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ABSTRACT 

 

In mature forests, pin oak (Quercus palustris Muenchh.) seedling establishment is greatly 

influenced by the amount of sunlight penetrating the forest canopy.  This study was 

conducted to determine whether mid- and understory removal in combination with 

ground flora vegetation control would result in a sufficient increase in light to foster the 

development of pin oak advance reproduction without releasing non-oak competitors.  A 

shelterwood harvest removing mid- and understory trees was conducted on bottomland 

forest sites at Duck Creek Conservation Area and Mingo National Wildlife Refuge in 

southwestern Missouri.  Herbicide control of ground flora was also implemented on some 

of these sites.  The shelterwood harvest and ground flora control were followed with the 

implementation of three artificial regeneration treatments: direct seeding pin oak acorns, 

planting 1-0 pin oak bareroot seedlings, and planting pin oak RPM
®

 seedlings. 

 

The shelterwood harvest treatment reduced crown cover from 91 percent to 83 percent 

and increased the amount of photosynthetically active radiation reaching the understory 

from 3 percent of full sunlight to 16 percent of full sunlight.  Bareroot and RPM
®

 

seedlings had higher survival (67 and 70 percent respectively) compared to natural 

reproduction in shelterwood harvest areas (50 percent) and control areas (28 percent) 

after three years.  Initial germination and survival of direct seeded acorns was only 9 

percent and was reduced to 4 percent after three years.   
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Direct seeded and natural seedlings exhibited the greatest basal diameter growth 

increments (0.12 and 0.08 inches respectively) over the three-year period compared to the 

basal diameter growth increments of 0.05 and 0.06 inches exhibited by bareroot and 

RPM
®

 seedlings respectively.  Direct seeded seedlings also exhibited the greatest height 

growth increment (1.0 foot) over the three-year period.  RPM
®

 and natural seedlings 

exhibited height growth of 0.6 and 0.5 feet, respectively, with bareroot seedlings attaining 

a height growth of 0.3 feet over the three-year period.  Despite these growth increments, 

the basal diameters and heights of RPM
®

 and bareroot seedlings remained considerably 

greater than those of either direct seeded or natural seedlings. 

 

The increase in sunlight provided by the mid- and understory removal treatment and the 

ground flora control treatment led to an increase in the proportion of pin oak advance 

reproduction present in the understory.  The proportion of pin oak seedlings (trees < 4.5 

feet tall) ranged from 1.8 percent in control areas to 17.8 percent where shelterwood 

harvest and ground flora control treatments were conducted to 33.5 percent in 

shelterwood harvest only areas.  Likewise, the proportion of pin oak saplings (trees > 4.5 

feet tall and less than 1.5 inches dbh) ranged from 1.6 percent in control areas to 11.1 

percent where shelterwood harvest and ground flora control treatments were conducted to 

22.6 percent in shelterwood harvest only areas. 

 

The increase in sunlight provided by the mid- and understory removal treatment also led 

to an increase in the light-saturated photosynthesis (Amax) of pin oak seedlings.  Amax for 

natural seedlings in shelterwood harvest areas was significantly greater than that of 
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natural seedlings in areas not receiving a shelterwood harvest.  Contrarily, specific leaf 

area (SLA) of natural seedlings in shelterwood harvest areas was significantly greater 

than that of natural seedlings in areas not receiving a shelterwood harvests, indicating a 

negative correlation between SLA and Amax.
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CHAPTER I 

INTRODUCTION & LITERATURE REVIEW 

 

Bottomland Oak Regeneration 

Current Situation 

Bottomland forests have long been some of the most productive systems throughout the 

central and southern United States.  It is because of the high productivity of these areas 

that many have been converted to agriculture (Kellison and Young 1997).  Those forest 

systems that have not been converted to agriculture remain forested often because of 

frequent flooding and periods of inundation.  Aside from a productive environment, 

bottomland forest systems also enhance water quality, recharge nutrients, and provide 

valuable food and habitat for waterfowl and many other wildlife species (Steele et al. 

1993).   

 

Oaks are an important component in bottomlands, although they were not always the 

most abundant species.  Timber harvesting, repeated fires, land clearing for agriculture, 

and drainage of bottomland swamp areas through the 1800s and early 1900s has led to a 

shift in species composition from what historically may have been cypress-tupelo swamp 

forest to the current oak-dominated bottomland forests (Thompson 1980).  These 

bottomland oaks are valuable, both commercially and ecologically.  Timber production 

potential is high in these bottomland forests.  Wildlife abundance is also high and hard-

mast species, such as oak, are often required to maintain populations of local species as 

well as to sustain migratory species. 
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The problem faced by managers of bottomland hardwood-oak systems is that as the oak 

in the overstory matures and begins to senesce, there are few oaks in a position to recruit 

and dominate the overstory in the next generation of the forest.  Successionally, 

bottomland oaks are considered subclimax species (McQuilkin 1990), often requiring 

timely disturbances to provide an opportunity for seedlings to become established and to 

be recruited into the overstory.  Without these necessary disturbances, bottomland oaks 

will likely not be dominant in the future as stands progress toward a climax community. 

 

Regenerating oaks in mesic uplands and in bottomlands has posed a significant problem 

in the past and currently remains an issue of major concern (Oswalt et al. 2004; Ware and 

Gardiner 2004; Ezell et al. 1999).  There are many factors considered responsible for the 

current difficulty in obtaining oak advance reproduction.  In some cases, previous 

practices such as livestock grazing or high-grading have made it difficult for quality oak 

seedlings to become established in these forests (Nix and Cox 1987).  Changes in the 

hydrologic regime and other disturbances, both human and natural, as well as ecosystem 

alterations involving introductions of exotic species, insects, and diseases have all 

contributed to the current shortage of oak reproduction in many bottomland forests 

(Oliver et al. 2005).  McLeod and Burke (2004) further noted that the unpredictable 

hydrology of these systems is a major factor contributing to the oak regeneration 

problem.  The annual variability in frequency, depth, timing, and duration of flooding, as 

well as the various tolerances of the species present to each of these factors, further 
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emphasize the dominant role of hydrology in these systems (Clatterbuck and Meadows 

1993).  

 

The establishment of oak seedlings is also dependent on the presence of acorns for 

regeneration to occur.  For many oak species, good seed years only occur every 2-5 years 

(Kormanik et al. 1995).  In poor seed years, insects, rodents, deer, and turkey and other 

birds can eat or damage nearly the entire acorn crop produced for that year (Sander 

1990).  Even in good seed years, over 80 percent of the acorns may be damaged or made 

nonviable, often requiring 500 acorns or more to produce one seedling (Sander 1990).  

Acorn predation and seedling defoliation by insects, birds, rodents, and various other 

mammals often significantly reduce the number of seedlings that can establish (Lorimer 

1993; Johnson 1981).  Methods for protecting acorns from predation have been 

developed, but these are both costly and time consuming to implement on a large scale, 

and the effectiveness of this protection has often been inconsistent (Marquis et al. 1976; 

Sluder 1961). 

 

One of the greatest obstacles that oak seedlings must overcome is an understory 

environment that is often poorly suited for the establishment and development of oak 

seedlings due to low light levels (Guo and Shelton 1998; Kormanik et al. 1998).  Less 

than optimal light levels reaching the understory may be the single greatest factor 

limiting the initial establishment and continued growth of oak seedlings in bottomland 

hardwood forests (Peairs et al. 2004).  The problem is often the presence of a dense mid- 

and understory composed of shade-tolerant species, which severely limits the level of 
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light available for seedlings at the forest floor on many mesic hardwood sites (Lorimer 

1993; Hodges and Gardiner 1993).  Species such as red maple (Acer rubrum L.), 

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

common in the mid- and understories of bottomland forests (White and Skojac 2002) and 

are often significantly more shade and flood tolerant than are many of their oak 

counterparts (Bey 1990; Kennedy 1990; Walters and Yawney 1990).  The presence of 

these and other species in the mid- and understories of bottomland forests often 

considerably inhibits the development of oak seedlings in these forests. 

 

When oak seedlings are present in a stand, the size of those seedlings prior to release is of 

prime importance.  Small oak seedlings typically are not as competitive as stump sprouts, 

root sprouts, or fast-growing seedlings of many of the other, often more shade tolerant, 

species in bottomland forests (Hodges and Janzen 1987).  In many situations, existing 

stands are lacking sufficient sizes and/or numbers of oak advance reproduction to 

maintain the desired species composition in the stand following removal of the overstory 

(Robison et al. 2004).  The presence of oak advance reproduction of adequate size and 

number is essential for ensuring that the desired oak species can successfully compete 

when fully released (Hodges and Gardiner 1993; Clatterbuck and Meadows 1993).  Small 

oak advance reproduction (< 2.5 feet tall) that establishes in more open areas will often 

be overtopped within one or two years by faster-growing seedlings of other species, 

restricting the growth of these oak seedlings and decreasing the likelihood that they will 

dominate the future overstory (Kormanik et al. 1995; Johnson 1979).  It is for this reason 

that large oak advance reproduction must be present prior to canopy removal or treatment 
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of mid- and understory vegetation to ensure successful oak regeneration (Kormanik et al. 

1995; Deen et al. 1993; Clatterbuck and Meadows 1993). 

 

Achieving sufficient numbers of large advance reproduction is often challenging.  Young 

oak seedlings typically grow slowly (Lorimer 1993; Janzen and Hodges 1987).  These 

seedlings will often die back and resprout for a number of years while producing very 

little height or diameter growth (Tworkoski et al. 1986; Aust et al. 1985).  Recurrent 

shoot dieback is common for natural oak reproduction growing in the low-light 

environment beneath a closed forest canopy (Johnson et al. 2002).  Although fire, 

browsing, and drought can also be contributing factors, this process of dieing back and 

resprouting is most often attributed to the low light intensities common in the 

understories of bottomland forest (Johnson 1979).  Kormanik et al. (1995) indicated that 

most oak species require more than 35 percent of full sunlight in order to develop.  

Gardiner and Hodges (1998) similarly found that intermediate light levels of 27 and 53 

percent successfully fostered oak seedling growth.  These results indicate a need to 

increase light in the understory, as light levels of less than ten percent are common in 

mature hardwood stands (Jenkins and Chambers 1989).   

 

Suggested Management Techniques 

The use of shelterwood harvests has been suggested as a method to promote oak advance 

reproduction in bottomland forests by allowing more light to penetrate the canopy and 

reach the forest floor.  These harvests have been shown to be advantageous in many 

different situations.  An intermediate harvest that removed the midstory and some 
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overstory trees in bottomland forests in South Carolina resulted in at least 628 new oak 

seedlings per acre more than where no harvest activity occurred (Barry and Nix 1993).  In 

mixed-broadleaf woodlands of northern coastal California, Holmes (1995) found that 

between 10 and 100 percent full sun, valley oak (Quercus lobata Nee) seedling growth 

increased by 90 percent, suggesting that canopy effects on understory light supply may 

restrict juvenile recruitment in these woodlands.  Buckley et al. (1998) found that 

reducing canopy cover by 75 to 100 percent in oak and pine stands on moderately 

productive sites in northern Lower Michigan increased height growth of northern red oak 

(Quercus rubra L.) direct-seeded and underplanted nursery seedlings by as much as three 

times after two growing seasons as compared to reducing canopy cover by 0 and 25 

percent.  Gardiner and Hodges (1998) reported that intermediate light levels of 27 and 53 

percent of full sunlight, similar to those achieved by various shelterwood harvest 

methods, resulted in direct-seeded cherrybark oak seedlings with 146 percent greater 

heights and 90 percent greater diameters after two growing seasons than did light levels 

of 8 or 100 percent of full sunlight.     

 

Not only does advance reproduction exhibit greater survival and growth following a 

shelterwood harvest, but this treatment may also generate a light environment that is 

favorable for the establishment and growth of new oak seedlings.  Steele et al. (1993) 

found that cutting and applying herbicide to all non-red oak woody vegetation in a 

southeastern South Carolina mixed bottomland hardwood wetland forest resulted in 6 

times more red oak stems/acre after two years as compared to the control.  Peairs et al. 

(2004) similarly found that controlling mid- and understory woody vegetation with 
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herbicide injection in combination with partial harvests leaving a residual basal area of 50 

ft
2 

ac
-1

 prompted the regeneration of desirable oak species, such as water, willow, and 

cherrybark oaks, by increasing the amount of sunlight reaching the forest floor in a west-

central Alabama bottomland hardwood stand.  Successful development of vigorous oak 

advance reproduction on mesic sites has only been achieved where competing understory 

vegetation has been controlled at the time of or prior to overstory removal (Lorimer 

1993). 

 

The presence of well-developed mid- and understories dominated by shade and flood 

tolerant species on mesic bottomland sites adds to the problem of having sufficient light 

for developing oak advance reproduction (Lorimer 1993; Sander and Graney 1993).  This 

dense layer of vegetation significantly reduces the amount of light reaching the forest 

floor in these bottomland stands (Deen et al. 1993).  Jenkins and Chambers (1989) noted 

that dense vegetation in bottomland forests resulted in available light levels that were less 

than ten percent of full sunlight.  Not only can competition for light resources restrict the 

growth of oak advance reproduction, but root competition for soil water and nutrients can 

also severely limit growth (Kolb and Steiner 1990).  Davis et al. (1999) found that 

herbaceous vegetation growing with bur oak (Quercus macrocarpa Michx.) and northern 

pin oak (Q. ellipsoidalis E. J. Hill) seedlings could substantially reduce soil water. 

Control of this competitive understory vegetation is necessary to provide sufficient light, 

water, and nutrients to promote oak advance reproduction (Clatterbuck and Meadows 

1993; Jenkins and Chambers 1989; Janzen and Hodges 1985).   
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Oak reproduction can benefit from removal of herbaceous competitors, especially those 

in close proximity to oak seedlings.  The chemical removal of herbaceous layer 

competitors such as willow (Salix sp.), European filbert (Corylus avellana L.) and 

European hornbeam (Carpinus betulus L.) following the clear-cutting of a mature 

pedunculate oak (Quercus robur L.) stand in northeastern France increased the growth of 

bareroot pedunculate oak seedlings by as much as 70 percent over two years compared to 

seedlings in areas where competitors were not controlled (Collet and Frochot 1996).  On 

plowed and disked riverine sites on the Eastern Shore of Maryland, higher survivals of 

pin oak (Quercus palustris Muenchh.), northern red oak, and white oak (Q. alba L.) 

seedlings, both bareroot and containerized, were associated with herbicide control of 

invasive grasses and woody vegetation such as multiflora rose (Rosa multiflora Thunb. 

ex Marsh.), bittersweet (Celastrus scandens L.) and honeysuckle (Lonicera canadensis 

Bartr. ex Marsh.) (Sweeney et al. 2002).  Similarly, in a northeastern South Carolina 

clearcut first bottom, mixed hardwood stand, cherrybark oak seedlings released from 

competing ground vegetation by spring herbicide application had 45 percent greater 

height, 28 percent greater basal diameter, and 22 percent greater survival after six years 

compared to those in the control treatment (Nix 1989).  Steele et al. (1993) found that 

cutting and applying herbicide to all non-red oak woody vegetation in a southeastern 

South Carolina mixed bottomland hardwood wetland forest resulted in 6 times more red 

oak stems/acre as compared to the control after two years.  Lorimer (1993) observed that 

successful development of vigorous oak advance reproduction on mesic sites has only 

been achieved where competing understory vegetation has been controlled at the time of 

or prior to overstory removal. 
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Another option for increasing the abundance of oak advance reproduction in hardwood 

stands is the use of artificial reproduction as a supplement where natural reproduction is 

inadequate or is lacking altogether (Clatterbuck and Meadows 1993; Pope 1993; 

McConnell 1993; Smith 1993).  There are numerous options available for supplementing 

a stand with artificial reproduction.  Direct seeding may be preferable due to the 

availability of acorns for planting and the fact that this method is less time consuming 

and less dependent on season than is the underplanting of seedlings (Pope 1993; Wittwer 

1991).  However, many organisms, including insects, rodents, deer, and various birds, 

consume acorns, often contributing to oak regeneration failures (Johnson et al. 2002; 

Sander 1990).  

 

Another artificial reproduction method commonly utilized is the planting of seedlings 

beneath an existing canopy or shelterwood.  Planting under a shelterwood provides time 

for seedlings to become established before they must compete with other woody and 

herbaceous vegetation that will flourish once the overstory is removed (Johnson et al. 

2002).  In South Carolina, Nix and Cox (1987) noted that 15-20 well-spaced bareroot 

cherrybark oak seedlings per acre can enrich the species composition in bottomland 

stands.  Steele et al. (1993) found that underplanting cherrybark oak seedlings in 

combination with cutting and applying herbicide to all non-red oak woody vegetation in a 

southeastern South Carolina mixed bottomland hardwood forest increased the red oak 

component of the stand by threefold after two years compared to areas with cutting and 

herbicide control only. 
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McConnell (1993) indicated that when seedlings are underplanted, those larger than 0.5 

inches in basal diameter should be favored as these larger seedlings tend to have greater 

success when competing with other vegetation following full release than do smaller 

underplanted seedlings.  Kaczmarek and Pope (1993) concluded that initial height and 

stem volume influenced growth of northern red oak seedlings planted on former 

agricultural sites in Indiana, with seedlings in larger initial size classes exhibiting 

significantly greater growth than smaller seedlings.  In the Boston Mountains of northern 

Arkansas, Johnson et al. (2002) found that the probability of a red oak seedling being in a 

position of dominance in the years following a release increased with increasing initial 

basal diameter.  Larger underplanted seedlings not only have a potential for greater 

success in growth, but they have also shown higher survival.  Spetich et al. (2004) found 

that large underplanted northern red oak seedlings (0.67-0.87 inches in basal diameter) 

had survival rates that were twelve percent higher than small underplanted seedlings 

(0.16-0.47 inches in basal diameter) after 11 years.  Survival of all underplanted oak 

seedlings is typically very good, often being greater than 85 percent, but smaller 

seedlings may exhibit poor height and diameter growth, often attributed to poor root 

growth (Buckley et al. 1998; Pope 1993; Hodges and Janzen 1987). 

 

Bareroot seedlings have long been the only major available source of artificial planting 

stock; however, larger, containerized seedlings are becoming increasingly available, and 

they have been found to exhibit greater growth than the typically smaller bareroot 

seedlings (Sweeney et al. 2002).  Hodges and Janzen (1987) stated that containerized 
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bottomland oak seedlings have shown better initial height growth than have their bareroot 

counterparts.  Zaczek et al. (1997) similarly found that height growth after six years was 

significantly greater for the larger containerized northern red oak seedlings than for  the 

smaller bareroot and direct seeded seedlings.  Overall, artificial reproduction appears to 

hold great promise for achieving adequate advanced reproduction when the goal is 

successfully regenerating bottomland oak forests (Gardiner and Yeiser 1999; Tworkoski 

et al. 1986). 

 

Study Area Overview 

Duck Creek Conservation Area and Mingo National Wildlife Refuge are two contiguous 

bottomland forest areas located within the Mingo Basin in southeastern Missouri.  The 

Mingo Basin is a wet, lowland formed on an abandoned channel of the Mississippi River.  

These two areas have been managed as greentree reservoirs since the mid 1950s.   Prior 

to that time, logging, clearing for agriculture, repeated fires, and partial drainage were 

common occurrences in this area (Thompson 1980).  These practices led to a shift in 

species composition from what historically may have been cypress-tupelo swamp forest 

to the oak-dominated bottomland forests that are currently present on these sites 

(Thompson 1980).  

 

The overstories of these forest areas currently have a large oak component, consisting 

primarily of pin oak (Quercus palustris Muenchh.), willow oak, overcup oak (Q. lyrata 

Walt.), and cherrybark oak, but these overstory trees are relatively even-aged and are 

over-mature.  The mid- and understories of these forest areas are composed primarily of a 
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younger cohort of more shade tolerant species such as red maple, American elm, and 

green ash.  The oaks that are so abundant in the overstories are relatively rare in the mid- 

and understories and in the regeneration layers of these forest areas.  This situation has 

prompted a great deal of concern by the managers of these forest areas, as they rely on 

the oak component to provide hard mast for migrating waterfowl and the other various 

wildlife that are the focus of management in these areas (McQuilkin and Musbach 1977).   

 

The lack of oak advance reproduction in the mid- and understories of these forest areas 

led to the development of a study investigating possible contributing factors.   In the 

1980s, Hamilton et al. (1991) conducted a study comparing the effectiveness of 

intermediate (30 ft
2 

ac
-1

 pin oak residual basal area) vs. regeneration (0 ft
2
 ac

-1
 pin oak 

residual basal area) cutting treatments for regenerating pin oak at Duck Creek CA.  All 

non-oaks were removed from the intermediate cutting treatment areas, but there was no 

further removal of woody or herbaceous vegetation.  Intermediate cutting treatments 

resulted in the highest seedling densities and highest total pin oak seedling growth over a 

five-year period, with the greatest frequencies of tall (> 20 inches) seedlings in these 

treatment areas.  Hamilton et al. (1991) concluded that the combination of increased light 

intensity reaching the forest floor and retention of overstory pin oak trees achieved by the 

intermediate removal treatment provided an environment favorable for the germination, 

establishment, and growth of pin oak seedlings. 
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Purpose / Objectives / Hypotheses 

This study was designed to evaluate the effects of mid- and understory removal and 

ground flora competition control on the establishment and growth of naturally and 

artificially produced pin oak (Quercus palustris Muenchh.) seedlings.  The objectives of 

this study were (1) to evaluate and compare the role of mid- and understory removal on 

the development of pin oak advance reproduction, (2) to compare survival and growth of 

both natural and artificial pin oak seedlings in bottomland stands following mid- and 

understory removal, and (3) to evaluate and compare the physiological responses of both 

natural and artificial pin oak seedlings to mid- and understory removal.   

 

The hypotheses tested were: 

H0: Survival of pin oak seedlings does not differ between containerized RPM
®

 

seedlings, bareroot seedlings, direct seeded acorns, and natural seedlings. 

 

H0: Height growth of pin oak seedlings does not differ between containerized RPM
®

 

seedlings, bareroot seedlings, direct seeded acorns, and natural seedlings. 

 

H0: Basal diameter growth of pin oak seedlings does not differ between containerized 

RPM
®

 seedlings, bareroot seedlings, direct seeded acorns, and natural seedlings. 

 

H0: Survival of pin oak seedlings does not differ between areas where ground flora 

competition has been chemically controlled and where no control has occurred.  
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H0: Height growth of pin oak seedlings does not differ between areas where ground 

flora competition has been chemically controlled and where no control has 

occurred.  

 

H0: Basal diameter growth of pin oak seedlings does not differ between areas where 

ground flora competition has been chemically controlled and where no control 

has occurred.  

 

H0: Survival of pin oak seedlings does not differ between areas where the mid- and 

understories have been removed and where no removal has occurred.   

 

H0: Height growth of pin oak seedlings does not differ between areas where the mid- 

and understories have been removed and where no removal has occurred. 

 

H0: Basal diameter growth of pin oak seedlings does not differ between areas where 

the mid- and understories have been removed and where no removal has 

occurred. 

 

H0: Net photosynthesis of pin oak seedlings types does not differ between 

containerized RPM
®

 seedlings, bareroot seedlings, direct seeded acorns, and 

natural seedlings. 
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H0: Net photosynthesis of pin oak seedlings does not differ between areas where the 

mid- and understories have been removed and where no removal has occurred.   

 

H0: Specific leaf area of pin oak seedlings types does not differ between 

containerized RPM
®

 seedlings, bareroot seedlings, direct seeded acorns, and 

natural seedlings. 

 

H0: Specific leaf area of pin oak seedlings does not differ between areas where the 

mid- and understories have been removed and where no removal has occurred.   
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CHAPTER II 

SURVIVAL AND GROWTH OF NATURAL AND ARTIFICIAL PIN OAK 

(QUERCUS PALUSTIS L.) SEEDLINGS FOLLOWING MIDSTORY REMOVAL 

AND UNDERSTORY CONTROL IN A SOUTHERN MISSOURI BOTTOMLAND 

HARDWOOD FOREST 

 

Introduction 

Obtaining adequate oak regeneration on mesic uplands and in hydric bottomlands has 

long been a matter of concern (Hodges and Gardiner 1993; Sander and Graney 1993; 

Smith 1993).  Jenkins and Chambers (1989) suggested that unsatisfactory oak 

regeneration following overstory removal in bottomland stands is often due to an 

inadequate density of oak advance reproduction before the overstory removal treatment.  

Lockhart et al. (2000) also identified the inadequate density of and poor distribution of 

oak advance reproduction as key factors contributing to the oak regeneration problem in 

bottomland stands.  One major factor contributing to this situation relates to the amount 

of light reaching the forest floor in many of these forests (Janzen and Hodges 1985; 

Gardiner and Helmig 1997).  Low light levels beneath a closed canopy forest with a 

dense mid- and understory of shade-tolerant vegetation lower the survival and impede the 

growth of oak advance reproduction (King and Grant 1996; Clatterbuck and Meadows 

1993; Hodges and Gardiner 1993; Lorimer 1993).   

 

It is not only important to obtain adequate densities of well-distributed advance 

reproduction, but these seedlings must also be of sufficient size prior to release to ensure 
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that they are competitive enough to maintain a dominant status as they recruit into the 

overstory (Clatterbuck and Meadows 1993; Sander and Graney 1993).  Stringer (2005) 

noted that advance reproduction in oak-dominated stands on higher quality sites is often 

lacking or is too small to effectively compete following a full release.  Smaller oak 

seedlings cannot compete as effectively as advance reproduction of shade tolerant species 

or faster-growing competitors (Clatterbuck and Meadows 1993; Lorimer 1993).  Loftis 

(1993) suggested that the potential for oak advance reproduction to be dominant 

following release increases as seedling size increases.  It has similarly been suggested 

that larger (> 1 foot tall) red oak advance reproduction is more likely to take advantage of 

increased light levels following overstory removal than are smaller (< 1 foot tall) 

seedlings (Belli 1999).   

 

Forest structure can be managed to benefit oak advance reproduction by allowing more 

light to penetrate the canopy and reach the forest floor, thereby increasing the numbers 

and sizes of oak seedlings in advance of complete overstory removal.  Intermediate 

removal of the overstory and/or midstory as well as control of understory competing 

vegetation are methods that have been suggested to improve the light environment for the 

benefit of oak advance reproduction (Hodges and Gardiner 1993; Loftis 1993; Lorimer 

1993; Smith 1993).  Lockhart et al. (2000) found that manual removal of intermediate 

and overtopped midstory trees followed by stump treatment with Tordon 101R
®

 in east-

central Mississippi bottomland forests resulted in cherrybark oak (Quercus pagoda Raf.) 

advance reproduction heights that were 1.5 to 3 times greater after nine years than those 

of seedlings in areas where the midstory was not controlled.  Similarly, a light 
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shelterwood treatment reducing basal area by 56 percent, to a residual of 48 ft
2
 ac

-1
, 

applied in a southern Virginia mixed hardwood forest resulted in 11 times greater height 

growth and 6 times greater diameter growth of underplanted northern red oak seedlings 

as compared to control three years after the treatment (Tworkoski et al. 1986).   

 

The presence of well-developed mid- and understories dominated by shade and flood 

tolerant species on mesic sites enhances the problem of achieving sufficient oak advance 

reproduction (Lorimer 1993; Sander and Graney 1993).  Species such as red maple (Acer 

rubrum L.), American elm (Ulmus americana L.), and green ash (Fraxinus pennsylvanica 

Marsh.), among others, are common in the mid- and understories of many bottomland 

forests (White and Skojac 2002).  These competing species are often significantly more 

shade and flood tolerant than are many of the co-occurring oak species (Bey 1990; 

Kennedy 1990; Walters and Yawney 1990), and they can effectively limit the growth of 

oak advance reproduction through competition for light, nutrients, and water (Kolb and 

Steiner 1990).  Control of competitive understory vegetation is essential to providing a 

light environment capable of increasing the potential for achieving adequate oak advance 

reproduction (Clatterbuck and Meadows 1993; Jenkins and Chambers 1989; Janzen and 

Hodges 1985). 

 

Artificial reproduction can be used to increase the density of oak advance reproduction in 

hardwood stands where natural regeneration is lacking or inadequate (Clatterbuck and 

Meadows 1993; Pope 1993; McConnell 1993; Smith 1993).  The use of artificial 

reproduction may be beneficial and may even be required on sites where advance 
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reproduction is insufficient or where the existing stands consist of low numbers of the 

desired species (Steele et al. 1993; Nix et al. 1985).  Several methods of oak artificial 

reproduction, including direct seeding of acorns, planting bareroot seedlings, and planting 

containerized seedlings, are currently available.   

 

Direct seeding may be preferable due to the availability of acorns for planting and the 

fact that this method is less time consuming and less dependent on season than is the 

underplanting of seedlings (Pope 1993; Wittwer 1991).  Allen (1990) found, however, 

that the height and diameter growth of planted seedlings was substantially greater than 

that of seedlings resulting from direct seeded acorns.  Planting seedlings beneath a 

shelterwood is a common method for artificial reproduction as this provides time for 

these larger seedlings to become established before they must compete vigorously with 

other woody and herbaceous vegetation that will flourish once the overstory is removed 

(Johnson et al. 2002).  Dey and Parker (1997) found that after two years, northern red oak 

seedlings planted under a shelterwood treatment in central Ontario exhibited 55 percent 

larger diameters and were twice as tall as seedlings planted under an uncut overstory, 

concluding that shelterwoods that provide adequate light at the forest floor promote the 

establishment and enhance the performance of underplanted seedlings.    

 

Since light availability is a limiting factor for oak advance reproduction, it is important to 

ensure that sufficient light reaches the forest floor.  The problem with allowing more light 

to reach the understory is that this increase in light may benefit competitors as well as the 

desired species.  Meadows and Stanturf (1997) stated that heavier cuts tend to favor fast-
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growing, shade-intolerant species, while lighter cuts tend to favor less-desirable, more 

shade-tolerant species.  Other studies have similarly indicated that heavy cutting that 

provides full sunlight to the forest floor may promote faster-growing competitors, while 

minimal or no cutting may favor species that are more shade-tolerant (Clatterbuck and 

Meadows 1993).  If oak advance reproduction is not present at the time of overstory 

removal, competing species are likely to benefit and to eventually outgrow oak seedlings 

that establish later (Stringer 2005).  For this reason, it is important that the applied 

treatment encourages large oak advance reproduction to develop while it minimizes the 

establishment and growth of competitors (Loftis 1993; Smith 1993).    

 

This study was designed to evaluate the effects of mid- and understory removal and 

ground flora competition control on the survival and growth of natural and artificial pin 

oak seedlings.  The first objective of this study was to evaluate and compare the effects of 

mid- and understory removal and ground flora competition control on the survival and 

growth of naturally and artificially established pin oak advance reproduction.  The second 

objective was to compare the physiological responses of both naturally and artificially 

established pin oak advance reproduction to mid- and understory removal and ground 

flora competition control.   
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Methods 

Study sites 

This study was conducted in two mature (80+ years old) bottomland hardwood forest 

stands located in adjacent greentree reservoir management pools in Stoddard County, 

southeastern Missouri (N 37°01′00.00″ W 090°06′03.50″).  One site was located in 

Mingo National Wildlife Refuge managed by the U.S. Fish and Wildlife Service 

(USFWS).  The other site was located in Duck Creek Conservation Area managed by the 

Missouri Department of Conservation (MDC).  These two pools were selected in an 

attempt to evaluate methods for establishing pin oak advance reproduction in a healthy 

stand as well as in a declining stand.  Pool 8 in Mingo NWR was selected because the 

mature oaks appeared to be healthy and showed little sign of crown dieback or mortality.  

Pool 3 in Duck Creek CA was selected because the oaks exhibited moderate or advanced 

decline and had reduced mast production. 

 

Keys et al. (1995) identified this area as the 234Ac White and Black Rivers Alluvial Plain 

having annual precipitation averaging 50 inches, annual climate averaging 57°F, and 

annual growing season averaging 205 days.  Nigh and Schroeder (2002) further identified 

the area as being of the MB1d Mingo Silty Lowland landtype association.  Soils at these 

sites were mapped as Calhoun Silt Loam (fine-silty, mixed, active, thermic Typic 

Glossaqualfs) (Butler 1985).  This soil typically develops in nearly level, poorly drained 

former floodplains.  Characteristics of this soil type include high available water capacity, 

low fertility, low organic matter, and slow permeability and runoff.   
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At the study sites, pin oak was the dominant species (54 percent of the basal area).  Other 

important overstory and midstory species included sweetgum, overcup oak (Quercus 

lyrata Walt.), red maple, American elm, willow oak (Q. phellos L.), green ash, 

persimmon (Diospyros virginiana L.), and cherrybark oak.  The regeneration layer was 

dominated by seedlings of red maple, green ash, sweetgum, American elm, pin oak, and 

willow oak.  Trumpet creeper (Campsis radicans L.) was also abundant in many parts of 

the study area, often completely overtopping any seedlings present at the forest floor. 

 

Much of this area was logged and drained in the 1800s in favor of a conversion to 

agriculture (Robertson et al. 1984).  Due to the hydrology of the area, however, it was 

difficult to keep the area drained and thus it was subsequently abandoned as an 

agricultural area.  The heavy logging, repeated fires, land clearing, and partial drainage of 

the area through the late 1800s and early 1900s did, however, change the forest 

composition from what historically was a cypress-tupelo (Taxodium Rich. – Nyssa L.) 

swamp forest to the present oak-dominated bottomland forest (Thompson 1980).  The 

area was acquired by the USFWS in 1945, and much of it has been managed for 

waterfowl habitat and hunting since the 1950s (Merz and Brakhage 1964) and is flooded 

nearly annually during the fall waterfowl migration and hunting season.  Before 1999, the 

management pools were flooded to depths of 6 to 20 inches before waterfowl hunting 

season and drained after the season ended.  Since that time, managers have varied the 

timing and duration of flooding to more closely resemble the natural hydrologic cycle 

and seasonal weather conditions by flooding some of the pools later for shorter durations 

during dry years and earlier for longer durations during wet years. 
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Design 

A randomized complete block design was used, with six blocks [2 sites (pools) x 3 

repetitions], each containing nine treatment units (Figure 1).  During the summer of 2002, 

three 10-acre blocks, each containing nine 1.1-acre treatment units, were established in 

each of the two management pools.  The blocks were positioned and configured so that 

they were internally homogeneous in stand conditions.  Blocks were located on 

elevations where pin oaks were likely to be managed.  In the center of each of the nine 

treatment units, a circular, 0.2-acre plot was used for inventory and classification of all 

trees ≥ 1.5 inches dbh (Figure 2).  All artificial reproduction was also established in the 

0.2-acre plot area to minimize any potential edge effects.  Within these 0.2-acre plots, 

five 0.01-acre subplots were located, one in the center of the 0.2-acre plot and one at a 

distance of 50 feet from the center in each cardinal direction.  Within this 0.01-acre 

subplot, species and diameter at breast height were recorded for all saplings (trees ≥ 4.5 

feet tall but < 1.5 inches dbh).  Five 0.001-acre subplots were also established, one within 

each of the 0.01-acre subplots.  A count, by species, was made for all seedlings (trees < 

4.5 feet tall found within the 0.001-acre subplots). 
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Figure 1. Experimental block layout showing 1.1-acre treatment units and 0.2-acre plots. 
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Figure 2. 0.2-acre plot layout for woody vegetation sampling showing 0.01-acre and 
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Treatments 

One of nine treatments was randomly assigned to each treatment unit within each block.  

The nine treatments included mid- and understory removal in combination with each of 

four pin oak seedling types (natural, direct seeded, 1-0 bareroot, and RPM
®

 container) 

and two ground flora control treatments (herbicide vs. none), plus one control (Table 1).  

The purpose of the mid- and understory removal treatment was to increase the amount of 

photosynthetically active radiation (PAR) reaching the level of the oak seedlings.  The 

different artificial reproduction methods were selected to provide a reasonable 

comparison to the alternative of relying on naturally produced seedlings for regenerating 

oaks in bottomlands.  The ground flora control treatment was conducted to remove 

competing herbaceous vegetation, as well as undesirable seedlings and woody vines that 

would potentially be released by the mid- and understory removal treatment.  

 

 

Table 1. Seedling type, ground flora control, and mid- and understory removal 

combinations for the nine treatments. 

 
    

Treatment Number Seedling Type Ground Flora Control Midstory Removal 
 

 

1 
 

 

Natural 
 

No 
 

No 

2 
 

Natural No Yes 

3 
 

Natural Yes Yes 

4 
 

Direct Seeded Yes Yes 

5 
 

Bareroot Yes Yes 

6 
 

RPM
® 

Yes Yes 

7 
 

Direct Seeded No Yes 

8 
 

Bareroot No Yes 

9 
 

RPM
® 

No Yes 
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The mid- and understory removal treatment was conducted during February of 2003 by 

spraying 0.34 ounces of Arsenal
®

 AC (20 percent concentration) into hacks made in the 

tree bole with a hatchet having a 1.25-inch bit.  This was done to remove all mid- and 

understory non-oaks as small as 0.5 inches dbh.  A single hack (plus herbicide 

application) was made for every three inches in dbh at approximately 4.5 ft above the 

ground.  The mid- and understory removal treatment was applied across each entire 10-

acre block, with the exception of the control treatments.  All treated trees were revisited 

after the first growing season, and those that had not died were re-treated with herbicide.   

 

The mid- and understory removal treatment removed an average of 328 trees per acre (27 

ft
2
 ac

-1
).  The majority of these treated trees were red maple, green ash, American elm 

and sweetgum, all of which were found in the greatest abundances in midstories of these 

forests.  Following the mid- and understory removal treatment, canopy cover averaged 91 

percent in control plots, compared to 83 percent where the removal treatment was 

conducted, with no significant canopy cover differences between the declining (pool 3) 

and healthy (pool 8) stands.   

 

In April of 2003, pin oak acorns were planted within the 0.2-acre plots in all experimental 

units designated for direct seeding.  The acorns were purchased from the George O. 

White State Nursery in Licking, Missouri.  They had been collected during the preceding 

autumn and screened for soundness, stratified, and stored according to standard nursery 

practices.  In each 0.2-acre plot, 40 acorns were planted by hand 3 inches deep and 
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approximately 15 feet apart in concentric circles around the plot center.  All planting 

locations were marked with a wire flag for future reference. 

 

Also in April of 2003, 22 1-0 bareroot pin oak seedlings from the George O. White State 

Nursery in Licking, Missouri and 22 RPM
®

 (Dey et al. 2004) container pin oak seedlings 

grown at the Forrest Keeling Nursery in Elsberry, Missouri from seed collected at Duck 

Creek CA were planted, each in their respective treatment units.  Each of the seedlings 

were first marked with a numbered, aluminum tag and were then planted approximately 

20 feet apart in concentric circles around the plot center.  In treatment units designated 

for natural reproduction, ten natural pin oak seedlings within the 0.2-acre plots were 

selected and marked with numbered tags.  Those individuals that were 1 year old, as 

evidenced by presence of an attached acorn, were favored, but in areas where there were 

not sufficient numbers of 1-year-old seedlings, larger seedlings that were representative 

of the plot were selected.  The initial basal diameters and heights of all seedlings other 

than direct-seeded acorns were recorded immediately after planting and tagging. 

 

In June of 2003, the ground flora control treatment was applied within each 0.2-acre plot 

of those units designated for this treatment.  For the ground flora control, Garlon
®

 3A (20 

percent concentration) was applied with a Solo
®

 backpack sprayer to the foliage of all 

woody and herbaceous vegetation surrounding each tagged pin oak seedling (both natural 

and artificial reproduction).  Tagged seedlings were shielded during the herbicide 

application in an attempt to minimize injury caused by exposure to the herbicide. 
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Measurements 

The initial basal diameters (measured one inch above the root collar) and heights of all 

tagged seedlings were recorded at the time of planting.  All live seedlings were re-

measured following the 2003, 2004, and 2005 growing seasons.  Canopy cover was 

measured at each seedling using a spherical crown densiometer (Lemmon 1956) during 

the summers of 2003 and 2005.  An inventory including dbh, crown position (open-

grown, dominant, codominant, intermediate, overtopped, broken/fallen), dieback class 

(based on percent of canopy dieback), and survival of all trees > 1.5 inches dbh in the 

circular 0.2-acre plots was conducted prior to treatment initiation during the summer of 

2002 and again during the summer of 2005.  Counts by species of all natural reproduction 

< 1.5 inches dbh and ≥ 4.5 feet tall in the five 0.01-acre subplots nested within each 0.2-

acre plot were made during the summer of 2005.  Counts by species were also made of all 

natural reproduction < 4.5 feet tall in the five 0.001-acre subplots within each 0.01-acre 

subplot. 

 

In July of 2005, Photosynthetically Active Radiation (PAR) Smart Sensors (Onset 

Computer Corp., Bourne, MA) were used to determine the amount of PAR penetrating 

the canopy and reaching seedling level.  These sensors were mounted on steel U-posts, 

with specially designed mounting brackets, and leveled at a height of 3 feet.  Each sensor 

was connected to a HOBO
®

 Weather Station logger (Onset Computer Corp., Bourne, 

MA) for continuous data logging.  In each block, four sensors were used simultaneously 

in four different locations.  One sensor was always in an open area receiving full sunlight 

and another was positioned in the center of the control treatment unit.  We also positioned 
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a sensor in the center of one mid- and understory removal treatment unit receiving ground 

flora control and one mid- and understory removal treatment unit not receiving ground 

flora control, selected randomly within the same block.  These sensors remained in place 

for approximately 48 hours so that PAR data could be logged continuously for an entire 

daylight period before they were moved to another block.  

 

During the summer of 2005, the LI-6400 portable infrared gas analyzer (Li-Cor 

Biosciences, Inc., Lincoln, NE) was used to determine the photosynthetic response of pin 

oak seedlings under optimal conditions.  Four treatment units within each block were 

selected for examination:  control, mid- and understory removal only, mid- and 

understory removal + bareroot seedlings, and mid- and understory removal + RPM
®

 

container seedlings.  The direct-seeded acorn treatment was not examined due to 

extremely poor (4 percent) survival, which limited the sample size.  Ground flora control 

treatments were also not selected to eliminate any influence that the herbicide may have 

had on the seedlings.  Measurements were made within the designated treatment units for 

each block on 14 and 15 June 2005 and were repeated on the same individuals on 2 

August 2005.  Four apparently healthy seedlings within each treatment were selected, and 

measurements were made on one leaf per seedling between 0900 and 1600 hr.  Relative 

humidity was maintained at ambient values while temperature (30 – 35 C), CO2 

concentrations (400 µmol mol
-1

), and irradiance (2000 µmol m
-2

 s
-1

) were kept constant.  

Following analysis with the LI-6400, each sample leaf was removed, bagged, labeled, 

and stored in a cooler.  Within several days, leaf area (cm
2
) was determined by passing 

each leaf through a LI-3100C leaf area meter (Li-Cor Biosciences, Inc., Lincoln, NE).  
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Following a period of storage in a refrigerator, the leaves were re-hydrated for 24 hours 

and the weight of each leaf to the nearest 0.001 g was taken.  Specific leaf area (cm
2
 g

-1
) 

was calculated by dividing leaf area (cm
2
) by leaf mass (g).   

 

Because it was impossible to assure that hydrologic conditions would be uniform among 

treatment units within blocks, soil water content was monitored.  To do this, Watermark 

Sensors (Irrometer Company, Inc., Riverside, CA) were buried four inches below the soil 

surface in the center of each treatment unit.  Meter readings were taken weekly during the 

first growing season from 18 June through 17 September 2003.  A laboratory calibration 

study was conducted with soils from each block to determine the relationship between the 

meter readings and gravimetric water content.  This calibration study allowed for the 

development of equations for converting meter readings made in the field to estimated 

gravimetric soil water content. 

 

Analysis 

The general linear models procedure (SAS version 9.1) was used to evaluate the overall 

treatment effects (α = 0.05) on the basal diameter growth and height growth of each of 

the seedling types.  For significant treatment effects, orthogonal contrasts (α = 0.05) were 

used to compare the basal diameter and height growth of each of the artificial seedling 

types to that of natural reproduction.  The general linear models procedure was also used 

to evaluate the overall treatment effects on light-saturated photosynthesis (Amax) and 

specific leaf area (SLA) of selected seedlings in four of the treatments (control, natural 

without herbicide, bareroot without herbicide, and RPM
®

 without herbicide).   The 
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proportional abundance of advance reproduction was also evaluated using the general 

linear models procedure with the block*treatment interaction used as the error term.  In 

this procedure, treatments were combined to create three groups:  control, mid- and 

understory removal only (no herbicide), and mid- and understory removal with herbicide.  

This was done to evaluate the effects related to the mid- and understory removal 

procedure as well as those related to the ground flora control procedure. 
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Results 

Light 

The amount of PAR reaching the understory varied greatly between mid- and understory 

removal plots and control plots (Table 2).  Removal plots received 9 to 24 percent of full 

sunlight, averaging 16 percent.  The PAR in control plots was considerably less, 

averaging only 3 percent.  Within the removal plots, herbicide control of the ground flora 

had no effect on the amount of PAR reaching the understory.  

 

 

Table 2. Percent of full sunlight reaching understory vegetation by treatment type 

(control, mid- and understory removal combined with ground flora control, and mid- and 

understory removal only) for each treatment block. 
      

 

 

 

Treatment Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Average 
               

 

Control 1.8 6.1 3.6 2.5 2.2 3.6 3.3 
 

Removal  + GFC 16.6 15.4 16.6 23.0 11.3 17.5 16.7 
 

Removal Only 24.4 19.2 12.0 9.1 13.7 16.9 15.9 
        

 

 

Survival 

In mid- and understory removal plots without ground flora control, the first-year survival 

of bareroot, RPM
®

, and natural reproduction seedlings exceeded 80 percent.  This was 

more than 20 percent higher than the survival of the natural reproduction in control plots.  

The germination of direct-seeded acorns was less than 9 percent, with only 26 seedlings 

present at the end of the first growing season.  The ground flora control treatment 

decreased the survival of all pin oak reproduction types by 5 to 20 percent.   
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After three years, survival of bareroot, RPM
®

, and natural pin oak seedlings averaged 

nearly 60 percent, more than 30 percent higher than the survival of natural reproduction 

in control plots.  Bareroot and RPM
®

 seedlings had considerably higher survival than did 

all natural reproduction, but they did not differ from one another (Table 3).  After three 

years, 50 percent of the direct seeded seedlings present at the end of the first growing 

season were still living; however, these 13 seedlings represented less than 4 percent of 

the acorns that were originally planted.  The combined three-year survival of all seedling 

types averaged nearly 12 percent higher in areas not receiving ground flora control 

treatment than in areas where this herbicide treatment was applied (Figure 3). 

 

Table 3. Summary statistics of three-year growth and survival for pin oak natural, 

bareroot, RPM
®

 container, and direct-seeded seedlings in a bottomland forest following 

mid- and understory removal. 

 

    
 

Height Growth (ft) Basal Diameter Growth (in) Survival
       

Rootstock N Mean Range Mean Range Percent
             

 

Bareroot 186 0.25 -2.48 to 1.44 0.05 0.00 to 0.20 70 
       

RPM
®

 178 0.57 -3.30 to 3.67 0.06 0.00 to 0.44 67 
       

Direct-seeded 17 0.75 0.47 to 0.91 0.12 0.07 to 0.17 4 
 

Natural 61 0.55 -0.41 to 1.37 0.08 0.03 to 0.26  37 
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Figure 3. Comparison of three-year survival of pin oak natural, bareroot, RPM
®

 

container, and direct-seeded seedlings in areas where ground flora was chemically 

controlled vs. areas where no ground flora control treatment was implemented. 

 

 

Growth 

When planted, the RPM
®

 seedlings averaged almost 0.5 inches in basal diameter, nearly 

30 percent larger than the bareroot seedlings and more than five times larger than the 

natural seedlings (Figure 4).  After three years, natural reproduction had significantly 

greater basal diameter growth than did bareroot (p < 0.0001) or RPM
®

 container 

seedlings (p = 0.0003) (Table 3).  The basal diameter growth of RPM
®

 seedlings was also 

significantly greater (p < 0.0001) than that of bareroot seedlings (Table 3).  Direct-seeded 

acorns had considerable basal diameter growth, but poor germination yielding a relatively 

small number of seedlings made it difficult to make a statistical comparison (Table 3). 
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Figure 4. Three-year diameter growth (in) for pin oak natural, bareroot, RPM
®

 container, 

and direct-seeded seedlings in a bottomland forest following mid- and understory 

removal. 

 

 

Height growth followed a trend similar as that of diameter growth.  At the time of 

planting, RPM
®

 seedlings averaged 3 feet tall, nearly 30 percent taller than bareroot 

seedlings and more than five times larger than the natural seedlings (Figure 5).  After 

three years, however, natural reproduction had significantly greater (p < 0.0001) height 

growth than did bareroot seedlings (Table 3).  RPM
®

 container seedlings also had 

significantly greater (p < 0.0001) height growth than did bareroot seedlings after three 

years (Table 3).  Direct-seeded acorns had considerable height growth, but poor 

germination yielding a relatively small number of seedlings made it difficult to make a 

statistical comparison (Table 3).  Controlling ground flora competition with Garlon
®

 3A 

also failed to significantly improve seedling height or diameter growth. 
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Figure 5. Three-year height growth (ft) for pin oak natural, bareroot, RPM
®

 container, 

and direct-seeded seedlings in a bottomland forest following mid- and understory 

removal. 

 

 

Photosynthesis 

Natural reproduction in the mid- and understory removal areas had significantly greater 

light-saturated photosynthesis (Amax) (p = 0.0065) than did natural seedlings in the 

control areas (Table 6).  Conversely, natural seedlings in the control areas had 

significantly greater specific leaf area (SLA) (p = 0.0455) than did natural seedlings in 

the removal areas (Table 6).  There were no significant differences in SLA or Amax 

between the sample periods (June and August).  Additionally, there were no significant 

differences in SLA or Amax among the planted bareroot and RPM
®

 container artificial 

reproduction seedlings and the natural advance reproduction in the removal areas (Table 

6). 
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Table 4. Average net photosynthesis (µmol m
-2

 s
-1

) and specific leaf area (cm
2
 g

-1
) for pin 

oak natural seedlings in control plots, and for natural, bareroot, and RPM
®

 container 

seedlings in plots where the mid- and understory was removed without ground flora 

control. 

 
 

 

Treatment 
 

 

 

Amax 
 

 

Standard 

Deviation 
 

 

 

SLA 
 

 

Standard 

Deviation 
 

 

Natural, Control 

 

3.74 

 

3.34 

 

105.46 

 

12.26 

 

Natural, Removal  

 

7.84 

 

3.89 

 

88.61 

 

15.98 

 

Bareroot  

 

5.87 

 

2.90 

 

92.48 

 

15.20 

 

RPM
® 

 

 

6.76 
 

 

2.87 
 

 

94.69 
 

 

17.77 
 

 

 

Pin oak seedling density 

There were no significant differences in overall seedling (< 4.5 feet tall) density (all 

species combined) between removal and control (p = 0.1857), removal with herbicide 

treatment and control (p = 0.5029), or removal only and removal with herbicide treatment 

(p = 0.3012).  However, there was a difference in sapling (≥ 4.5 feet tall and < 1.5 inches 

dbh) density, as the control and the removal only treatments had significantly more 

saplings than did the thinning plus ground flora control treatment (p = 0.0017 and p = 

0.0004 respectively).  Even though no significant difference in overall seedling density 

(all species combined) was found, the proportion of both pin oak seedlings and saplings 

relative to those of other species was considerably greater in the removal areas than in the 

control areas (Figure 4).  The ground flora control treatment, however, showed a trend for 

a lower proportion of pin oak seedlings, although this proportion was still greater than in 

the control areas (Figure 4). 
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Figure 6. Pin oak advance reproduction proportional to all other species by treatment type 

(control, mid- and understory removal combined with ground flora control, and mid- and 

understory removal only) comparing seedlings (less than 4.5 feet tall) and saplings 

(greater than 4.5 feet tall, less than 1.5 inches dbh). 
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Discussion 

Light 

Ultimately, the purpose of the mid- and understory removal was to increase the amount 

of PAR reaching the forest floor to benefit the oak seedlings while not releasing 

competing vegetation.  PAR reaching seedling level in the control was only three percent 

of full sunlight.  This is to be expected, as light levels of less than ten percent are 

common in mature hardwood stands (Jenkins and Chambers 1989).  The removal 

treatment resulted in a five-fold increase in PAR reaching the understory.  This is 

comparable to the findings of Lockhart et al. (2000) who observed a four-fold increase in 

PAR in plots receiving a midstory removal treatment over those not receiving midstory 

control in an east-central Mississippi bottomland forest. 

 

PAR reaching the seedling level following the removal treatment was only 16 percent of 

full sunlight.  Hodges and Gardiner (1993) identified maximum growth of many oak 

species seedlings as occurring at 30-50 percent of full sunlight.  Similarly, it was found 

that in cherrybark oak seedlings, intermediate light levels of 27 and 53 percent of full 

sunlight yielded greater biomass accumulation, greater height growth, and greater 

diameter growth after two years than did light levels of 8 and 100 percent of full sunlight 

(Gardiner and Hodges 1998).  Based on these findings, it appears that the increase in 

PAR reaching the seedling level may not be significant enough to enable pin oak 

seedlings to attain maximum growth.  An additional treatment consisting of the removal 

of some overstory trees may be necessary to achieve the light levels necessary for 

maximum seedling growth to occur.    
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Survival 

Survival of underplanted oak seedlings is typically very good, often being greater than 85 

percent (Pope 1993; Hodges and Janzen 1987).  Dey and Parker (1997) reported that 

survival of northern red oak seedlings planted under a shelterwood treatment in central 

Ontario was 99 percent after two years.  Kormanik et al. (1995) found greater than 95 

percent survival of good and medium quality (> 12 and 7-11 first order lateral roots 

respectively) northern red oak seedlings planted under a shelterwood (70 ft
2
 ac

-1
residual 

basal area) in west-central North Carolina after five years.  Although survival of 

seedlings in this study was not as high as might be expected, the combined survival of 69 

percent for bareroot and RPM
®

 seedlings was significantly greater than the 37 percent 

survival observed for natural seedlings.  This may be a result of the larger size of the 

underplanted seedlings allowing them to better utilize the increased light provided by the 

mid- and understory removal treatment. 

 

Lower survival of all seedlings in the ground flora control treatment areas in this study 

may be due to drift or flashback of herbicide detrimentally influencing seedling growth.  

A study of bottomland oaks done by Wittwer (1991) resulted in taller seedlings in areas 

without competition control than in areas where competition was chemically controlled 

with Roundup
®

, a broad spectrum herbicide, prior to planting.  It was suggested that other 

environmental factors might have been more important, yielding less growth for 

seedlings in competition control areas.  Janzen and Hodges (1987) found that some 

unintentional herbicide damage might have occurred when glyphosate was sprayed on the 

cut stumps of undesirable species during the application of a mid- and understory 
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thinning, resulting in the mortality of a number of smaller desirable seedlings.  Following 

a study which examined competition control by single-spot application of a broad-

spectrum herbicide (Roundup Ultra
TM

) after planting bareroot Nuttall oak (Quercus 

nuttallii Palm.) seedlings in a bottomland site in west-central Mississippi, Ware and 

Gardiner (2004) indicated that herbicide application in hardwood stands can potentially 

favor desirable species, but improper application has the potential to damage desirable 

stems as well.   

 

The low germination and survival rates (4 percent after three years) of the direct-seeded 

acorns were quite unexpected, and undoubtedly a combination of factors contributed to 

the poor success.  Wittwer (1991) reported satisfactory survival of 45 percent for direct-

seeded Shumard oak (Quercus shumardii Buckl.) and willow oak after one year, with a 

decline to 35 percent after three years on a southeastern Oklahoma harvested bottomland 

site prepared by shearing, windrowing, and burning of the windrows.  Johnson and 

Krinard (1985) similarly concluded that 35 percent survival is a reasonable expectation 

for direct-seeded red oak species acorns planted on bottomland sites in west-central 

Mississippi.  The acorns used were provided by the Missouri State Nursery and had been 

collected during the preceding autumn, screened for soundness, stratified, and stored in 

the same manner as all other red oak group acorns routinely handled by this facility.  The 

acorns were planted within 24 hours of being received from the nursery in the spring, so 

it is assumed that the acorns did not become too dry during handling.  Seeding in the 

spring was intentional due to concerns that acorns sown in the fall would not only be 

subjected to extensive flooding, but also to predation by waterfowl throughout the fall 
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and winter.  Although there was no direct evidence of animal seed predation observed, 

this may have been a factor.  Sluder et al. (1961) reported greater predation pressure of 

spring-sown acorns than of those sown in the fall.  The fact that the acorns in this study 

were sown at a depth of 3 inches may also have been a factor contributing to the poor 

germination rates.  Johnson (1981) found that Nuttall oak acorns sown at a depth of 1 

inch had significantly higher germination rates than did acorns sown at depths of 2 or 4 

inches, concluding that deeper sowing reduces the speed and quality of germination and 

fails to offer greater protection from predation.   

 

Growth 

The poor basal diameter and height growth associated with bareroot seedlings may be 

due to a small root system, poor adaptation to the flooding, or planting shock.  RPM
®

 

container seedlings may have achieved better growth than bareroot seedlings due to their 

larger initial size and better developed root system.  The significant growth increment 

attained by naturally produced seedlings may be due to the fact that they were previously 

better established on the given site and better adapted to that site.  It could also be 

because they did not suffer any ill effects from planting shock as the underplanted 

seedlings might have.  Planting shock could lead to poor height and diameter growth 

brought about by the drastic change from a controlled environment to one that may be 

less than optimal.  Another reason for the seemingly superior growth of natural seedlings 

over three years may be that the selected seedlings may have been more than one year 

old.  Since seedlings representative of the plot were chosen in areas where one-year-old 

seedlings were not abundant, these older seedlings may have been better suited to take 
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advantage of the increased light provided by the removal treatment, thus exhibiting 

greater growth over the three-year period than might typically be expected of one-year-

old seedlings. 

 

The large growth increment observed in direct seeded seedlings is due to the fact that 

they have a greater growth potential.  Following germination, oak seedlings rely on 

carbohydrate reserves stored in the roots.  These seedlings are not greatly affected by the 

surrounding environment until after they have depleted this carbohydrate store.  Although 

there is a large growth increment observed in both the direct seeded seedlings and the 

natural seedlings, these seedlings are still relatively small compared to the bareroot and 

RPM
®

 seedlings.  Examining growth based solely on increment fails to account for the 

advantages provided to larger seedlings.  Larger seedlings, although they might not have 

portrayed the same growth rate, are of a size that is likely at or above that of competing 

vegetation.  These seedlings are also more likely to have crowns that are above the 

detrimental effects of floodwaters or deer browsing. 

 

Photosynthesis 

Even though PAR was only slightly increased by the removal treatment, Amax was 

significantly greater for the natural reproduction in removal areas than in control areas.  

This finding that the minimal increase in light provided to the seedlings by the removal 

treatment was of benefit to pin oak advance reproduction suggests that even small 

increases in the amount of light available to seedlings may result in considerable gains for 

the species of concern, even if a maximum is not reached.  The absence of significant 

differences in SLA or Amax among the planted bareroot and RPM
®

 container artificial 
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reproduction seedlings and the natural advance reproduction in the removal areas 

suggests that, at a physiological level, these seedlings are performing equally.  Although 

there were no differences observed after three years, it may take some time before these 

seedlings are able to fully respond to the light environment created by the removal 

treatment. 

 

Pin oak seedling density 

Although the removal treatment failed to increase the overall density of pin oak natural 

reproduction, it did increase the proportion of pin oak seedlings.  This occurred as the 

removal treatment provided increased light to the forest floor, which in turn was 

significant enough to encourage the growth of pin oak natural reproduction without 

overly stimulating the establishment of new competitor seedlings.  This finding suggests 

that the removal treatment was able to influence the abundance of pin oak seedlings in 

greater proportion than the abundance of competitors.  Chemical control of the ground 

flora, however, reduced the proportion of pin oak seedlings in the removal areas. 

 

Competition control 

Control of ground flora competition with Garlon
®

 3A decreased the survival and failed to 

increase the growth of the pin oak seedlings.  McLeod et al. (2000) found that treatment 

of competitive vegetation with Accord, a wetland-approved herbicide, prior to planting 

had no effect on growth and survival of the four red oak species and two non-oak species 

seedlings planted on a South Carolina upper coastal plain bottomland site.  Nix and Cox 

(1987) found that direct-sprayed glyphosate herbicide treatment applied to competing 
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vegetation around planted cherrybark oak seedlings reduced height growth and failed to 

increase diameter growth or survival in a South Carolina bottomland after seven years.  

Janzen and Hodges (1987) found that some unintentional herbicide damage might have 

occurred when glyphosate was sprayed on the cut stumps of undesirable species during 

the application of a mid- and understory removal, resulting in the mortality of a number 

of smaller desirable seedlings.  Unintentional herbicide damage may help explain the 

poor survival and growth of pin oak seedlings as well as the reduced numbers of new 

advance reproduction in ground flora treatment areas as compared to the areas where this 

treatment was not applied.   



 53

Conclusions 

Mid- and understory removal increases the amount of light reaching the forest floor.  This 

increase in light can lead to an increase in the Amax of natural seedlings, further proving 

the benefits of this treatment. To attain light levels suggested for optimal oak seedling 

growth and establishment, however, the removal of some overstory trees may also be 

required in combination with a mid- and understory removal treatment.  In some 

situations, herbicide treatment of ground flora may also be beneficial or necessary to give 

desirable seedlings an advantage, but in this study, the ground flora treatment yielded 

detrimental effects for seedlings in areas receiving this treatment.   

 

In addition to applying various treatments to manipulate forest structure to enhance oak 

seedling establishment, artificial reproduction may also be used to further increase the 

probability of achieving adequate numbers of the desired species in the future.  It appears 

that despite their greater initial size, bareroot and RPM
®

 artificial reproduction seedlings 

may not perform as well as natural seedlings already present in the forest given the level 

of removal implemented in this study.  Bareroot and RPM
®

 seedlings did, however, 

remain significantly larger than the natural seedlings after three years.  This may be of 

greater benefit to the prospect of achieving adequate advance reproduction as larger 

seedlings are more likely to be at or above the height of existing competing understory 

vegetation and are more likely to have a crown that is above the reach of deer browsing 

or floodwater inundation.  More time may be required to determine which of these is of 

greater benefit for the seedlings in this study.  The fact that the survivals of both bareroot 

and RPM
®

 seedlings were higher than those of natural advance reproduction may also be 
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a significant benefit of this artificial regeneration method.  Direct seeding of acorns may 

also be a potential means of artificially regenerating desirable seedlings, but in this case, 

germination and survival were poor, emphasizing the unpredictable nature of this 

regeneration method. 

 

The greatly increased proportion of natural pin oak advance reproduction present after 

three years can be viewed as a direct result of the mid- and understory removal treatment.  

This treatment provided the light that was needed for these seedlings to have sustained 

survival and growth after the carbohydrate stores in the acorns were depleted.  As these 

seedlings continue to grow, they should soon reach a position in the understory making it 

possible for them to recruit into the overstory once the existing overstory is removed, 

providing an opportunity for pin oak to maintain its dominant status in the overstories of 

these bottomland forests well into the future.  
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CHAPTER III 

PHYSIOLOGICAL RESPONSE OF NATURAL AND ARTIFICIAL PIN OAK 

(QUERCUS PALUSTIS L.) SEEDLINGS TO INCREASED LIGHT PROVIDED 

BY MIDSTORY REMOVAL AND UNDERSTORY CONTROL IN A SOUTHERN 

MISSOURI BOTTOMLAND HARDWOOD FOREST 

 

Introduction 

Regenerating oaks in mesic uplands and in bottomlands is an important concern 

throughout much of the Central and Southern United States (Lorimer 1993; Sander and 

Graney 1993; Wittwer 1991).  There are many factors considered responsible for current 

difficulty obtaining oak advanced reproduction.  In some cases, previous practices such 

as livestock grazing or high-grading have made it difficult for quality oak seedlings to 

become established in these forests (Nix and Cox 1987).  Changes in the hydrologic 

regime and other disturbances, both human and natural, as well as ecosystem alterations 

involving introductions of exotic species, insects, and diseases have all contributed to the 

current shortage of oak reproduction in many bottomland forests (Oliver et al. 2005).  

McLeod and Burke (2004) further noted that the unpredictable hydrology of these 

systems is a major factor contributing to the oak regeneration problem.  The annual 

variability in frequency, depth, timing, and duration of flooding, as well as the various 

tolerances of the species present to each of these factors, further emphasize the dominant 

role of hydrology in these systems (Clatterbuck and Meadows 1993).   
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One of the greatest obstacles that oak seedlings must overcome is an understory 

environment that is often poorly suited for the establishment and development of oak 

seedlings due to low light levels (Guo and Shelton 1998; Kormanik et al. 1998).   Low 

light levels beneath a closed canopy or a dense mid- and understory of shade-tolerant 

vegetation result in reduced survival and growth of oak advance reproduction (King and 

Grant 1996; Clatterbuck and Meadows 1993; Hodges and Gardiner 1993; Lorimer 1993).  

Light levels of less than ten percent are common in mature hardwood stands (Jenkins and 

Chambers 1989); whereas, most oak species seedlings perform best when receiving at 

least 35 percent of full sunlight (Kormanik et al. 1995).  The less than optimal light levels 

in the understories of many mesic upland and bottomland forests may be the single 

greatest factor limiting the continued growth and establishment of oak advance 

reproduction in these forests (Peairs et al. 2004).   

 

Forest structure can be managed to benefit advance reproduction by allowing more light 

to penetrate the canopy and reach the forest floor.  This can lead to an increase in both the 

numbers and sizes of oak advance reproduction prior to complete overstory removal.  

Intermediate removal of the overstory and/or midstory as well as control of understory 

competing vegetation are methods that have been suggested as methods to improve the 

understory light environment, to the benefit of oak advance reproduction (Hodges and 

Gardiner 1993; Loftis 1993; Lorimer 1993; Smith 1993).  An intermediate harvest that 

removed the midstory and some overstory trees in bottomland forests in South Carolina 

resulted in at least 628 new oak species seedlings per acre more than where no harvest 

activity occurred (Barry and Nix 1993).  Lockhart et al. (2000) found that manual 
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removal of intermediate and overtopped midstory trees followed by stump treatment with 

Tordon 101R
®

 in east-central Mississippi bottomland forests resulted in natural 

cherrybark oak (Quercus pagoda Raf.) seedling heights that were 1.5 to 3 times greater 

after nine years than those of seedlings in areas where the midstory was not controlled.  

Similarly, a light shelterwood treatment reducing basal area by 56 percent, to a residual 

of 48 ft
2 

ac
-1

, applied in a southern Virginia mixed hardwood forest resulted in 11 times 

greater height growth and 6 times greater diameter growth of underplanted northern red 

oak seedlings as compared to control three years after the treatment (Tworkoski et al. 

1986).  These findings reveal a pronounced benefit for oak advance reproduction when 

light levels in the understory are increased. 

 

While many studies have focused on the effects of an enhanced light environment on the 

growth of oak seedlings, little has been done to determine the physiological influence that 

an increase in light has on oak seedlings in bottomland settings.  This study was designed 

to evaluate the effects of mid- and understory removal and ground flora competition 

control on the growth and physiological responses of pin oak (Quercus palustris 

Muenchh.) seedlings.  The objective of this study was to evaluate and compare the 

physiological responses of both natural and artificial pin oak seedlings to mid- and 

understory removal.   
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Methods 

Design 

A randomized complete block design was used, with six blocks [2 sites (pools) x 3 

repetitions], each containing nine treatment units (Figure 1).  During the summer of 2002, 

three 10-acre blocks, each containing nine 1.1-acre treatment units, were established in 

each of the two management pools.  The blocks were positioned and configured so that 

they were internally homogeneous in stand conditions.  Elevation was considered when 

determining where the blocks were located as areas of slightly higher elevation where pin 

oaks were likely to managed for were chosen while areas known to be periodically 

saturated or inundated throughout the growing season were avoided.  In the center of 

each of the nine treatment units, a circular, 0.2-acre plot was established for inventory 

and classification of all trees ≥ 1.5 inches dbh (Figure 2).  All artificial reproduction was 

also implemented in the 0.2-acre plot area to minimize any potential edge effects.   

 

Treatments 

One of nine treatments was randomly assigned to each treatment unit within each block.  

The nine treatments included mid- and understory removal in combination with each of 

four pin oak seedling types (natural, direct seed, bareroot, and RPM
®

 container) and two 

ground flora control treatments (herbicide vs. none), plus one control (Table 5).  The 

purpose of the removal treatment was to increase the amount of photosynthetically active 

radiation (PAR) reaching the level of the oak seedlings.  The different artificial 

reproduction methods were selected to provide a reasonable comparison to the alternative 

of relying on naturally produced seedlings for regenerating oaks in bottomlands.  The 
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ground flora control treatment was conducted to remove competing herbaceous 

vegetation, as well as undesirable seedlings and woody vines potentially released by the 

removal treatment.  

 

Table 5. Seedling type, ground flora control, and mid- and understory removal 

combinations for the nine treatments. 

 
    

Treatment Number Seedling Type Ground Flora 

Control 

Midstory Removal 
 

 

1 
 

 

Natural 
 

No 
 

No 

2 
 

Natural No Yes 

3 
 

Natural Yes Yes 

4 
 

Direct Seeded Yes Yes 

5 
 

Bareroot Yes Yes 

6 
 

RPM
® 

Yes Yes 

7 
 

Direct Seeded No Yes 

8 
 

Bareroot No Yes 

9 
 

RPM
® 

No Yes 

 

 

The mid- and understory removal treatment was conducted during February of 2003 by 

spraying 0.34 ounces of Arsenal
®

 AC (20 percent concentration) into hacks made in the 

tree bole with a hatchet having a 1.25-inch bit.  This was done to remove all mid- and 

understory non-oaks as small as 0.5 inches dbh.  A single hack (plus herbicide 

application) was made for every three inches in dbh at approximately 4.5 ft above the 

ground.  The mid- and understory removal treatment was applied across each entire 10-

acre block, with the exception of the control treatments.  All treated trees were revisited 

after the first growing season, and those that had not died were re-treated with herbicide.   
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The mid- and understory removal treatment removed an average of 328 trees per acre (27 

ft
2
 ac

-1
).  The majority of these treated trees were red maple, green ash, American elm 

and sweetgum, all of which were found in the greatest abundances in midstories of these 

forests.  Following the mid- and understory removal treatment, canopy cover averaged 91 

percent in control plots, compared to 83 percent where the removal treatment was 

conducted, with no significant canopy cover differences between the declining (pool 3) 

and healthy (pool 8) stands.   

 

In April of 2003, pin oak acorns were planted within the 0.2-acre plots in all experimental 

units designated for direct seeding.  The acorns were purchased from the George O. 

White State Nursery in Licking, Missouri.  They had been collected during the preceding 

autumn and screened for soundness, stratified, and stored according to standard nursery 

practices.  In each 0.2-acre plot, 40 acorns were planted by hand 3 inches deep and 

approximately 15 feet apart in concentric circles around the plot center.  All planting 

locations were marked with a wire flag for future reference. 

 

Also in April of 2003, 22 1-0 bareroot pin oak seedlings from the George O. White State 

Nursery in Licking, Missouri and 22 RPM
®

 (Dey et al. 2004) container pin oak seedlings 

grown at the Forrest Keeling Nursery in Elsberry, Missouri from seed collected at Duck 

Creek CA were planted, each in their respective treatment units.  Each of the seedlings 

were first marked with a numbered, aluminum tag and were then planted approximately 

20 feet apart in concentric circles around the plot center.  In treatment units designated 

for natural reproduction, ten natural pin oak seedlings within the 0.2-acre plots were 
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selected and marked with numbered tags.  Those individuals that were 1 year old, as 

evidenced by presence of an attached acorn, were favored, but in areas where there were 

not sufficient numbers of 1-year-old seedlings, larger seedlings that were representative 

of the plot were selected.  The initial basal diameters and heights of all seedlings other 

than direct-seeded acorns were recorded immediately after planting and tagging. 

 

In June of 2003, the ground flora control treatment was applied within each 0.2-acre plot 

of those units designated for this treatment.  For the ground flora control, Garlon
®

 3A (20 

percent concentration) was applied with a Solo
®

 backpack sprayer to the foliage of all 

woody and herbaceous vegetation surrounding each tagged pin oak seedling (both natural 

and artificial reproduction).  Tagged seedlings were shielded during the herbicide 

application in an attempt to minimize injury caused by exposure to the herbicide. 

 

Measurements 

In July of 2005, Photosynthetically Active Radiation (PAR) Smart Sensors (Onset 

Computer Corp., Bourne, MA) were used to determine the amount of PAR penetrating 

the canopy and reaching seedling level.  These sensors were mounted on steel U-posts, 

with specially designed mounting brackets, and leveled at a height of 3 feet.  Each sensor 

was connected to a HOBO
®

 Weather Station logger (Onset Computer Corp., Bourne, 

MA) for continuous data logging.  Four sensors were used simultaneously in four 

different locations.  One sensor was always in an open area receiving full sunlight.  The 

other three sensors were positioned respectively in the centers of the control treatment 

unit, one removal unit receiving ground flora control, and one removal unit not receiving 
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ground flora control, all within the same block.  These sensors remained in place for 

approximately 48 hours so that PAR data could be logged continuously for an entire 

daylight period before the sensors were moved to another block. 

 

During the summer of 2005, the LI-6400 portable infrared gas analyzer (Li-Cor 

Biosciences, Inc., Lincoln, NE) was used to determine the photosynthetic response of 

seedlings under optimal conditions.  Four treatment units within each block were selected 

for examination:  control, removal only, removal + bareroot seedlings, and removal + 

RPM
®

 container seedlings.  The direct-seeded acorn treatment was not examined due to 

extremely poor (4 percent) survival, which limited the sample size.  Ground flora control 

treatments were also not selected to eliminate any influence that the herbicide may have 

had on the seedlings.  Measurements were made within the designated treatment units for 

each block on 14 and 15 June 2005 and were repeated on the same individuals on 2 

August 2005.  Four apparently healthy seedlings within each treatment were selected, and 

measurements were made on one leaf per seedling between 0900 and 1600 hr.  Relative 

humidity was maintained at ambient values while temperature (30 – 35 C), CO2 

concentrations (400 µmol mol
-1

), and irradiance (2000 µmol m
-2

 s
-1

) were kept constant.  

Following analysis with the LI-6400, each sample leaf was removed, bagged, labeled, 

and stored in a cooler.  Within several days, leaf area (cm
2
) was determined by passing 

each leaf through a LI-3100C leaf area meter (Li-Cor Biosciences, Inc., Lincoln, NE).  

Following a period of storage in a refrigerator, the leaves were re-hydrated for 24 hours 

and the weight of each leaf to the nearest 0.001 g was taken.  Specific leaf area (cm
2
 g

-1
) 

was calculated by dividing leaf area (cm
2
) by leaf mass (g).   
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Analysis 

The general linear models procedure (SAS version 9.1) was also used to evaluate the 

overall treatment effects (α = 0.05) on the light-saturated photosynthesis (Amax) and 

specific leaf area (SLA) of the selected reproduction types.  Measurements were grouped 

by treatment (control, natural without herbicide, bareroot without herbicide, and RPM
®

 

without herbicide) and regression analysis was used to investigate the presence of any 

correlation between Amax and SLA.  Regression analysis was also used to investigate the 

presence of any correlation between Amax and SLA for each of the reproduction types 

when modeled together. 
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Results 

The amount of PAR reaching the understory varied greatly between removal and control 

plots (Table 6).  Removal plots received 9 to 24 percent of full sunlight, averaging 16 

percent.  The PAR in control plots was considerably less, averaging only 3 percent.  

Within the removal plots, herbicide control of the ground flora had no effect on the 

amount of PAR reaching the understory.  Additionally, there were no significant 

differences in PAR between healthy and declining stands in either the removal areas or 

the control areas (Table 7). 

 

 

Table 6. Percent of full sunlight reaching understory vegetation by treatment type 

[control, mid- and understory removal (Removal) combined with ground flora control 

(GFC), and mid- and understory removal only] for each treatment block. 

 
      

 

 

 

Treatment Block 1 Block 2 Block 3 Block 4 Block 5 Block 6 Average 
               

 

Control 1.8 6.1 3.6 2.5 2.2 3.6 3.3 
 

Shelter + GFC 16.6 15.4 16.6 23.0 11.3 17.5 16.7 
 

Shelter Only 24.4 19.2 12.0 9.1 13.7 16.9 15.9 
        

 

 

 

Table 7. Percent of full sunlight reaching understory vegetation following mid- and 

understory removal in healthy and declining stands. 

 
 

Overstory Status 
 

 

Mid- and Understory Removal 
 

Control 

 

Healthy (Pool 8) 
 

 

16.7 
 

 

2.5 
 

Declining (Pool 3) 
 

15.9 
 

4.1 
 

Overall Average 16.3 3.3 
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Natural reproduction in the removal areas had significantly greater light-saturated 

photosynthesis (Amax) (p = 0.0065) than did natural seedlings in the control areas (Table 

8).  Conversely, natural seedlings in the control areas had significantly greater specific 

leaf area (SLA) (p = 0.0455) than did natural seedlings in the removal areas (Table 8).  

There were no significant differences in SLA or Amax between the sample periods (June 

and August).  Additionally, there were no significant differences in SLA or Amax among 

the planted bareroot and RPM
®

 container artificial reproduction seedlings and the natural 

advance reproduction in the removal areas (Table 8). 

 

Table 8. Average net photosynthesis (µmol m
-2

 s
-1

) and specific leaf area (cm
2
 g

-1
) for pin 

oak natural seedlings in control plots, and for natural, bareroot, and RPM
®

 container 

seedlings in plots where the mid- and understory was removed without ground flora 

control. 

 
 

 

Treatment 
 

 

 

Amax 
 

 

Standard 

Deviation 
 

 

 

SLA 
 

 

Standard 

Deviation 
 

 

Natural, Control 

 

3.74 

 

3.34 

 

105.46 

 

12.26 

 

Natural, Removal  

 

7.84 

 

3.89 

 

88.61 

 

15.98 

 

Bareroot  

 

5.87 

 

2.90 

 

92.48 

 

15.20 

 

RPM
® 

 

 

6.76 
 

 

2.87 
 

 

94.69 
 

 

17.77 
 

 

 

A regression analysis revealed a strong negative correlation between Amax and SLA (r
2
 = 

0.88) (Figure 7).  This trend suggests that as Amax increases, SLA decreases.  No 

significant correlations were identified between seedling biomass production after three 

growing seasons and Amax or SLA.  Additionally, no significant correlations were 

identified between the level of PAR reaching the understory and either Amax or SLA.  
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Figure 7. Relationship between light-saturated photosynthesis (Amax, µmol m
-2

 s
-1

) and 

specific leaf area (SLA, cm
2
 g

-1
) of pin oak seedlings with observations grouped by 

treatment (i.e. natural seedlings in non-harvested plots, and natural, bareroot, and RPM
®

 

seedlings in plots where the mid- and understory was removed without ground flora 

control). 

 

 

A model that projects the Amax of pin oak seedlings based on a given SLA was 

developed.  This model incorporates each of the reproduction types.  With p = 0.002, this 

model is significant, although it has an r
2
 value of only 0.11.  The model, shown in figure 

8, is Amax = 8.689 – 0.020 + (natural * 1.175) + (RPM
®

 * 0) + (bareroot * -0.912) + 

(natural control * -2.406), where the value for each reproduction type is either 0 or 1.  

This model also suggests that as Amax increases for a given reproduction type, SLA will 

decrease. 
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Figure 8. Projected light-saturated photosynthesis (Amax, µmol m
-2

 s
-1

) given any specific 

leaf area (SLA, cm
2
 g

-1
) for pin oak reproduction.  Treatments were natural seedlings in 

non-harvested plots, and natural, bareroot, and RPM
®

 seedlings in plots where the mid- 

and understory was removed without ground flora control). 
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Discussion 

Ultimately, the purpose of the mid- and understory removal was to increase the amount 

of PAR reaching the forest floor to benefit the oak seedlings while not releasing 

competing vegetation.  PAR reaching seedling level in the control was only three percent 

of full sunlight.  This is to be expected, as light levels of less than ten percent are 

common in mature hardwood stands (Jenkins and Chambers 1989).  The removal 

treatment resulted in a five-fold increase in PAR reaching the understory.  This is 

comparable to the findings of Lockhart et al. (2000) who observed a four-fold increase in 

PAR in plots receiving a midstory removal treatment over those not receiving midstory 

control in an east-central Mississippi bottomland forest. 

 

PAR reaching the seedling level following the removal treatment was still only 16 

percent of full sunlight.  Hodges and Gardiner (1993) identified maximum growth of 

many oak species seedlings as occurring at 30-50 percent of full sunlight.  Similarly, it 

was found that in cherrybark oak seedlings, intermediate light levels of 27 and 53 percent 

of full sunlight yielded greater biomass accumulation, greater height growth, and greater 

diameter growth after two years than did light levels of 8 and 100 percent of full sunlight 

(Gardiner and Hodges 1998).  Based on these findings, it appears that the increase in 

PAR reaching the seedling level may not be significant enough to enable pin oak 

seedlings to attain maximum growth.   

 

 

Even though PAR was only slightly increased by the removal treatment, Amax was 

significantly greater for the natural reproduction in removal areas than in control areas.  
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This finding that the minimal increase in light provided to the seedlings by the removal 

treatment was of benefit to pin oak advance reproduction suggests that even small 

increases in the amount of light available to seedlings may result in considerable gains for 

the species of concern, even if a maximum is not reached.  The absence of significant 

differences in SLA or Amax among the planted bareroot and RPM
®

 container artificial 

reproduction seedlings and the natural advance reproduction in the removal areas 

suggests that, at a physiological level, these seedlings are performing equally.  Although 

there were no differences observed after three years, it may take some time before these 

seedlings are able to fully respond to the light environment created by the removal 

treatment. 

 

The regression analyses revealed a trend of decrease in SLA as Amax increased.  A similar 

trend was noted by Henderson and Jose (2005) who found that in cherrybark oak Amax 

was higher for sun leaves than for shade leaves, while SLA was lower for sun leaves than 

for shade leaves.  This suggests that heavily shaded seedlings produce leaves with greater 

specific leaf area so that they can obtain as much incident light as possible, but that 

overall photosynthetic activity is reduced due to the relatively low light levels.  

Crunkilton et al. (1992) found that photosynthesis was two to three times greater for 

northern red oak (Quercus rubra L.) seedlings grown in the open than for those grown 

under a shelterwood treatment.  Gardiner and Krauss (2001) similarly found that Amax 

was significantly higher for cherrybark oak seedlings grown in full sunlight than for those 

grown in partial (27 percent) sunlight.  Gardiner and Krauss (2001) also found that leaf 

blade area increased as light availability decreased.   
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Sung et al. (1998) found that northern red oak seedlings grown under 70 percent shade 

(30 percent of full sunlight) had a 40 percent lower net photosynthetic rate than seedlings 

grown in full sunlight after two years.  They similarly found that white oak (Quercus alba 

L.) seedlings grown under 70 percent shade had a 30 percent lower net photosynthetic 

rate than seedlings grown in full sunlight after two years.  McLeod and Burke (2004) 

found that exposure of laurel oak (Quercus laurifolia Michaux.) seedlings to higher light 

levels in canopy gaps resulted in greater photosynthetic rates at light levels greater than 

150 µmol m
-2

 s
-1

.  Similar results were noted by Muraoka et al. (2003) who reported that 

light-saturated photosynthesis rates were higher in seedlings located in areas with higher 

light availability. These findings further indicate the physiological benefit of increased 

light on oak seedlings.   
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Conclusions 

Mid- and understory removal treatments can be used to increase the amount of light 

reaching the forest floor.  These treatments are likely to significantly increase the percent 

of full sunlight penetrating the canopy and reaching the level of understory vegetation 

compared to light levels of less than ten percent of full sunlight that are commonly 

observed in the understories of hardwood forests.  Light levels attained by this removal 

treatment can lead to an increase in the light saturated photosynthesis of seedlings 

currently present in the understory.  This increased photosynthesis can lead to higher 

survival and greater growth for the seedlings benefiting from the removal treatment, as 

well as increased establishment of new advance reproduction.  To attain optimal light 

levels for oak seedling establishment, however, the removal of some overstory trees may 

also be required in combination with a mid- and understory removal treatment. 
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