 2010 to 2014. Harvest treatment had a significant effect (p = 

0.0474), with greater AADI in CC than in BAR between 2010 and 2014 (Figure 15). 

There was also a significant effect of species (p = 0.0002), with silver maple exhibiting 

greater AADI than hickories (p = 0.0004) and ‘other’ species (p = 0.0032) (Figure 16). 
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Broadly, all species groups exhibited mean AADI values greater than 0.7 cm/yr except 

for hickories and ‘other’ species (Figure 16). The AADI of oak species was significantly 

greater than hickories but otherwise not significantly different from the other species 

tested. Oaks ranked third numerically in AADI behind only green ash and silver maple. 

 

Figure 15. Mean average annual diameter increment (cm/yr) and one standard error from 

2010 to 2014 by harvest treatment. The same letter indicates no significant difference. 
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Figure 16. Mean average annual diameter increment (cm/year) and one standard error 

from 2010 to 2014 by species group. The same letter indicates no significant difference. 

Average Annual Basal Area Increment (AABAI) from 2010 to 2014 

 There was not a significant interaction (p= 0.4786) between harvest treatment and 

species group, and harvest treatment did not have a significant main effect (p = 0.0861) 

on mean AABAI from 2010 to 2014 (Figure 17). However, the mean AABAI value for 

the CC treatment was nominally greater than the mean AABAI value for the BAR 

treatment. Species group had a significant main effect (p = 0.0002) on AABAI from 2010 

to 2014 (Figures 18). The AABAI of silver maple was significantly greater than that of 

hickories (p = 0.0005) and ‘other’ species (p = 0.0104). Oak species had the third greatest 
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mean AABAI value of any species group and was only significantly different from 

hickories (p = 0.0021), which had the lowest mean AABAI value among species groups.  

 In general, mean AADI and AABAI values exhibited similar patterns among 

species groups and between harvest treatment. Both results indicated that oaks species 

were among the fastest growing species groups and that greater secondary growth 

generally occurred in CC harvest treatments than BAR harvest treatments.   

 

Figure 17. Mean average annual basal area increment (cm2/yr) and one standard error 

from 2010 to 2014 by harvest treatment. The same letter indicates no significant 

difference. 
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Figure 18. Mean average annual basal area increment (cm2/yr) and one standard error 

from 2010 to 2014 by species group. The same letter indicates no significant difference. 

Regeneration Cohort Diameter Comparisons for the BAR and CC Treatments  

 No significant interaction (p = 0.1892) between harvest treatment and species 

group was observed for mean qmd of the regeneration cohort in 2014. Harvest treatment 

did not have a significant main effect (p = 0.6512), but species group had a significant 

main effect (p = 0.0032) on mean qmd of the regeneration cohort in 2014. Oaks exhibited 

the greatest mean qmd of any species group analyzed, while the hickory species group 

had the smallest mean qmd among the species groups (Figure 19). Mean qmd for the oak 

species group was not significantly different from the mean qmd observed for each of the 
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other species groups except for American elm (p = 0.0133), the ‘other’ species group (p = 

0.0104), and the hickory species group (p = 0.0037). 

 

Figure 19. Average qmd (cm) and one standard error across the BAR and CC treatments 

by species group. The same letter indicates no significant difference. 

 

 



 

54 

 

Discussion 

Results from this study describe patterns in forest succession and stand dynamics 

following harvesting in bottomland hardwood forests of the central U.S., which have 

rarely been quantified over multiple years. At the initiation of this study, forest structure 

and composition indicated that these stands fell within the silver maple – American elm 

forest type of the elm-ash-cottonwood forest type group designation (Miles, 2016).  

Forest Succession 

Although patterns of succession are variable and somewhat difficult to predict in 

bottomland hardwood forests, the dominance of silver maple and American elm suggest 

that these stands were in mid- to late-successional stages. Eastern cottonwood was 

commonly found in larger diameter classes but fairly low abundance at the start of this 

study. Eastern cottonwood is a fast-growing, short-lived, shade-intolerant, pioneer 

species in bottomland hardwood forests of the central and eastern United States (Cooper, 

1990). It is known to establish on better drained natural levees, high ridges and flats, with 

stands typically reaching maturity in 80 to 100 years (Hodges, 1994). Eastern cottonwood 

stands across the northern portion the southeastern United States commonly transition to 

silver maple or hackberry through time (Dollar et al., 1992; Hodges, 1994; Phares and 

Larsson, 1980). Through time, moderately shade-tolerant to shade-tolerant species such 

as green ash, boxelder, and American elm become abundant in the understory and 

midstory of stands dominated by silver maple in the overstory (Dollar et al. 1992; 

Romano, 2010), as observed in the unharvested stands in this study. In this study, the low 

and decreasing RATPH and RABA of eastern cottonwood across all treatments, particularly 

the CO treatment, from 2010 to 2014 is consistent with the idea that eastern cottonwood 
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is not commonly associated with later successional bottomland communities but rather 

considered a pioneer species that establishes on newly disturbed sites. However, the low 

relative abundance of eastern cottonwood observed for the BAR and CC treatments was 

unexpected. This may reflect the lack of an adequate seed source or fact that eastern 

cottonwood regenerates more prolifically on bare land that is absent of vegetative 

competition (i.e. newly formed natural levees or abandoned agriculture fields). 

Additionally, abundance of eastern cottonwood for the BAR treatment may be attributed 

to the fact that the overstory trees retained after harvest provided shade that discouraged 

the establishment of eastern cottonwood because of its characteristic shade intolerance 

(Kabrick and Dey, 2001).   

In the central United States, successional patterns associated with bottomland 

oaks such as bur oak and swamp white oak are extremely variable due in large part to 

flooding and microtopography (Johnson, 1990; Rogers, 1990). Oaks have historically 

been an important component of mixed bottomland hardwood forests in the central 

United States. Recent research has suggested that the abundance of oak present in 

bottomland hardwood forests of the central United States and the Lower Mississippi 

Alluvial Valley has declined in recent times (Hanberry et al., 2012; Oliver et al., 2005; 

Romano, 2010). In bottomlands, pin oak tends to be a subclimax species, while bur oak 

tends to occur as an early successional species (Johnson, 1990; McQuilkin, 1990). 

Furthermore, swamp white oak establishment is not strongly associated with a 

successional stage, with its occurrence more dependent on hydrologic site conditions 

(Rogers, 1990). Additionally, Clatterbuck and Meadow (1993) as well as Dey et al. 

(2001) suggest that bottomland oaks typically occur as later successional bottomland 
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species. Hickory species are thought to occur in later stages of succession in bottomland 

hardwoods of the southern United States (Conner and Sharitz, 2005; Hodges, 1997). 

Thus, the low relative abundance of oaks and hickories in 2010 and 2014 for the CC and 

BAR treatments supports the idea that these species are occasionally minor components 

of stand composition in early successional bottomland hardwood forests, although they 

typically occur more frequently in later successional stages.  

Forest Stand Dynamics 

Following stand-level disturbance events, forest stands progress through fairly 

predictable stages that have been described by stand dynamics (Oliver and Larson, 1996). 

There are four widely accepted stages of stand development that occur in the following 

order: (1) stand initiation, (2) stem exclusion, (3) understory reinitiation, (4) old growth 

or “complex” (Oliver and Larson, 1996). The stand initiation stage occurs immediately 

after a disturbance event, when growing space is made available for the establishment of 

new regeneration. During this stage, new individuals appear on the site for many years 

(Oliver and Larson, 1996). The stem exclusion stage follows the stand initiation stage, 

and occurs at the point in time when disturbance-related regeneration ceases due to the 

reoccupation of previously available growing space by the newly established regeneration 

(Oliver and Larson, 1996). After this point, larger/more competitive regeneration often 

expands into the growing space of smaller/less competitive regeneration, which either 

kills them or drastically reduces their growth (Oliver and Larson, 1996). Following stem 

exclusion, stands transition into the understory reinitiation stage. The understory 

reinitiation stage is described by the new establishment of herbaceous, shrub, and tree 

species in the understory of the stand under a developed canopy (Oliver and Larson, 
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1996). The regenerating species are often shade-tolerant and tend to have low vigor, 

growing very little due to poor light conditions (Oliver and Larson, 1996). Some research 

suggests that this regeneration is caused by the mortality of suppressed midstory trees 

creating growing spacing in the stand (Oliver and Larson, 1996). The old growth stage 

occurs less frequently than the other stages as it typically requires the absence of major 

disturbances in the stand over long periods of time (Oliver and Larson, 1996). The old 

growth stage describes a stand where overstory mortality occurs irregularly over an 

extended period of time, leading to the recruitment of trees in lower canopy strata to 

higher canopy strata and therefore the development of complex vertical forest structure 

(Oliver and Larson, 1996).  

Patterns in stand stocking through time suggest different rates of stand 

development for each of the treatments in this study. The CO treatment exhibited a small 

but steady increase in stocking from 1997 to 2014 and remained near the A-line. 

Increased mortality of suppressed understory and midstory trees in addition to steady 

basal area growth from dominant and codominant trees likely contributed to the observed 

increase in qmd seen between 1997 and 2010. The slight decrease observed in qmd and 

basal area as well as the slight increase in trees per hectare from 2010 to 2014 may be 

attributed to the death of large overstory trees along with a surge of new regeneration that 

occurred between inventory years, suggesting that the CO treatment was undergoing 

understory reinitiation during that time. In contrast, the patterns in stocking for the BAR 

and CC treatments through the first 15 years after harvest suggest that these stands were 

still in the stand initiation stage in 2014. While the rate differed between the BAR and 

CC treatments, increases in trees per hectare from 2000 to 2014 primarily contributed to 
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the increases in stocking during that time. Although this pattern generally occurred for 

both regeneration treatments, which supports the idea that both regeneration harvests 

reverted these stands back to the stand initiation stage, notable stocking differences were 

observed between them. 

The Gingrich stocking chart provides important theoretical benchmarks for 

growing space availability, which likely explain stand development patterns observed in 

CC and BAR in this study.  The B-line on the stocking chart represents the theoretical 

point at which crown closure occurs and growing space is fully occupied within the 

stand. The CC treatment reduced stocking below that B-line, which created open canopy 

conditions, increased growing space and resource availability, and allowed for greater 

seedling establishment and growth than the closed canopy conditions observed for the 

BAR treatment through the first 15 years after harvest. As CC stands recovered, stocking 

was continually allocated to the establishment, growth, and recruitment of new seedlings 

and sprouts into the midstory, as indicated by the lack of change in qmd from 2000 to 

2014. Because the BAR treatment entailed a lighter harvest that only reduced stocking to 

just above the B-line, increases in stocking for the BAR treatment may be attributed to 

the release of residual trees in addition to the establishment of new seedlings and sprouts. 

Observed increases in qmd from 2000 to 2014 further suggest that the BAR treatment 

created conditions that more greatly benefited residual tree growth over the establishment 

and growth of new seedlings. However, the observed increases in tree per hectare provide 

evidence that the stands were still in the stand initiation stage in 2014.  

Interestingly, B-line stocking (approximately 30-35%) for the midwestern eastern 

cottonwood-silver maple-American sycamore bottomland forest Gingrich diagram 
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utilized in this study is much lower than that of other bottomland stocking diagrams. 

Larsen et al. (2010) attributes this, in part, to the fact that they developed their diagram 

using actual data collected for open-grown trees in bottomlands, rather than using 

qualitative stocking recommendations put forth by earlier research to develop stocking 

diagrams like several other bottomland diagrams have. 

The regeneration harvests used in this study had minor but potentially important 

effects on tree species composition through the first 10 to 15 years after harvest. 

Generally, our results suggested that green ash, American elm, and silver maple increased 

in abundance or relative abundance on the treated sites. These species were abundant 

prior to harvest, and recent research from our study indicates that they are capable of 

sprouting vigorously following harvest (Knapp et al., in review). Across all treatments in 

2010 and 2014, American elm had greater RATPH than RABA, suggesting that stands are 

composed of many relatively small American elm stems. In contrast, although there were 

more trees per hectare of silver maple than American elm, silver maple generally 

exhibited a smaller RATPH than RABA, indicating that silver maples were larger. This 

difference could be attributed to the fact that silver maple typically exhibits rapid growth 

versus the more moderate growth of American elm (Kabrick and Dey, 2001).    

Regeneration Cohort Size and Growth  

 Oak regeneration is often a management objective in bottomland hardwood 

forests, and our results suggest that the regeneration harvests did not promote oak 

regeneration abundance but created conditions for competitive oak growth. Oaks had a 

comparable AADI and AABAI to characteristically rapid growing silver maple and green 

ash. Additionally, by 2014 oaks had greater qmd than American elm, hickory and ‘other’ 
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species and similar qmd to silver maple, green ash and American sycamore. These results 

suggest that the oaks present in the stands at year 15 likely developed as advance 

reproduction and that both the BAR and CC treatments created conditions that promoted 

adequate growth of oak advance reproduction in stands through the first 15 years after 

harvest. Our findings regarding oak growth are consistent with other bottomland research 

results that found increased growth rates of oak advance reproduction due to increased 

light condition created by partial harvest operations (Lockhart et al., 2000; Motsigner et 

al., 2010). Additionally, these results support the use of clearcutting and partial overstory 

removal harvests to promote the growth of oak advance reproduction (Clatterbuck and 

Meadows, 1993; Dey et al., 2012; Johnson et al., 2009). 

 Overall, the results of this study indicate that the CC and BAR treatments reverted 

treated stands back to the stand initiation stage of stand development and that those 

stands were still undergoing stand initiation in 2014. Additionally, our results suggest 

uncut stands were likely in the process of understory reinitiation. Furthermore, our 

findings suggest that both the CC and BAR treatments increased the abundance or 

relative abundance and growth of fast-growing, shade-tolerant species including 

American elm, green ash, and silver maple. Both regeneration methods created conditions 

that promoted adequate growth of dominant oak regeneration that presumably originated 

from oak advance reproduction through the first 15 years after implementation, although 

they did not significantly affect the abundance of oak species in stands during that time.
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Chapter III: Quantifying the Competitive Environment around 

Midstory Oaks 15 Years after Regeneration Harvests 

Introduction 

Forest managers are interested in silvicultural systems that increase the success of 

oak regeneration in bottomland hardwood forests throughout Missouri. Current 

management regimes in these ecosystems often result in partial or complete oak 

regeneration failure. Success of natural oak regeneration in these forests is influenced by 

the amount, size, and distribution of advance reproduction (Motsigner et al., 2010). These 

attributes of advance reproduction are dictated by bottomland oak silvics and 

environmental factors including site conditions and competition for resources, such as 

light (Clatterbuck and Meadows, 1993). The development of large oak advance 

reproduction is crucial to the successful recruitment of oaks to the overstory because the 

size of oak advance reproduction is positively correlated with its survival and recruitment 

in stands (Johnson et al., 2009). Light levels in bottomland hardwood forests are 

frequently much lower than required for optimal growth of oak regeneration, which limits 

the development of large oak advance reproduction while promoting the growth of more 

shade-tolerant species (Belli et al., 1999; Clatterbuck and Meadows; 1993; Dey et al., 

2012; Hodges and Gardiner, 1993). 

Silvicultural systems such as clearcutting are commonly implemented in 

bottomland forests, although other research (contrary to our finding in Chapter II) 

suggests that clearcut bottomland stands quickly develop a dense regeneration layer of 

fast-growing, light-seeded species that create low understory light levels and put slower 
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growing oak regeneration at a competitive disadvantage (Clatterbuck and Meadows; 

1993; Dey et al., 2012; Hodges and Gardiner, 1993). Consequently, treatments that are 

implemented to promote oak regeneration in bottomland hardwood forests must 

adequately control competition in a way that creates favorable light conditions for 

optimal growth of oak regeneration.   

 Much research has been focused on quantifying competition in forested 

ecosystems (Burkhart and Tomé, 2012; Oliver and Larson, 1996). Competition for 

resources such as light, water, and nutrients influences the survival and growth of species 

in a stand (Burkhart and Tomé, 2012). Quantifying the competitive environment gives 

managers a better understanding of a stand’s condition, which improves their ability to 

successfully manage that stand to meet management objectives.  

Competitive indices are typically used by researchers to quantify the competitive 

environment around individual trees within stands. There are a variety of competition 

indices that fall into two general categories, distance-independent and distance-dependent 

indices (Burkhart and Tomé, 2012). Distance-independent indices are functions of stand-

level variables and/or dimensions of a subject tree in relation to the average or maximum 

tree value of the stand and therefore do not require the location of individual trees 

(Burkhart and Tomé, 2012). Distance-dependent indices directly or indirectly include the 

size of neighbors and their distance to a subject tree and therefore also require 

information regarding the location of each tree (Burkhart and Tomé, 2012). Distance-

dependent indices are generally used when the objective is to quantify the local 

competitive environment around a center point (tree) in a plot (Burkhart and Tomé, 

2012). Additionally, there has been interest in determining if the inclusion of subject tree 
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characteristics such as subject tree dbh in the calculation of indices influences 

correlations between index values and subject tree growth (Lorimer, 1983).  

This study was designed to quantify and examine the competitive environment 

around midstory oaks (Quercus spp.) within two separate regeneration harvests and an 

unharvested control 15 years after harvest. Understanding the competitive dynamics of 

regenerating oak is critical for determining the conditions under which oak regeneration 

is successful. In this study, our specific objectives were to: 1) determine treatment effects 

on the competitive environment around midstory oaks at year 15; 2) determine if the 

competitive environment around midstory oaks was related to their diameter at breast 

height (dbh) at year 15; and 3) determine the effect of including subject tree dbh to model 

the relationship between tree size and competitive environment.  

Methods and Materials 

Experimental Design 

 During the summer of 2015, a completely randomized split-plot design was 

implemented within the stands previously described in the methods and materials section 

of Chapter II. However, five of the original 20 stands were deemed unusable and thus 

excluded from this study due to dissimilar forest structure/composition or changes in 

hydrology that caused the stands to be regularly inundated with water. The remaining 15 

stands utilized in this study were composed of five replicates for each of the three harvest 

treatments (BAR, CC, CO). Within each stand, three rectangular 0.4 hectare split-plots 

were established.  
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Data Collection 

 Within each split-plot, all midstory oaks (dbh ≥ 1.27 cm or 0.5 inches but < 11.43 

cm of 4.5 inches) were found and their locations recorded via global positioning system 

(GPS). Each midstory oak was assigned a unique number, and species and dbh were 

recorded. Within each split-plot, five oaks were randomly selected as subject trees for 

this study, resulting in a possible total of 15 subject trees per stand. In situations for 

which < 5 midstory oaks were present within a split-plot, all midstory oaks present were 

included as subject trees. The initial sampling protocol included 20 midstory oaks as 

subject trees per split-plot, but the length of time required to sample a subject tree’s 

competitive environment made this sampling intensity prohibitive. Because early 

sampling efforts utilized the original protocol, 19 and 30 midstory oaks were sampled and 

included in the statistical analysis for two stands. A total of 149 midstory oaks were 

sampled across all stands in 2015.     

 We used two distance-dependent competition indices to quantify the competitive 

environment of the subject oak trees (Lorimer, 1983). The first competition index, which 

we termed the Weighted Competition Index (WCI), was calculated as a ratio of direct 

competitor tree dbh (Dj) to the subject tree dbh (Di) divided by the ratio of the distance of 

the competitor (Distij) to the search radius (R).  The resulting value is specific to each 

subject tree-direct competitor pair within the search radius. These specific values for a 

subject tree are then summed to form its WCI value (Eq. 5). We defined R as 5.6 m from 

the subject tree, which sampled a 0.01 hectare area around each subject tree. Any living 

tree that exhibited a dbh within the radius was considered a direct competitor to the 
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subject tree and was identified to species as well as having its dbh and the distance 

between it and subject tree recorded.  

The second competition index, the Non-Weighted Index (NWCI), was calculated 

using the exact same equation as the WCI, except for the exclusion of the variable for 

subject tree dbh (Di) from the NWCI equation (Eq. 6). Both the WCI and NWCI index 

were unitless values, with the intensity of competition around subject trees increasing as 

index value increases. We chose to use the WCI because previous research has suggested 

it performed well at quantifying local competition around subject trees in even-aged 

natural hardwood stands of the eastern United States (Lorimer, 1983). Additionally, we 

used the NWCI to serve as a comparison to the WCI, so we could determine if including 

the subject tree diameter in the WCI calculation affected the results of our analyses.   

Equation 5.    WCI = ∑
𝐷𝑗/𝐷𝑖

𝐷𝑖𝑠𝑡𝑖𝑗 / 𝑅
 

Equation 6.   NWCI = ∑
𝐷𝑗

𝐷𝑖𝑠𝑡𝑖𝑗 / 𝑅
 

Data Analysis  

 To accomplish Objective 1, we used a completely randomized experimental 

design with stand as the experimental unit. WCI and NWCI values for each subject tree 

were averaged at the stand level. We utilized a one-way analysis of variance (ANOVA) 

to test for significant effects of harvest treatment using a general linear model using 

PROC GLM in SAS 9.4 (SAS Institute Inc.). All pairwise comparisons were determined 

with Tukey’s Honestly Significant Difference adjustment to correct for multiplicity.  
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Using the eight species groups described in Chapter II, we calculated the average 

relative contribution (%) each species group made to the total competition around 

midstory oaks by harvest treatment. For each midstory oak sampled, we calculated the 

index value of each individual direct competitor, then summed individual competitor tree 

values together by species group. The resulting sum for each species group was then 

divided by its respective subject tree’s total value and multiplied by 100 to produce the 

relative amount each species group contributed to the total competition around its 

receptive midstory oak as a percent. We then averaged all the species group percentages 

by harvest treatment.   

We used simple linear regression (PROC REG) to determine if there was a linear 

relationship between subject tree dbh and their competitive environment. A global 

regression model included data across all treatments with NWCI as the independent 

variable and Di as the dependent variable. We also utilized the same model to test the 

relationship between NWCI and Di for each harvest treatment individually. For WCI, Di 

was transformed using a natural log transformation, in order to meet the statistical 

assumption of linearity, and a global regression model that included data across all 

treatments used WCI as the independent variable and Di as the dependent variable. The 

resulting regression equation for the transformed data was then back-transformed to form 

an exponential regression equation that fit the original data. Both global simple linear 

regression analyses were conducted at the tree level, meaning that all subject trees 

(n=149) were included for both models with no consideration of treatment or stand 

classifications included in the model. We used an alpha = 0.05 to determine statistical 

differences for all analyses (ANOVA and SLR). 
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To validate the observed WCI model and determine if the relationship was 

influenced by confounding effects from subject tree dbh (Objective 3), we conducted 

simulations using three competition levels from the observed midstory oak competitive 

index communities. We selected the 10th, 50th (median), and 90th percentiles from the 

NWCI dataset as the low, medium, and high competition levels, respectively. Using the 

measured competition environment of one corresponding subject tree for each of the 

selected competitive levels, we calculated the WCI for 20 hypothetical subject trees, 

beginning at 1.5 cm and increasing by 0.5 cm through 11.0 cm. This allowed us to plot 

simulated WCI data against simulated subject tree dbh at each of the three competition 

levels. 

Results 

Effects of Harvest Treatment on Midstory Oak WCI and NWCI  

Non-Weighted Competition Index  

 Harvest treatment had a significant effect (p = 0.0116) on NWCI of midstory oaks 

in 2015. Pairwise comparisons indicated that mean NWCI for the CC treatment was 

significantly greater (p = 0.0095) than NWCI for the CO treatment (Figure 20). The mean 

NWCI of midstory oaks for the BAR treatment was not significantly different from the 

NWCI of midstory oaks for the CC or CO treatments (p = 0.0987 and 0.4106, 

respectively).  

Weighted Competition Index 

 Harvest treatment explained significant variation (p = 0.0090) in WCI of midstory 

oaks in 2015. Pairwise comparisons indicated that mean WCI for the CC treatment was 
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significantly greater (p = 0.0070) than WCI for the CO treatment (Figure 21). The mean 

WCI of midstory oaks for the BAR treatment was not significantly different from the 

WCI of midstory oaks for the CC or CO treatments (p = 0.2627 and 0.1276, 

respectively).  

 

 

Figure 20. NWCI of midstory oaks by harvest treatment (mean plus one standard error) in 

2015. The same letter indicates no significant difference. 
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Figure 21. WCI of midstory oaks by harvest treatment (mean plus one standard error) in 

2015. The same letter indicates no significant difference. 

Relative Contribution of Direct Competitors to Midstory Oak Competition  

Silver maple, American elm and ‘other’ species together accounted for 

approximately 70% of the competition observed around midstory oaks in CO treatments 

(Table 3). Hickories contributed the least to competition around midstory oaks in the CO 

treatment, except for American sycamore, which was not present as a direct competitor of 

any midstory oaks within the CO treatment in 2015. For the BAR treatment, silver maple 

and American elm made up just over half of the total competition surrounding midstory 

oaks in 2015, while eastern cottonwood, American sycamore, and hickory species each 

contributed < 5.0% to total index values. Silver maple and American elm together 

contributed roughly 42% to the total competition around midstory oaks in the CC 

treatment, which was the smallest contribution from the two species groups among 
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harvest treatments. Similar to the BAR treatment, individual contributions to the total 

competition around midstory oaks in the CC treatment from eastern cottonwood, 

American sycamore, and hickory species were < 5.0%. Oaks accounted for 12.9% of the 

total competition around midstory oaks in the CC treatment, which was the greatest 

relative contribution to competition from oaks among treatments.  

 

Table 3. Relative contribution of direct competitors to competition index totals (%; mean 

and one standard error in parentheses) by harvest treatment for each species group. 

 

Speices Group BAR CC CO

American elm 31.9 24.8 23.4

(3.3) (2.3) (5.6)

American sycamore 2.8 4.3 0.0

(1.1) (1.2) (0.0)

eastern cottonwood 1.6 1.3 6.2

(0.8) (0.7) (3.7)

green ash 10.5 14.9 13.6

(1.9) (1.8) (3.8)

hickory species 3.0 2.1 3.3

(1.1) (0.7) (1.9)

oak species 8.8 12.9 6.1

(2.1) (2.3) (2.8)

other species 17.9 22.0 23.5

(2.9) (2.5) (6.3)

silver maple 23.4 17.5 23.9

(3.5) (2.4) (5.1)

Harvest Treatment
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Using NWCI and WCI as Predictors of Midstory Oak DBH 

Non-Weighted Competition Index  

 No relationship was found between NWCI and midstory oak dbh (Figure 22). 

Additionally, no significant relationships were observed between NWCI and midstory 

oaks dbh when each treatment was tested individually (Table 4).  

 

Figure 22. Scatterplot and results from linear regression between NWCI and midstory 

oak dbh (Di) in 2015. Although data points are categorized and color coded by treatment, 

the model determined no global (across treatment) linear relationship between NWCI and 

midstory oak dbh. 
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Table 4. Results of simple linear regression between NWCI and midstory oak dbh (Di) by 

harvest treatment. 

 

Weighted Competition Index 

 A significant linear relationship (p < 0.0001) was found between WCI and 

midstory oak dbh (Figure 23A), with 58.04% of the variance in midstory oak dbh 

explained by WCI. The shape of back-transformed relationship was characterized by a 

negative exponential regression line through the data. In general, the significant 

relationship suggested that increased competition from neighboring trees was associated 

with reduced midstory oak dbh. This relationship was highlighted the occurrence very 

small trees (> 2 cm) exhibiting high WCI values.  

The patterns created from the simulations we conducted (Figure 23B) closely 

matched the pattern of the observed relationship, which suggests that the significant 

relationship was a mathematical artifact caused by a confounding effect of subject tree 

dbh (Di) used as a variable in the calculation of WCI. The significant relationship 

between WCI and midstory oak dbh contradicts the non-significant relationship observed 

between NWCI and midstory oak dbh. The only similarity between the two relationships 

was that generally, little to no pattern can be seen for midstory oaks of the CO treatment. 

Harvest Treatment F P-value R
2 n

BAR 1.1140 0.2902 0.0215 54.0000

CC 0.2800 0.6006 0.0037 77.0000

CO 0.3300 0.5713 0.0205 18.0000
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Figure 23. A) Relationship between observed WCI and observed midstory oak dbh (Di).  

The model used the natural log transformation of observed midstory oak dbh but was 

fitted in original data space using back-transformed values. B) Scatter plot showing the 

patterns between three levels (low, medium, high) of NCWI competitive environment 

and simulated midstory oak dbh. 
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Discussion 

Greater competition for oaks in the CC treatment is consistent with the results 

from our analysis of stand structure in Chapter II, as well as the findings of other research 

that indicate clearcutting on productive sites initially creates a dense regeneration layer of 

fast-growing, light-seeded species that often puts slower growing oak regeneration at a 

competitive disadvantage (Clatterbuck and Meadows, 1993; Dey et al., 2012; Hodges and 

Gardiner, 1993). However, the results in Chapter II indicate that oak regeneration in our 

study grew at a comparable rate to their competitors, which is contrary to the idea that 

these dense conditions put oak regeneration at a competitive disadvantage.  

Both competitive indices indicated that the competitive environment around 

midstory oaks was significantly greater for the CC treatment than the CO treatment, 

suggesting that reduced competitive pressure on midstory oaks in the CO treatment could 

potentially lead to greater oak growth than for the CC treatment. Although this result 

could indicate favorable growing conditions for midstory oaks in the CO treatment, it 

does not necessarily indicate that midstory oaks under these conditions experience 

increased growth rates. Low competition around midstory oaks in the CO treatment was 

probably related to the relatively lower abundance of trees per hectare for the CO 

treatment than for the CC treatment. However, because light levels are often lower than 

optimal for oak regeneration in the understory and midstory of closed canopy bottomland 

hardwood stands, this result does not necessarily suggest that midstory oaks in the CO 

treatment experienced greater growth than those in the CC treatment (Dey et al., 2012; 

Lockhart et al., 2000). Additionally, the observed difference in competitive environment 

between the CO and the CC treatment may be related to the arrangement of trees in each 
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treatment. Because trees in the CO treatment were larger and more widely spaced than 

trees in the CC treatment, the relatively small radius (R) of 5.6 m used for the indices 

may have missed large, direct competitors in the CO treatment that had an effect on 

subject trees from beyond the radius and therefore may not have completely captured the 

competitive environment surrounding them. The nominally lower NWCI and WCI of 

midstory oaks for the BAR treatment than for the CC treatment was also probably related 

to the relatively lower abundance of trees per hectare for the BAR treatment than for the 

CC treatment.  

 Our results demonstrate that the formulation of competitive indices may have 

important implication for their use. The observed differences (or lack thereof) among 

treatments were the same for both the NWCI and WCI analyses, suggesting that the 

amount and size of competitive trees surrounding midstory oaks had a greater influence 

on the competitive environment for each treatment than did subject tree diameter. The 

magnitude of differences observed between the results for NWCI and WCI analyses are 

inconsequential because both values are relative indices. However, the non-significant 

relationship observed between NWCI and midstory oak dbh differed considerably from 

the significant relationship observed between WCI and midstory oak dbh, suggesting that 

the inclusion of midstory oak dbh in the computation of WCI influenced that relationship. 

The simulations conducted for the relationship between WCI and subject tree size 

suggested that subject tree dbh had a confounding effect on the relationship between 

observed WCI and observed midstory oak dbh because it (subject tree dbh) was used 

twice in the model. The significant relationship between observed WCI and observed 

midstory oak dbh was likely due to a mathematical artifact created by the confounding 
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effect of subject tree dbh and likely does not represent an ecological relationship between 

midstory oaks and their competitive environment. Consequently, the relationship between 

the NWCI and midstory oak dbh likely reflects the true ecological processes occurring 

around midstory oaks in our study.  

  The lack of a significant relationship between NWCI and midstory oak dbh 

suggests that the competitive environment around midstory oaks did not influence their 

size in 2015. However, the observed non-significant relationship may reflect that not all 

midstory oaks within the same treatment developed under identical competitive 

environments. Because our study did not track individual midstory oaks through time or 

collect data on their age, it is not known how long some individuals had been present in 

stands. It is possible that many of the sampled midstory oaks developed as advance 

reproduction across a range of sizes prior to harvest. Size of oak advance reproduction is 

positively related with root system development (Johnson et al., 2009), and large oak 

advance reproduction would likely grow more rapidly following regeneration harvest 

than newly established oaks under identical post-harvest conditions (Hodges and 

Gardiner, 1993; Johnson et al., 2009). Moreover, even if the sampled midstory oaks 

exhibited equal growth rates after harvest, the size of oaks present in stands as advance 

reproduction in 1999 would affect their size in 2015. This suggests that the competitive 

environment in 2015 would not necessarily describe midstory oaks size in 2015, because 

other factors influenced size of oaks present prior to harvest in 1999. The lack of 

information on individual oak size through time limits our ability to make inferences 

about how the competitive environment around midstory oaks affected their 

development.  
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 Overall, the results of this study suggest that while both the NWCI and WCI 

quantified competition around midstory oaks in each treatment, detailed data regarding 

the spatial arrangement of stands as well as the age and size of subject trees through time 

are required to fully understand how the competitive environment around midstory oaks 

influenced their growth and development in our study. Both indices utilized in this study 

suggest that the competitive environment around midstory oaks was the greatest in CC 

stands and lowest in CO stands. We also found that including subject tree dbh in the 

computation of WCI created a confounding effect on the relationship between WCI and 

subject tree dbh, suggesting that the non-significant relationship found between NWCI 

and midstory oak dbh likely described how the competitive environment around subject 

trees influenced their dbh at year 15. 
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Chapter IV: Management Implications 

The results of our research indicate that the CC and BAR treatments reverted 

treated stands back to the stand initiation stage of stand development and that those 

stands were still undergoing stand initiation in 2014. Additionally, our results suggest that 

stands assigned the CO treatment were likely in the process of understory reinitiation 

during this time. Furthermore, our findings suggest that both the CC and BAR treatments 

increased the abundance and/or relative abundance of fast-growing, shade-tolerant 

species such as American elm, green ash, and silver maple, in addition to promoting their 

growth. Both regeneration methods created conditions that promoted adequate growth of 

oak advance reproduction through the first 10 to 15 years after implementation, although 

they did not significantly affect the abundance of oak species in stands during that time. 

Our findings regarding oak growth are consistent with other bottomland research that 

found increased growth rates of oak advance reproduction due to increased light 

condition created by partial harvest operations (Lockhart et al., 2000; Motsigner et at., 

2010). Additionally, this result supports recommendations that the use of clearcutting and 

partial overstory removal harvests will promote the growth of oak advance reproduction 

(Clatterbuck and Meadows, 1993; Dey et al., 2012; Johnson et al., 2009).  

Notably, because we were not able to include data from all inventories in our 

statistical analyses of stand structure and composition after treatments in this report, we 

were only able to discuss the effects each treatment had on stand structure and 

composition through 10 to 15 years after implementation. In contrast, utilizing data from 

all inventories to model changes in stand structure and composition after treatment would 
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likely provide additional management implications because it would allow for the 

discussion of years 1 through 9 in our study. 

Our examination of the competitive environment surrounding the midstory oaks 

sampled in our study found that although both the NWCI and WCI served as methods to 

quantify competition around midstory oaks in each treatment, detailed data regarding the 

spatial arrangement of stands as well as the age and size of subject trees through time are 

required to fully understand how the competitive environment around midstory oaks 

influenced their growth and development in our study. Both indices utilized in this study 

suggest that the competitive environment around midstory oaks was the greatest in CC 

stands and lowest in CO stands, which likely reflects both the amount of trees present in 

each treatment as well as the overall spatial arrangement of trees within stands. We also 

found that including subject tree dbh in the computation of WCI created a confounding 

effect on the relationship between WCI and subject tree dbh, suggesting that the non-

significant relationship found between NWCI and midstory oak dbh likely described how 

the competitive environment around subject trees influenced their dbh at year 15. 

More research focused on the effects that various silvicultural treatments have on 

both the short and long term structural and compositional development of mixed 

bottomland hardwood forests within the central United States is needed to ensure that 

foresters have the knowledge to properly manage these forests. Management and 

conservation of the remaining bottomland hardwood forests in the United States is of 

critical importance due their high ecological and economic value and their diminishing 

abundance across the landscape. 
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Appendix I. Number of trees per hectare (mean ± one standard error) by harvest 

treatment in 1997, 2000, 2001, 2003, 2010, and 2014 for American elm, American 

sycamore, eastern cottonwood, green ash, hickory species, oak species, 'other' species, 

silver maple, and all species together (total) 

 



 

87 

 



 

88 

 



 

89 

 



 

90 

 



 

91 

 

Appendix II. Relative abundance of trees per hectare (mean ± one standard error) by 

harvest treatment in 1997, 2000, 2001, 2003, 2010, and 2014 for American elm, 

American sycamore, eastern cottonwood, green ash, hickory species, oak species, 'other' 

species, and silver maple 
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Appendix III. Basal area per hectare (m2/ha; mean ± one standard error) by harvest 

treatment in 1997, 2000, 2001, 2003, 2010, and 2014 for American elm, American 

sycamore, eastern cottonwood, green ash, hickory species, oak species, 'other' species, 

silver maple, and all species together (total) 
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Appendix IV. Relative abundance of basal area per hectare (mean ± one standard error) 

by harvest treatment in 1997, 2000, 2001, 2003, 2010, and 2014 for American elm, 

American sycamore, eastern cottonwood, green ash, hickory species, oak species, 'other' 

species, and silver maple 
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