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ABSTRACT

The repetitious use of diameter-limit harvestingipland hardwoods has led to low-valued
stands with understory canopy layers containingtipehade-tolerant species. Desirable, shade
intolerant reproduction is limited to regeneratest stands. This study evaluated the
effectiveness of post-harvest herbicides (glypreaat sulfometuron methyl) and application
methods to accelerate the growth of natural oakmacky reproduction. Treatment areas received
clearcut treatments in the late winter/early spphg@014. Six treatment units were established
using banded foliar sprays, radial release spragsemergent broadcast sprays, or combinations
of methods, along with an untreated control. Peenaregeneration plots were measured pre-
harvest and after harvest (fall 2014) to evalua¢erégeneration response. Individual white and
red oak species along with yellow-poplar seedlingse measured for ground line diameter and
overall height. Second measurements were tak#eiwinter of 2017 (two growing seasons
later) to determine diameter and height growth geaivellow-poplar and oak species
reproduction per acre estimates, for the 2017 measents, for block A, B, and C were 850,
1,900, and 233 seedlings. Shade intolerant reptmauibrmed a greater abundance compared to
the shade tolerant species. It is proposed thdatger shade tolerant reproduction present
before harvest was completely removed during theeér harvest activity. Significant

differences were found between herbicide applicatior absolute ground line diameter change
for combined seedlings (P=0.0037), absolute habhhge for combined seedlings (P<0.0001),
diameter growth among species (P=0.02988), heightty among species (P=0.0399), diameter
change for sprout reproduction (P=0.0268), heiplnge in new germinant reproduction
(P=0.0245), height change for sprout reproducti®0(0001). Change in ground line diameter
for yellow-poplar new germinants was significareQF0161). The change in height comparisons
for the species with size class found yellow-poplanout reproduction (P=0.0031), white oak
new germinant and sprout reproduction were diffe(@=0.0152 and P<0.0001, respectively).
Sulfometuron methyl only treatments typically hiad greatest growth responses while radial
treatments using glyphosate performed the poofedense coverage of grasses established
following herbicide applications. The emergencgraiss likely reduced growth rates due to
altered microenvironments as well as competitiorrdot zone growing space, soil moisture,

and nutrients.
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1. STATEMENT OF THE PROBLEM
Diameter-limit harvesting is commonly practicedhe central hardwood region by

timber companies, and the use thereof is suppobstgativate landowners. In forested stands
that have been indiscriminately cut over severaé$, the regeneration response of desirable
species can be at best, compromised. An abundéisbade tolerant species typically persist in
the midstory and understory canopy positions ae¢tstands. Advanced oak reproduction
stocking is minimal. The application of the silMitwal clearcut regeneration method is
commonly the optimal prescription used to regeretfad stand with more desirable, shade
intolerant species. Following the clearcut, segdéitocking density is high which affects
juvenile growth rates. The application of herbaseeed control in conjunction with directed
foliar spray applications of glyphosate herbicidedduce stocking density will improve growth
of released seedlings. Targeted herbicide appdicatiay improve the slower- growing oaks’
competitive status compared to faster-growing sliidéerant species, including yellow-poplar.
A reduction in competing plant species around iitdigl seedlings may also promote improved
growth of preferred tree species. In addition, sgsecould also be selected to alter the future
stand’s composition. Herbicide applications appiiethe initial year following disturbance can
be accomplished operationally to successfully imprstands by using precision targeting to
minimize potential loss of beneficial stems. Suibviciltural activities will advance adequate
stocking of desirable species that may reduceiontaige, increasing the financial rate of return
relative to forest management. A high-graded stardlts from the removal of the more
valuable trees from the stand while retaining tberpr growing stock. Such stands may need a
greater level of active management to successfetjgnerate desirable shade intolerant species.
This study examines whether adequate oak regemenatil establish and develop in a high-
graded stand, by implementation of silviculturaazicutting, and if early herbicide applications
applied at the incipient stages of stand re-indratan improve early growth of naturally
regenerated oak and yellow-poplar seedlings. Ihiypotheses include 1) regeneration will
favor shade tolerant species following disturbasuug 2) greater growth responses will be
directly related to increased intensity of herbécapplications. In other words, applications
involving both sulfometuron methyl and glyphosagelficides should maximize seedling

growth. Sulfometuron is commonly used to releagellggys from herbaceous competition.



Glyphosate is a broad spectrum herbicide that dawdody plants but is also utilized for

seedling release.



2.LITERATURE REVIEW

Diameter Limit Harvesting

Sustainable forestry implies that desirable timgpacies can be commercially harvested,
but are successfully regenerated to form futunedstalncome derived from timber sales propels
forest management. In the southeastern UnitedsStaitgher financial values are associated with
high-grade, shade intolerant trees. Proper silwical prescriptions coupled with sound timber
harvesting methodology promotes the sustainalmbijgctive. Unfortunately, too often improper
timber extraction in the form of diameter limit kasting is conducted to maximize immediate
economic return while minimizing logging costs. 3 practice involves removing only the larger
sized stems above a threshold diameter from atéwtessand. However, diameter-limit
harvesting practices often result in impoverishatds (Fajvan 2006). The widespread
implementation of this harvesting technique isaalieg cause to the decreased true value of
otherwise economically attractive timberland (Fajaad others 1998). Noss and others (1995)
proposed that high-quality oak/hickory forests @amehe decline in areas across the central and
southern Appalachians. The authors also suggesti¢igaade in quality is attributed to species
composition shifts resulting from diameter-limitrtasting. The prevalence of shade tolerant tree
species is less advantageous for forest manageoepared to stands with greater
compositions of shade intolerant species. Trimb8¥8) reported that repeated single-tree
selection and diameter-limit harvesting lead toghér proportion of shade tolerant species in
the overall stand species composition along wiglergeral reduction in species diversity. Often
times, oak stem abundance is significantly reddckowing such timber harvests due to the loss
of desirable parent growing stock. The reductiosdad sources for preferred financially
attractive species occurs as they are targete@ooval. It is well-documented that harvesting
of timber used in the production of hardwood praddus species and quality driven (Luppold
and Pugh 2016). Fajvan and others (1998) obseha®6% of surveyed timber harvests in
West Virginia in 1995 reduced the basal area ofneon red oakQuercus rubrg, white oak
(Quercus albg yellow-poplar Liriodendron tulipiferg, ash Fraxinus sp), and black cherry
(Prunus serotinpby more than 80%. Fajvan (2006) assessed ninegytimber harvests in West
Virginia and observed that red maple regeneratensitly was almost three times greater than
yellow-poplar at 4 — 5 years post timber harvebe &uthor suggested that red maple height

growth is promoted over black cherry and yellow{pogrowth due to the shading created by



the residual overstory in diameter limit harvestas. Red oak species only comprised 1% of the
codominant/dominant stems and were usually oveeoyy other tree species. The original
stands in their study contained an average stodkingorthern red oak of 45 square feet of basal
area per acre. The inability of oak reproductioestablish greater crown positions is of great
concern amongst researchers and the implementaftdiameter limit harvesting only

compounds this problem (Schuler and others 2016).

Oak Regeneration Establishment

Establishment of adequate oak reproduction islproitic in undisturbed and properly
managed hardwood stands. O@kiércussp.) are some of the most difficult tree speades t
attempt to regenerate using common silviculturatpees and natural seed stock (Hannah
1987). Few acorns produced during a mast cropgeiiininate and form a seedling (Downs and
McQuilkin 1944, Marquis and others 1976). Oak siegdéstablishment is typically dependent
on masting events as most seeds are consumed dornrAgast years (Lorimer 1993). Impacts
from predation by insects and animals inhibit te&klishment of oak reproduction (Marquis
and others 1976, Galford and others 1991). Sesidaiion due to a loss of seed moisture
content that occurs in the winter dormant seasamigjor cause of seed loss (Korstain 1927).
Downs and McQuilkin (1944) reported that only abd8% of white oak acorns studied in their
project were sound enough to germinate and fugpproximately 6% of these seedlings had at
least a fair chance to survive. They also sugtpasta minimum of eight seed trees per acre are
needed to supply enough acorns for germination.tHese acorns that do survive, adequate
light must be available for the seedling to grovsire and become an overstory tree. Carvell and
Tryon (1961) reported that oak’s ability to becoeséablished was not related to environmental
conditions, but to their ability to persist. Thenpary reason that oak reproduction fails to form
dominance in the future stand is usually attributed lack of adequate, sizeable advanced
reproduction present at disturbance (Sander 1$Iayv growth rates also contribute to less
competitiveness by oak as compared to faster ggpspecies, such as yellow-poplar, to capture
available growing space. The abundance of shadeattl stems in the understory and midstory
of oak-dominated stands has been linked to chang#isturbance regimes, changes in climate,
changes in herbivore pressure, loss of native speand the establishment of alien species

(McEwan and others 2011). Introducing a procestistéirbance via silviculture prescriptions



that mimic those that resulted in oak-dominantdsamas proved to be challenging across the
east (Loftis 1990, Schweitzer and Dey 2011, Huttimand others 2016, Miller and others
2016, Schuler and others 2016). It has been hypiate that historically, relatively open
conditions in oak-dominated stands were maintainefitequent, low-intensity, surface fires that
removed fire-sensitive species and favored firereoit oak in the regeneration layer (Abrams
1992, Hanberry and others 2014, Stambaugh andso204i5). This explanation for the
widespread and long-term dominance of oak is knasvthe fire and oak hypothesis (Abrams
1992, Arthur and others 2012). Many oak specieganerally drought tolerant, have relatively
thick bark, readily stump sprout, and compartmézrgalounds; all fire adapted traits (Abrams
1992, Stambaugh and others 2015)

The establishment of oak reproduction initiallguees an abundance of viable acorns.
Greenberg and Parresol (2000) found that on avereges, 29% of oak stems in a given stand
will produce acorns; whereas in a good year, batw@— 90% of oak trees will yield acorns.
Acorn production consistency typically ranges betwspecies and individual trees (Downs and
McQuilking 1944, Burns and others 1954, Gysel 18rp and Sprague 1967, Christisen and
Kearby 1984, Koenig and others 1994, Sork and sth@93). Goodrum and others (1971)
suggest that intrinsic features such as age oiigiizeence acorn production. Others demonstrate
some relationship between external conditions siscstand density and acorn production
(Healy, 1997). Results of this study confirm Beq@877) findings that on average, northern red
and white oak are superior acorn producers. Howévisrstudy among others clearly illustrate
the importance of maintaining mixed oak stands;esinterspecific differences in temporal
masting patterns often offset complete mast fasl(Beck and Olson, 1968, Beck 1977,
Chistisen and Kearby 1984, Koenig and others 194ther, the distinction between numbers
versus green weight and dry, edible biomass ofrscproduced is important for land managers
who wish to maintain a specified mast capabilityarest stands.

Given the enormous variation in fecundity amordjuiduals, it is not surprising that
larger trees produce more acorns; this is priméylyirtue of their proportionately larger
crowns. Tree diameter alone contributed little ifeecences in fecundity among individual trees.
Stems in the more dominant size classes suppliulkeof seed available. Downs and
McQuilkin (1944) observed the best crops typicaltgur on sizeable trees with diameters at

breast height of twenty inches or greater and fgavigorous crowns. Burns and others (1954)



observed that larger crowned oaks typically producere mast in a given stand. These
dominant stems are typically targeted for harvesing diameter limit harvests.

High variability in acorn production among indivial trees obscures any potential
relationship between tree size and the numberaham? BA. The weak to non-existent
relationship between tree BA alone and acorn priddtichas been noted in other studies
(Downs and McQuilken 1944, Burns and others 1954e6:1956, Sharp and Sprague 1967,
Chistisen and Kearby 1984, Koenig and others 1881k and others 1993).

The loss of parent oaks is particularly problemétadvanced oak reproduction is not
already established on the forest floor. In thee@dsmature upland hardwood stands that have
remained undisturbed, advanced oak reproductiasually lacking or near non-existent in
understory positions (Hodges and Gardiner 19QRgrcusspecies are desirable, and a
considerable body of work has been published degauercus ecology and silviculture
(Johnson and others 2009). Various scientists hdvecated the use of selection (Loewenstein
and others (2000), in xeric Quercus forests), shgtiod, and clearcut regeneration methods
(Roach and Gingrich 1968, Sander 1977, Loftis 1988nson and others 2009) to sustain
Quercusdominated forests depending on the site qualiyipreand competing species. But
failures to regenerate Quercus by these varioukadstalso are commonly reported in the
literature (refer to review by Johnson and oth@39).

Various silvicultural practices are typically recpad to enable oak to develop into
competitive size classes. Even when an abundanzakojerminants occurs after a good seed
crop, sheer numbers of small seedlings are notgimtmiensure oak regeneration success to
form the future stand (Janzen and Hodges 1987 ,Hantland others 2000, Stringer 2005. Sander
1979, Smith 1986, Hannah 1987, Loftis 1983, Ldi890, Beck 1991, Schweitzer and Dey
2011). Ward and Stephens (1994) suggested thatvdakh show early dominance have the best
chance to survive and establish a place of proncmé@nthe upper crown classes once the stand
reaches maturity. Sander (1971) suggested thahadvaproduction is imperative for asexual
reproduction via sprout growth following clearcagi His study indicated that oak sprout
growth was related to ground line diameter of tieensand that larger seedlings or saplings
resprouted and grew at faster rates. Other statBessupported that stem diameter was a
significant predictor of sprouting potential follovg timber harvest (Johnson 1977, Bruggink

1988, Weigel and Peng 2002). The most optimal siemfor sprouting were stems between



one-half to one inch in diameter as these stems ®algle to attain a position in the dominant
canopy and produced fewer sprouts per stem comparegeneration greater than one inch.
Oaks, however, lose their propensity for develoitugnp sprouts with increasing stump
diameter or age (Johnson 1977, Johnson 1992, Ma@®8ivens 1984, Weigel and Peng 2002).
A pre-commercial crop tree release, which thingpamgoak sprouts down to one individual
stem, will increase height, diameter at breasthteagd volume compared to stump sprouts with
multiple stems (Lowell and others 1989, Dwyer atlteos 1993).

Various studies have provided acceptable stodiewels of advanced oak regeneration
necessary to assure oak prevalence in future mstiamds. Clatterbuck and Meadows (1993)
estimate that a bottomland hardwood stand has ffeggnerated to oak if it has at least 150 free-
to-grow oak stems per acre three years after harSesilarly, Sander (1972) advocates having
at least four hundred well-distributed, large (4¢tftall) oak stems per acre. Resprouts from
large seedlings of this size had the greatest hgiglwth and were the only size of oak
reproduction that obtained dominant or codominamiva class twelve years after overstory
removal. Sprouts that originated from large advaepeoduction grew almost three feet in
height during each of the first two years followicgmplete overstory removal (Sander 1972).
Retention of some oak as residual stems could paligrserve as a regeneration source.

The use of diameter-limit harvesting as multiplé&ies over time often removes most all
desirable parent trees that could supply seecefygneration. Diameter-limit harvested areas
typically contain a greater abundance of shadeanteegeneration and low levels of established
oak reproduction on the forest floor (Fajvan 2086éilegmann and Ward 1993, Heilegmann and
others 1985, Smith and Miller 1987, Trimble 1978)the point where a stand exhibits these
conditions, the land manager’s optimal solutiotoiprovide more sunlight to create favorable
environmental conditions for higher financially vat, shade intolerant species establishment. In
some regions, such as the northeast, shade totergat maple may also be acceptable growing
stock and could be targeted for management. Thegsevierished stands may then become
successfully regenerated with desirable tree spatian acceptable stocking rate to form the
future stand. The use of the clearcut regeneratietmod often maximizes the abundance of
desirable natural hardwood regeneration comparethter regeneration methods (Clatterbuck
and others 1999, Ward and Stephens 1999, Jensdfaandk 2008). Even-aged regeneration

methods, including the clearcut and shelterwoogdsimethods, usually have a high



reproduction establishment rate of 10,000 — 4046Ms per acre (Johnson and Krinard 1988,
Romagosa and Robison 2003).

Schweitzer and others (2006) observed that plasa&dseedlings growing in full-sun
within a clearcut were statistically taller and lgadater leaf density and flushes after one
growing season compared to oak seedlings growhaded conditions under a shelterwood
harvest area. These researchers also discoveteaftdraone growing season, the sun grown oak
seedlings planted in a clearcut had greater basalgrowth than oak seedlings in the
shelterwood areas. Sander (1972) reported that ledenpverstory removal had significantly
taller natural oak reproduction after two yearsithath partially cut and uncut plots. In this
study, the seedlings within completely cut ploteraged almost twice the height of seedlings in
uncut plots after twelve years. Miller and oth&8(@6) also stated that shade intolerant
reproduction has 30 — 40% greater basal area ptiodytwenty years after disturbance, in
clearcuts compared to shaded environments in tved-agd shelterwood harvested stands.
These findings suggest that the clearcut methoar$ashade intolerant regeneration and oak
development if an adequate number and size of deiaed reproduction are present.

Natural regeneration is also the more economiedthactive management option due to
the inhibitive cost of establishing hardwood regatien via artificial means (Duryea and
Dougherty 1991, Minore and Laacke 1992). Greatewtir may also be expected from relying
on natural regeneration compared to artificial regation. A study conducted in east Tennessee
concluded that natural oak regeneration in a cledrarvest had significantly greater growth
(94% for white oak and 228% for northern red oakppared to hand planted oak seedlings
(Jackson 2006) 36 years after establishment. Thoagheproduction recruitment is often
elevated following a clearcut harvest, these segdland sprouts have slow growth rates and are
rapidly overtopped by pioneer tree species anddoedis vegetation (Hannah 1987, Nix 1989).

Clearcutting for Regeneration

Sunlight exposure is maximized following a clearcarvest which stimulates a wide
range of plant types. A high emergence of varimgetation including less desirable tree
species, herbaceous weeds, and grasses can odklseedling development or even cause
mortality (Robison and others 2003, Stringer artbist 2009). Many oak stems in young stands

succumb to competition for growing space and lichiesources before, during, and after crown



closure. Johnson and others (1989) documentedetiatak density decreased by 69% between
the ages of 5 — 11 years of age. Ward and Heilagmé1990) similarly reported oak density
decreased by 92% during the initial 18 — 20 ye#es alearcutting. Future prevalence of
northern red oak in dominant or codominant crowsitpans within a clearcut at age twenty is
less than half of the northern red oak preserttenupper canopy when the stand was at eight
years of age (Loftis 1990).

Research findings suggest that supplying adecuuatigght by controlling competing
vegetation is critical for keeping oaks dominand &ree to grow (Abrams 1992, Hannah 1987,
Loftis 1990, Dey and Parker 1996, Ward 2009). Tlagonity of oak species are listed as either
intolerant or intermediate in shade tolerance (Bund Honkala 1990, Clatterbuck 2005). When
overtopped by dense plant competition, oak stemghbgrowth is suppressed and mortality can
occur. Lorimer (1981) revealed that oaks musnb#oiminant or codominant crown positions to
have acceptable survival for the initial forty y®after a disturbance. Thus, some form of
silvicultural activity, such as cleaning and weeglimay be necessary to keep oaks competitive.
Early release treatments have also been suggedieding a clearcut to maintain oak
competitiveness; this may enable oak stems to eaypiobtain a dominant canopy position
(Beck 1970, Hannah 1987). Such releases shoulggied when the regenerating stand is four
to five years of age (Beck 1970), although Thompesaeh Nix (1992) advise an even earlier
application prior to the extreme overtopping by peting vegetation. Without some form of
silvicultural management, non-oak species grow liatger size classes and become more likely
to outcompete the preferred oak regeneration (BadkHooper 1986, Johnson and others 1989,
Ward and Heilegmannn 1990).

Thinning and Prescribed Fire to Favor Oak Reprodurt

Prescribed fire and herbicide have been studiededlods to keep oaks competitive
while suppressing unwanted competition from othee species. The implementation of fire
alone has not successfully suggested that this geamant tool will successfully establish
advanced oak reproduction. The results of presgfiipe vary in part due to differing fire
intensity related to the season of burn (Van Lear@hers 2000). Hardwood resprouting ability
is greatest when carbohydrates reserves withinoibts are high. This is most evident in the

dormant season (Van Lear and others 2000). Implengegrowing season burns is suggested to



reduce less desirable hardwoods (Brose and Vanll98). In addition, fires of higher intensity
have shown greater control levels of competing\waatl species. Brose and others (1999) state
that an area that receives a high-intensity sgvung will develop into an oak dominated forest
(75 — 80% of species composition) after just oresgnibed burn. These researchers observed
that oak seedlings were about three times moredaminn burned areas versus that found in
unburned controls.

Generally, multiple fires conducted over a decadeore will be required to adequately
regenerate oak (Hutchinson and others 2012). Numsdnees are needed to suppress the more
rapidly growing shade intolerant tree species dbageother competitors such as red maple.
Though fire may topkill multiple competing speciassignificant proportion of these plants will
resprout from root suckers or from the stump (Dey Ban 2008, Albrecht and McCarthy 2006,
Iverson and others 2017). Huntley and McGee (1881nd that red maple resprouted
vigorously and increased in abundance followinghmg activity. The authors also revealed
that the more desirable northern red oak did rejrnait to the same degree as black, scarlet,
white, or chestnut oak, and that the preferredisperegeneration abundance actually declined
on site. Alternatively, Brose and Van Lear (1998)icated that fire intensity was critical in
controlling yellow-poplar reproduction and to impeothe growth rate of sprouting oaks. They
stated that yellow-poplar and other competing s=edid still occupy the site and that additional
fires would likely be necessary to enable oaksaimidate the site. Brose and others (1999)
proposed that areas receiving low intensity firegardless of season, will likely develop into
stands containing primarily yellow-poplar stems.

The use of single fires will unlikely alter speci@mposition in favor of oak (Huntley
and McGee 1981); thus multiple prescribed burnthveiinecessary to attempt to achieve an
acceptable species composition to form the futtareds Other studies (McGee 1979, Dey and
Fan 2008, Albrecht and McCarthy 2006) suggestsimgfle burns are less likely to result in
long-term changes in the species composition inpdand hardwood stand. Each burn also has
detrimental effects in the form of loss of growtidahe potential to lower stand quality through
burn damage to the bole. Alexander and others (2@i88overed that prescribed fire did not
affect stocking of sassafras but did result in apipnately twice the height and basal diameter
growth for that species. Iverson and others (20diif)essed sassafras had enhanced recruitment

of large seedlings on xeric sites following firdniJ response is problematic however as a dense
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understory of sassafras may suppress developingegakeration. Measurements in Iverson and
others (2017) study indicate that annual heightlzashl diameter growth for sassafras was 1.5 —
2.5 times faster than oak. The researchers alsrnaatsthat a single prescribed burn did not
impact red oak survival but increased mortalitytate oak seedlings almost twice as much as
unburned controls. The authors suggest that theevalak seedlings were of smaller stature as
compared to the red oaks, and that this led tgtbater mortality rate.

Repeated burns have been observed to negativebt atirvival rates for both red and
white oak seedlings compared to the control treatsadey and Hartman (2005) observed that
multiple fires resulted in topkill for multiple spies, and the majority of advance regeneration
was restricted to the smallest height class (ong.fdohnson (1974), along with Dey and Parker
(1996), reported that a low intensity dormant-sadsarn can result in high mortality (>70%) of
young oak seedlings less than three years of agh.igtensity fire can kill most stems
occupying midstory canopy positions; this is fawdeafor increasing sunlight penetration but
can damage or even cause mortality in overstoegt(Brose and others 1999). The use of
prescribed fire most often must be accompaniedhyesform of overstory disturbance to allow
small oak seedlings to remain competitive with shiderant tree species on high quality sites
(Dey and Fan 2008). A positive response may ordyltafter multiple prescribed burns as well.
This implies that multiple management applicatiaiiEbe necessary to establish the desirable
reproduction. Given these various findings, it barsuggested that prescribed fire yields
uncertain oak regeneration responses. The inabiliiye or the need for multiple fires to assist
in oak regeneration establishment potentially satgghat fire is an inadequate management

option for promoting oak reproduction and developtme

Chemical Competition Control

Other research has looked at chemical applicatmmaprove the growth and survival of
oaks in hardwood stands. Often, early survivallah{gd hardwoods can be low due to various
biological factors including plant competition. lBaide applications have been scientifically
conducted at various stages of early developmesgitd@giate high mortality and enhance early
regeneration growth. Approximately ten or more gester regeneration is in place, pre-
commercial thinnings or timber stand improvemeny fo@ used to enhance tree growth.
Various studies (Hopper and others 1992, Ezell@aidhot 1997, Ezell and Hodges 2002, Ezell
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and others 2007, Self and others 2008) suggesthieatical release of planted hardwood
seedlings improves early survival rates. The usaitfibmeturon to control herbaceous weeds
improved overall oak seedling survival in studytpleeceiving competition control by 20% or
greater compared to untreated controls at the etite@rowing season of the initial year (Ezell
2000, Ezell and others 2007). A survival rate oF-880% is common for oak seedlings that
receive chemical release during normal precipitayiears (Grebner and others 2004). Likewise,
post-emergent applications utilizing glyphosatenowes height growth in hardwood species
(Hopper and others 1992) in addition to oak segdurvival. Hilt and Dale (1987) concluded
that increased intensity of pre-commercial thinmesulted in greater diameter growth in stands
13, 17 and 21 years of age.

A study by Thompson and Nix (1992) observed thaltyecrop tree release within a four
year old clearcut using various herbicides sigaiiity decreased herbaceous and woody plant
competition. This reduction in competition resultedncreased seedling ground line diameter
growth but did not improve height growth compare@adntrol treatments. Nix (2004)
remeasured the released natural oak in the clegmcwyears after the initial chemical release
treatments and reported that four herbicide treatsngignificantly increased diameter growth of
released oak seedlings. The researcher suggestpiiiging herbicide release treatments assists
in enabling desirable oak to form dominance indherstory canopy.

Research has demonstrated that release treatoaenitsprove seedling survival,
diameter growth, and potentially ensure selecteahstwill obtain superior crown class
(dominant or co-dominant) positions. Demchik andrb (1999) observed that herbaceous
vegetation control increased height growth of redtnorthern red oak regeneration. One study
by Carlisle and others (2002) surmised that in&edsvels of competition control significantly
resulted in greater height growth of various hard@vepecies. Conversely, a study by Schuler
and Miller (1999) indicated that a wider five faatial release of sheltered northern red oak
reduced vertical height growth compared to loweelg of control and greater competition.
Sweetgum seedlings that received a chemical relesisg a glyphosate herbicide had significant
increases in both 5-year height and diameter gr¢dudtter and others 1987). Self and others
(2008) reported that a pre-emergent applicatiocsutibmeturon resulted in significantly greater
total height growth for planted Nuttall and whitekoseedlings compared to release applications

using glyphosate. Robison and others (2003) sudhils® both height and diameter growth
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significantly improved following competition contrseatments in stands ranging from 1 — 13
years of age. The number of chemical applicati@msimpact seedling development however.
Self and others (2008) reported that repeated tidebapplications conducted routinely over a
three-year period resulted in less growth comptrgue-emergent only and pre-emergent plus
one time foliar release treatments. A growth respanay also not be evident in the early years
following oak seedling release from competitioncB€1970) documented that oak seedling
growth was not statistically significant until thih year following overstory removal and a low
vegetation control treatment. A chemical releasg sterten the normal length of rotation for
oaks by 10 — 15 years (Clatterbuck and Hodges 198®&se studies indicate that an early
chemical release may dictate the species composifithe future stand.

In some instances, chemical control may adequatgipress the initially targeted
competing vegetation but may favor the establishrokanother plant species that responds
favorably to the removal of the initial plants. Eznd Catchot (1997) observed that broomsedge
and other grass species were problematic planta wieg sulfometuron methyl to release
planted hardwood seedlings. This same herbicidalsasbeen shown to have negative results
on some species of hardwoods. Horsley and oth8@2jIeported that both black cherry and
white ash were sensitive to treatments appliechdittie active growing season following leaf
expansion. The control of these species may beseapewhen attempting to regenerate oak.
Alternatively, the researchers found that norttrechoak and black oak were not sensitive to

applications of sulfometuron methyl (Oust XP®) aon

Stocking Density Reduction

Reducing stocking density can also lead to enlthd@ameter and volume growth.
Previous research by Gingrich (1967) indicates qnaidratic mean stand diameter increases
with reduced stocking levels. Numerous researatiiestlon planting and spacing depict greater
average stand diameter with wider spacing or |lestend density (Kennedy and others 1987,
DeBell and Harrington 2002, Kennedy 1993). Basethese findings, reducing natural
regeneration stocking density will accelerate dig@mgrowth and ultimately reduce the harvest
rotation age. The incorporation of chemical releggalied to desirable natural regeneration

should also encourage dominance in the future digutlde released oak reproduction.
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3. METHODS

Site Description

The study site is located on a private landholdmeyest-central Tennessee. The
Houston/Humphreys County line dissects the areackBA is physically located within
Humphreys County; Blocks B and C are located withauston County. The physiographic
ecoregion is the Western Highland Rim — highly eledsd plateau (Smalley 1986). The land is
within the mixed-mesophytic forest region as ddsmtiby Braun (1950) with white oak
(Quercus albg southern red oalQuercus falcaty chestnut oak@uercus montanablack oak
(Quercus veluting scarlet oakQuercus coccinéahickory Caryaspp.), blackgumNyssa
sylvaticg, red mapleAcer rubrumn), sugar mapleAcer saccharumm black cherry Rrunus
seroting and yellow-poplarl{riodendron tulipiferg forming the majority of the overstory
species composition. Midstory and understory carapgrs also contained flowering dogwood
(Cornus floridg, sourwood ©xydendrum aboreumsassafrasSassafras albidujpeastern
hophornbeam@strya virginiang, elm Ulmusspp.), and American beedRagus grandifolid.
The sites had at least one diameter limit harwvesite past as indicated by residual stumps. One
or more additional diameter limit harvest(s) prdgadzcurred within the area. The most recent
harvest likely occurred between 1990 — 1995. Maslisturbed forestland in that region is
dominated (80% or greater) by oak species. The sailthe study site were Bodine gravelly silt

loams (5-40% slopes). Site index values for whétk are moderate (value of 75; base age 50).
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Figure 2. Research general and block locationthisdegraded stand regeneration study located

in west-central Tennessee.

Block Delineation

Four individual experimental blocks were chosertlie study to ensure an adequate

amount of volume was available to improve feagsipiif a timber harvest. Three of the four

blocks were then selected to contain the replioatior the actual research project. Each block

was located on a similar aspect and soil type.&agpects for each block were north/northeast.

Block borders extended from the ridge position delepe. Bodine cherty silt loam is the

dominant soil type on each site. The potential lblocations were selected using 7.5

topographical quad maps on GIS (Geographic InfaomeBystems, Erin, TN) software. Corner

position GPS (Global Positioning System) coordisatere derived using GIS software for each

individual block. Blocks were approximately ten Y Heres. Waypoints (latitude/longitude

coordinates) were established for each corneryrgaren block. Care was taken to clearly

delineate the treatment areas; corner waypoints dewnloaded into a handheld Garmin®

(Olathe, KS) GPS unit, block perimeters were thandrsed and marked with blue tree marking
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paint. To ensure confinement to the timber remaved, boundary stems were marked
approximately six to seven feet above the groumthse and multiple spots on the stump. Forest
woods roads already existed that enabled accedisthe individual blocks. Figure 1 depicts the
locations of the three blocks used for the research

Two logging companies viewed each of the poteifbat blocks to determine feasibility
and interest for harvest implementation (clearcethod). Each company had the ability to
provide a chipping machine to process tree tops.rémoval of logging slash was a requirement
for the study as it enhanced accessibility acrossites for herbicide applications. Field visits
were conducted with the logging company. After edesation of operativeness, one block was

removed from the study due to excessive slope andnpad access.

Stand Inventory Plots

A pre-harvest stand inventory of all merchantaiéens with a diameter at breast height
(dbh) greater than four and one-half (4.5) inchas wonducted. The three blocks were
calculated at approximately ten acres each, poibiatvest. The inventory data were based on a
15% sample of the block areas using fixed plotsitisted across the interior of each of the
blocks. Thus, 15 fixed-radius plots were establisineeach block. A pre-harvest inventory on
merchantable stems and advance reproduction wleetea on tenth-acre plots to quantify
merchantable timber and stand conditions (Figur®8&)a collected for all trees within the plots
included diameter at breast height (DBH), oculdinestion of merchantable tree height, and a
tally of all trees, by species, on each plot. Dissneneasurements were taken to the nearest tenth
of an inch using a d-tape. Merchantable heightecasgar estimates to a four inch top for
pulpwood and a ten inch top for sawtimber sizethstéestimates for basal area by species, trees
per acre, diameter distribution, volume estimades, appraised financial value were derived
using these plot measurements. Natural reproduatamestimated using 0.01-acre (tenth) plots
nested in the larger plot. Polygons for each bleeke created in a GIS shapefile. Plots were
created using a plot generator function tool. Algtpwhich landed within a dissecting road in
the block were relocated within the forested aRbat placement within the block resembled a
“shotgun pattern” distribution. The following illtration shows the potential plot layout for any

given 10+ acre block.

17



Figure 3. Diagram of measurement plots within asésirunit for the hardwood response study in
west-central Tennessee

Additional regeneration subplots were establishiddcations approximately 50 feet to
the northeast (45° degrees) of all odd numbereis pdoincrease sample size. This equated to an
additional eight regeneration subplots (23 totgereeration plots) on each block. Sample
reproduction stems were tallied by species andhheigsses. Size classes included categories of
0-3 feet in height, 3-6 feet in height, greatemthanch ground diameter, greater than 3 inches
ground diameter, greater than 6 inches ground dexme

Plots were downloaded into handheld Garmin® 60 GifiSfrom the GIS software. The
handheld unit was then employed to install thesptot the site. Plot centers were marked using a
seven-inch piece of polyvinyl chloride (PVC) pipétwpaint applied to above ground portion.
These PVC pieces were then driven into the groartesignate plot centers. Latitude/longitude
coordinates were also collected at each plot lonaising a Garmin® handheld GPS unit. Three
to four surrounding trees’ trunk bases were alstkathwith tree paint, with the mark facing plot
center. This marking enabled the triangulationlot penter when GPS coordinates proved

unreliable during re-visitation.

Block Establishment and Harvesting

Once the pre-harvest inventory was completediwibdogging companies were
contacted for availability to initiate the timbearkiesting operation. Representatives from the
two logging firms were taken to the sites for dssion of conducting logging operations.

Jarman Logging Companigcated in Vanleer, TN (Dickson County), was sedddo conduct
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the logging operation based on both landowner peatee and ability to implement timber
cutting sooner in the initial year. Timber harvegtbegan in early March of 2014 on block A.
One loading deck was established at the southelofethe opening adjacent to a permanent
road. Trees were cut using a Caterpillar® (Catlnpihcorporated, Deerfield, IL) 563 feller-
buncher, moved upslope to this road, then a C#i&®i535 skidder transported materials to the
loading deck. Tree tops were also processed db#ueng deck in a wood chipper. Timber was
extracted along the central ridge road that exteraeoss the linear clearcuts. A total of
eighteen (18) acres was actually harvested. Parobthe stand situated on the lower side slope
where not harvested because of slope steepnes&dtiag of block B began near the beginning
of April of 2014. A steep hollow within the centgadrtion of block B was not harvested. The
harvest created two large openings separated hyntte steep hollow. Two loading decks were
established at the upper slope positions on thé sigs of the two patch clearcuts. The trees
were cut then skidded directly upslope using araéméd skid trail in each opening. The edge of
the timber harvesting overlapped the boundariekedawith tree paint. This action was
necessary for an adequate opening size to accontenthdastudy. Approximately ten (10) acres
was harvested upon completion of block B. The tintfi@@vesting on block C was completed in
June of 2014. A portion of this block within a gierain was also left unharvested. The harvest
zone extended beyond the southernmost boundahgdflbck however resulting in
approximately ten (10) acres of timber being rendo¥@ne loading deck was established at the
top of the slope on the south side of the cleavsilifelled material was skidded directly upslope
on a centralized skid trail along the western portf the opening. The eastern portion of the

clearcut had logs skidded directly to the loadieglkdwithout a centralized trail.

Treatment Unit Delineation and Establishment

Installation of individual treatment units follodiéhe completion of harvest activity in
each block. Six (6) treatment units were estabtishi¢ghin each experimental block. Units were
established at least 50 feet from the boundarii@hiarvest to eliminate shading bias from the
clearcut perimeter. An approximate 10-foot buffeipsvas placed between individual
treatments (measured seedling groups) to mininpeaydrift impacting adjacent treatment units
during herbicide applications. An individual tre&imt unit encompassed approximately three-

quarters (%) of an acre. Corner rebar markers w@ozed in blue tree paint and florescent
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orange spray paint in a horizontal stripe pattBiatance between corners and rebar rows was
measured using a 100’ tape and 75’ logger’s tapsrApass was also used to assist in
maintaining line straightness. Shape of each treatmnit varied between blocks due to the
uniquely shaped openings created from the timberelstéing operation. Physical randomization,
by means of pulling numbers out of a hat, was tgetktermine treatment designation for each
unit. Treatments included:

* control

* herbaceous/grass control herbicide only

* radial seedling release

« radial seedling release + herbaceous/grass ¢ontro

* banded strip sprays

 banded strip sprays + herbaceous/grass control.

Unit layout design varied amongst each block bseai the incomplete harvesting
associated within the block (Figures 1 — 3). Stebar was placed at even intervals around the
eastern/western perimeters of each treatmentrupitder to serve as guidelines for spray
applications. Twine was tied to each end of suéeessbar. Banded sprays were conducted
along the twine (approximate four foot width) toimain uniform spray lanes. One exception to
this rebar placement delineation was the bandea/gpratment unit in Block C. Rebar within
this particular unit was placed on the northern smuathern perimeter. This unit had to be
“fitted” in order to accommodate the opening siZentrol and radial release units had rebar
spacing of approximately twelve feet apart. Banaleits were spaced approximately eight feet
apart. Florescent flagging was also tied arounddpeof rebar sticks to enable visual
determination of treatment types. Blue coloreddlag denoted control units, orange flagging
identified radial treatments, and pink flaggingicaded banded treatments. Nylon twine was
utilized within units that received banded spraatments. The twine lines were attached to the
rebar and served as guidelines to facilitate atewgpray applications. Placement of rebar and
twine accomplished two objectives:

1. uniformly delineate spray paths for banded spray
2. represent a row with a select number of seesllingpe measured following the clearcut
harvests.
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Figure 4. Treatment unit row delineation using §jed rebar (previous page); twine guide lines
essential for conducting uniform banded spray appbns (above) for the hardwood response
study in west-central Tennessee.
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Post-Harvest Plot Re-establishment

Previously established regeneration plots werstabéshed and assessed following
harvest. Measurements were made at the end ofshg@rfowing season post-harvest (October
2014). Plot centers were relocated using a handbBBE unit. This methodology unfortunately
was unreliable. Some plots were triangulated utiagnethod of tree paint applied to individual
tree trunk bases, but most were likely off from éxact point by some degree. Other plots
remained undisturbed as they were located in thamwested portions of the block. Plots that
were situated within the unharvested areas of kBl@&knd C were omitted from the analysis
because of the wide variation in tree size of thieanvested portions of block A versus the other
two blocks. The unharvested trees that remainédbick A were primarily large saplings (DBH
greater than one inch, but less than 4.5 inchessarall poletimber (DBH greater than 4.5
inches, but less than 12 inches).

Blocks B and C received silvicultural clearcutattremoved all stems within the
openings. Block A retained a greater percentagapling and poletimber sized trees in areas
that were harvested because only sawtimber sieaassivere removed. The density of residual
stems in these areas was approximately 60 — 7€ pereacre. The area containing these residual
stems was isolated along the lower slope positimkscloser resembled a commercial clearcut
(only merchantable stems removed) as opposedita@iKural clearcut (all stems removed).
Residual stems on plots were mechanically treatddmareas that had numerous residual
saplings and midstory poletimber sized stems teeame sunlight penetration to levels that
would approximate a silvicultural clearcut. Meclahitreatment radius around the regeneration
plots were approximately thirteen feet extendirmgfithe plot centers. Thus, plots were
“mechanically treated” to approximately twenty-é26) feet in diameter. A Stihl® (Stihl
Incorporated, Virginia Beach, VA) chainsaw was utetell sapling sized stems and to girdle
larger sized poletimber (primarily stems greatantb inches dbh) within this radius. Girdled
trees received two girdles approximately 8 or moches apart. Depth of girdles was 1 inch or

greater.
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Figure 5. Double girdling of small sawtimber steleft]; photograph of regeneration plot after
mechanical treatment (right) for the hardwood respostudy in west-central Tennessee.

Regeneration was evaluated both pre and post-$taxveetermine if the clearcut method
adequately regenerated desirable tree specielsardavood stand that likely had received
multiple diameter-limit harvests. Regeneration peyheasurement involved stem tallies that
delineated individual samples by species and reggae type, either a new germinant or a
sprout. Numerous sapling sized stems appeareds@ldeen uprooted during the harvest activity
rendering the previous reproduction size classsysinusable. Thus, seedlings were simply
classified only as germinants or sprouts. Regeiogratots within treatments units that were
sprayed with glyphosate solution were measured pyior within a week of the application
conductance. The control and sulfometuron methly tyteatment units were measured earlier in
the spring of 2014 (Table 1).

Table 1. Research site timeline for all field aititbs

Activity Month(s) Year
Block perimeter marking December 2013
Pre-harvest inventory January — Februarny 2014
Logging company visits March 2014
Timber harvesting of three blocks March — May 2014
Regeneration plot re-establishment June — July 2014
Treatment unit establishment April — June 2014
Herbicide spray applications May — August 2014
Initial seedling measurements October — November 1420
2-year seedling measurements January — February 7 201
Competing plant coverage estimation January — RBepru 2017
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Experimental Treatments

Herbicide applications were conducted within theviest blocks within a few months
following harvest completion. The chemical treattsemere applied to natural hardwood
regeneration which had already broken dormancyeytiddle of April. Oak and yellow-poplar
seedlings were chosen as the preferred specieskygza for herbicide treatments due to their
commercial value and management preference. Naalige effect or mortality were observed
for oak or yellow-poplar seedlings receiving thiemical application. Six treatments were
analyzed during this study (Figure 6). Each indiaildblock contains all six treatments (Figure
7). A total of eighteen (18) experimental units e/rcated on the site with each treatment
replicated three times. Treatment number one wesded spray utilizing glyphosate herbicide.
All glyphosate applications were conducted usingn@ostone® herbicide. The designated width
of the bands was approximately four feet treated twefour feet untreated width. The
treated/untreated bands alternated with one anatttess the experiment unit. Treatment
number two was the banded spray plus a pre-emelbgesdcast spray that used sulfometuron
methyl herbicide. The trade name for this partichkrbicide used was SFM 75®. The product
was manufactured by the Alligare Company. Treatmember three incorporated individual
radial stem release (five feet radius around oakyatiow-poplar seedlings only) that used
glyphosate herbicide. Treatment number four wasabtel stem release plus a pre-emergent
broadcast spray that used sulfometuron methyl tieldai Treatment number five was an
untreated control. Treatment number six was a prergent broadcast spray that used

sulfometuron methyl herbicide only.

1. Radial + pre-emergent
2. Control

3. Banded

4. Radial

5. Control + pre-emergent
6. Banded + pre-emergent

Figure 6. Schematic design of treatment units withigiven block for the hardwood response
study in west-central Tennessee.
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Figure 7. Treatment unit design layout on all tHyleeks for the hardwood response study in west-
central Tennessee
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Block A Treatment Unit Layout Design

Block A_Trmt Units.shp
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Figure 7. Continued
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Block B Treatment Unit Layout Design

Block B_Trmt Units.shp
=~ Banded
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Figure 7. Continued
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Block C Treatment Unit Layout Desgin

Block C_Trmt Units.shp
~ Banded
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Figure 7. Continued
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Competing Vegetation for Seedlings

The recently disturbed site had an influx on néan{s emerge due to the maximized
sunlight availability and bare ground exposure. st frequent forb and grass competitors
observed on the study site were garlic mustatibfia petiolata), fireweed Erechtites
hieraciifolia), common ragweedA\Mmbrosia artemisiifolig DallisgrassRaspalum dilatatum
crabgrassigitaria sanguinali3, and greenbriaiSmilaxsp.) (Figure 7). Ground coverage by
these species was estimated ocularly to be gréeteminety percent. Bare ground area were
primarily deep ruts created by logging equipmert skid trails and existing forest roads within
the blocks.
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revweed Common raga/

White snakeroot

Crabgrass Greenbriar

Figure 8. Photographs taken onsite of common wpedias within treatment units occurring prior
to chemical applications on the study site in weesttral Tennessee.
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Herbicide Application Rates and Procedures
Application rates and procedures for each herbiaréeas follows:

e Glyphosate treatments: 5% herbicide solution, wffastant with water applied as
foliar spray covering at least 70% of foliaBeoadcast foliar applications were
conducted in May — August.

e Sulfometuron methyl applications: 1.8 — 1.9 oz.g&e following bud swell (post-
emergent broadcast application)

These application rates are commonly used for aaeseedling release prescriptions
(Ezell and others 2007; Ezell and Self 2016). Tédaceous/grass control applications using
SFM 75® herbicide (sulfometuron methyl — activeredjent) were implemented within 30 — 45
days following the completion of the timber harvestthe three designated treatments units
within each given block. All herbaceous/grass aariteatments were conducted following bud
swell in either May or June. The ground cover waerse at the time of herbicide application
because of the short duration after the timberdw®trand treatments were applied early in the
growing season. Consultation with Dr. Andrew Egpdrsonal communication, Department
Head and George L. Switzer Professor of Fores@phege of Forest Resources, Mississippi
State University, MS 39762) led to the decisioenaploy “over the top” applications, using no
greater than an equivalent of two (2) ounces per atcherbicide (sulfometuron methyl), on
emerged hardwood regeneration. Approximately 118-ounces of granular herbicide was
applied at 16 gallons of solution on half (totaBafinits) of all available three-quarter (3%4) acre
treatment units. A solo® (Solo Incorportated, Neviews, Virginia) 4-gallon backpack
sprayer was used to conduct the application. Tarersdequate coverage and even distribution
rate, individual units receiving the herbaceousgm@ontrol were divided into four quadrants
using pin flags. Each quadrant was treated oneiateauntil the entire unit was thoroughly
treated. Prior to all applications, fire weathgyads were reviewed from the National Oceanic
and Atmospheric Administration (NOAA) website (Igtfpwww.weather.gov/fire) to ensure
favorable conditions for application effectivenessl to avoid substantial environmental
impacts. Preferred weather consisted of winds betve— 10 miles per hour, higher humidity
(for this region low humidity is likely below 35%gnd air temperatures between 65 — 85 degrees

Fahrenheit, and a temperature inversion was neeptéAccord® SP label — Dow Agrosciences
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LLC, Indianapolis, IN). These weather variables afact both drift and volitization of the
pesticides. All herbaceous/grass control treatmwete applied initially prior to subsequent
radial and banded applications. The time span twalfometuron methyl and glyphosate

treatments was approximately 75 — 90 days.

Figure 9. Photograph depicting border of contrehtment unit (right) and SFM 75 treated unit
area (left) within two months after treatment ire thardwood response study in west-central
Tennessee.

The application rate for glyphosate solution was-24 gallons per treatment block.
Application rates differed due to size and abundanfosegetation on the particular site. Lesser
spray volume was used on radial release treatrasntempared to banded spray applications.
Spot foliar spray method techniques involved cowgegreater than 70% of plant foliage in
targeted spray areas. Applications on Block C virmemented later in the growing season
(July/August 2014). Plants were able to developaftanger period and were larger. A more
commensurate application rate (24 gallons of smh)twas thus required for the increased foliar
volume.

Within the radial treatment units, approximateB21 150 oak (both red and white oak)
or yellow-poplar seedlings were flagged with fluszent tape prior to chemical spray
application. Flagging the seedlings allowed apphisato reduce herbicide application time by
pre-selecting crop stems to be released. The misgolution was administered at a minimum of

five (5) foot spray radius around all marked seeglli During application, marked stems were
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covered with stove-pipe (enclosed three (3) fobttdumn with handle) and the immediate area
of approximately a five (5) foot radius was treat€dre was taken to avoid herbicide solution
contact with plants from the outer bottom of thevstpipe protection device. After treated

vegetation had deadened, seedlings were permameatked with an aluminum tag fastened at

the base.

Figure 10. Photographs illustrate marked seedl(ng¢e fluorescent flagging) which received
radial release (post dessication) for the hardwesgonse study in west-central Tennessee.
Banded spray treatments were applied as tredigais(seceiving spray solution) and
non-treated (strips that did not receive spraytsmi)iin an alternating pattern across the selected
units. Both treated and non-treated strips werecqupately four feet in width. Non-treated
strips were centered on the previously placed redpaced at eight foot intervals. Nylon twine
was stretched between rebar on every other rowrte@esas visual guides during the spray
application. Approximately two feet to each sideha twine was left untreated. The desired
target width of treated strips was four feet. Atterated vegetation had desiccated, up to 150 oak
or yellow-poplar seedlings were marked with flaggamd numbered with aluminum tags on
each individual treatment unit.
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Figure 11. Photographs depicting conditions portlbd applications following dessication on the
hardwood response study in west-central Tennessee

Control (untreated) and herbaceous/grass reledgéreatment units also had up to one hundred
and fifty oak and yellow-poplar seedlings markethwiuorescent flagging and numbered using

aluminum tags. Herbicide application timing var@aer the 2014 growing season (Table 2).

Table 2. Timing of herbicide applications for therdwood response study in west-
central Tennessee

Block Herbicide Applied Month Year
A SFM 75 (sulfometuron methyl) May 2014
B SFM 75 May 2014
C SFM 75 June 2014
A Cornerstone (Glyphosate) July 2014
B Cornerstone July 2014
C Cornerstone August 2014

*each individual herbicide, regardless of applicatprocedure, was applied to all designated
treatment units in a given block within the timeipd of one week.
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4. MEASUREMENTS

Sample Seedling Measurements

Post-harvest reproduction was measured on edtalligots/subplots (69 plots total).
Natural reproduction was evaluated by species egeneration form. Individual seedling
records included whether the sample was a germsesdling or of sprout origin. The original
size classification system was not used for postdst measurements due to removal of and
damage to saplings during harvest and the indigish@ble diameter size of stump sprouts. The
indistinguishable nature is derived from sproutiingt occurs from below ground root stock
which could not be measured.

Ground line diameter and height measurements reemrded for marked natural
regeneration after completion of herbicide appiaa. Approximately 150 stems per acre were
measured on each individual treatment unit. A fentsuon Block C contained slightly less than
the desired 150 oak or yellow-poplar seedlings. Bemad seedlings on all treatment units were
measured for ground line diameter using a digééiper and for total height in inches using a
standard English ruler. Individual stem ground liti@meters were measured to the hundredth of
an inch. Height measurements were taken to theesig’dr — inch. First year (at the completion of
one full growing season) measurements were recondiqe fall (October — December 2014)
following the timber harvest which occurred at bgginning of the growing season in the same
year. The second year seedling measurement fondrme diameter and total height were
collected in January — February of 2017, two yaé#tes treatment and three growing seasons
after harvest. Two complete growing seasons (20852816) along with a portion of the
growing season (2014) had elapsed between seedéagurements. The same methodology was
implemented during the second measurement perig@ii as was for the initial measurements
recorded in 2014. A robust response of broomsedags@nd Nepalese browntop made locating
seedlings extremely difficult during the seconddtieg measurement period. A Teknetics®
(Teknetics, El Paso, TX) Delta 4000 metal deteat@s used in an attempt to locate “hidden”
marked seedlings located beneath heavy grass Wiege@nly a portion of marked seedlings
were found again in the winter of 2017. All re-mar@sl seedlings were re-flagged with
fluorescent (blue) flagging tape and the aluminagstwere moved higher on the stems. Some
additional growing space (between the wire and steas given to limit future girdling by the

tag wire.
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Competing Vegetation Estimation

Competing vegetation density was also quantifiedugh ocular estimation. Four points
within each treatment unit were used to estimateguet ground cover, total plant height, and
lower above ground “mat” coverage height. Samplatpavere located systematically at
approximately 55 feet at diagonal directions freeatment unit corner markers. These metrics
were used to describe the competitive environmentral the marked seedlings.

Natural Regeneration Survey

Density measurements for each individual treatroeittwere also conducted following
the two-year seedling re-measurements. One-huridasdé circular plots (11’ 8” radius) were
established within each unit using a random grajgmtion using GIS software. The GPS
coordinates were generated for each point whilenfieaded into a handheld GPS unit. All
woody tree species within the plot were talliedspgcies and regeneration origin. These origins
included stump sprouts and natural seedlings. @& categories were established as small
seedlings (under three feet in height), large segsl(three to six feet in height), and saplings
(all stems over six feet in height). Plot centeesevpermanently established with rebar painted
with white coloring and flagged with florescentdting to facilitate future re-measurement as
needed.

Weather Data
Weather data for precipitation and Palmer drosgherity index (PDSI) were acquired
from the National Oceanic and Atmospheric Admiristn (NOAA) website. The web

addresses for precipitation data (https://w2.weagbg/climate/index.php?wfo=0hx) and PDSI

(https://lwww7.ncdc.noaa.gov/CDO/CDODivisionalSelsgl) allowed access to archived
previous monthly weather history by the weathetictan Nashville, TN (for precipitation) or
regional (for PDSI).

Analysis

The experimental design is a randomized completeklRCBD) with sampling (single
treatment factor) and split-plots. Fixed variabledude the six treatments and the three blocks.
Random variables include the seedlings samplessthtistical model used to compare

individual treatments using all seedlingsyig=p + Bi + T j+ B*T i
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The statistical model used to compare individuakgs combinations by treatments is:

yijk=p+ Bi+ T j+ B«T ij+ Fk + FxT jk+ B«F«T ijk

Statistical analyses were performed for analysisaofaince (ANOVA) using mixed models
(PROC MIX) (SAS Institute Inc., Cary, NC versiodf.Data tests indicated satisfactory
normality and equal variances. No transformatioagawutilized in the analyses. Tukeys’
significant difference test was incorporated toasafe the least squares means. The significance
level was set at alpha = 0.05.

A complete randomized block design with sampliragswwerformed to evaluate the
effectiveness in accelerating combined (all spegiesps) seedling diameter growth between
the herbicide treatments, to analyze the effecégenn accelerating combined seedling height
growth between the herbicide treatments, and ttyamahe comparison of individual species
groups (white oak, red oak, and yellow-poplar)ribance seedling ground line diameter growth
between the herbicide treatments. The third amalgsiuded a sampling with split plot design.
A mixed model analysis of variance utilizing thar@hex procedure (SAS Institute Inc., Cary,
NC version 9.4) in the Statistical Analysis Softe/@B6AS) package was used for all three
analyses.
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5.RESULTS

Pre-harvest Inventory Data

Pre-harvest densities for merchantable stems @réen five inches in diameter at
breast height) was diverse for all three block&cB A had an oak component totaling
approximately 41% of the estimated density (Fidi#e Hickory, sweetguni{quidambar
styraciflug, and yellow-poplar were the next largest contdbsito the species composition
forming approximately 23%, 13%, and 8% of the papah, respectively. Ash-(axinussp.),
sugar maple, sourwood, sassafras, black cherryreirmaple, boxeldeA¢er negundp
dogwood, eastern redbu@drcis canadensjshackberry Celtis occidentalis and tree of heaven
(Ailanthus altissimpformed the remainder of the population eachs# than four percent of the

overall composition.

Hickory
23%

White Oak
25%

Yellow Poplar
Sassafras/Sourwoo 8%
d...
Dogwood/Redbud
0,
Réq
Maple/Boxelder
1%Ce§iar Ailanthus
1% 1% Chestnut Oak
Hophornbeam/Ironwood Post Oak 5%

Black Cherry

Sugar Maple 204

Hackberry 1% 3%

Figure 12. Merchantable stem (>4.5 inches dbhgispeeomposition within block A on the
hardwood response study in west-central Tennessee.
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The majority of the inventoried stems were pulpdsed materials (less than 12 inches
dbh). A diameter distribution table (Figure 13)strates the sample data values for each
diameter class by tree count. The diameter digioh represents a J-shaped curve which is
commonly associated with an uneven-aged stand.aVé@ge diameter for the sample was
approximately 9.4 inches. The estimated treeaper (TPA) was calculated to be 106 trees.
Stand stocking was determined to 55 ft.2 of baissd per acre. Sawtimber volume was

computed to be approximately 1,730 board feet pex. a

el
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Per Acre Stem Count

oN A O ®
<

5" 6" 7" 8" 9" 10" 11" 12" 13" 14" 15" 16" 17" 18" 19" 20" 21" 22" 23"
DBH Class
Avg. DBH =9.4"

Figure 13. Diameter distribution table for blocloA the hardwood response study in west-
central Tennessee.

Understory reproduction (for all size classes ciot)) sample data revealdoersity in
species composition (Table 3). Yellow-poplar weeslargest contributor of the estimated
population at 35.5% (estimated 874 stems per a€@ejnbined oak species only accounted for
4.3% (109 stems per acre) of the entire samplédn species were the second largest portion of
the composistion at 13.8% (339 stems per acre)otAlr nineteen recorded species accounted
for less than 4.2% (Table 3).
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Table 3. Reproduction composition (block A), bgses and percentages of the sampled
population, on the hardwood response study in westral Tennessee.

Species Stem Count (Per Acre) Percentage
Hophornbeam 104 4.2
Yellow-poplar 874 35.5

White oak 48 1.9
Red oak 48 1.9
Sugar maple 48 1.9
Ash 339 13.8
Beech 22 0.9
Sourwood 4 0.2
Sassafras 26 1.1
Elm 22 0.9
Cedar 17 0.7
Ailanthus 61 2.5
Dogwood 65 2.7
Devil's walking stick 13 0.5
Redbud 65 2.7
I[ronwood 22 0.9
Persimmon 26 1.1
Hickory 65 2.7
Black cherry 117 4.8
Blackgum 191 7.8

Sumac 39 1.6

Miscellaneous 226 9.2
Hackberry 4 0.2
Chestnut Oak 13 0.5

Totals 2461 100

Size classes of reproduction was skewed towarde Eeedlings and saplings (Table 4).
Seedlings that were either greater than 3 fooeigtt or less than one inch diameter accounted
for 36.2% of the inventoried stems. These seesdlivegl a count of approximately 891 stems per
acre. Larger saplings (1" — 3” in diameter) folledvas the next largest component of the
reproduction with 34.4% (843 stems per acre) ofstimapled stems. Interestingly, there were no

small seedlings less than one foot in height trexevebserved on the 23 plots.
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Table 4. Pre-harvest reproduction within blockyAspecies and size

class
Regeneration Size Class
>1' 1'-3' 3.0"- 6.0' and
Species ht. ht. >3' ht. OR 1.0"-2.99" 5.99" above Total
<01.0"
diameter diameter diameter Count

Hophornbeam 0 22 65 17 0 0 104
Yellow-poplar 0 39 374 404 43 13 874
White oak 0 13 13 4 4 13 48
Red oak 0 30 13 0 0 4 48
Sugar maple 0 9 13 22 0 4 48
Ash 0 126 104 83 22 4 339
Beech 0 0 9 13 0 0 22
Sourwood 0 0 0 0 0 4 4
Sassafras 0 4 13 9 0 0 26
Elm 0 0 0 13 4 4 22
Cedar 0 13 4 0 0 0 17
Ailanthus 0 9 52 0 0 0 61
Dogwood 0 17 17 17 13 0 65
Devil 0 0 4 9 0 0 13
Redbud 0 0 13 22 22 9 65
Ironwood 0 4 9 9 0 0 22
Persimmon 0 17 9 0 0 0 26
Hickory 0 26 9 9 9 13 65
Black cherry 0 17 39 39 22 0 117
Blackgum 0 26 65 48 22 30 191
Sumac 0 0 4 35 0 0 39
Miscellaneous 0 74 61 91 0 0 226
Hackberry 0 0 0 0 0 4 4
Chestnut Oak 0 9 0 0 0 4 13
Totals 0 457 891 843 161 109 2461
Percent (%) 0 18.6 36.2 34.3 6.5 4.4
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Block B had almost half of the species compositionsisting of shade tolerant hickory
species and sugar maple (Figure 14). The oak aoemt was marginal forming only slightly
greater than 15% percent of the overall compositibine remainder of the stand consisted of
elm, sourwood, sassafras, yellow-poplar, gum, i@oavCarpinus caroliniang, eastern
hophornbeam, ash, American beech, dogwood, blabknv@uglans nigrd, eastern red cedar

(Juniperus virginiang and common persimmoDiospyros virginiang

Hickory

30%
Gum
5%

Yellow Poplar
5%

Ash
3%

Red Oak
4%

Black Cherry
White Oak <1%
10%

Sassafras/Sourwo... Sugar Maple

Dogwood/Redbud
2%

Red Maple
<1%
Chestnut Oak
Hophornbeam/Iron <1%
Persimmon
<1% Post Oak

1%

Figure 14. Merchantable stem (>4.5 inches dbh)ispecomposition within block B on the
hardwood response study in west-central Tennessee.

Block B had a similar diameter distribution as lddc(Figures 13 and 15). Pulpwood
sized materials (less than 12 inches DBH) formedntljority of sampled stems (Figure 15).
The diameter distribution was J-shaped represeatingneven-aged stand. The average diameter
for the sample was approximately 9.0 inches. Thienated trees per acre was calculated to be
153 trees. Stand stocking was determined to 78ffbasal area per acre. Sawtimber volume was

computed to be approximately 2,164 board feet pexr a
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Figure 15. Diameter distribution table for blocloB the hardwood response study in west-
central Tennessee.

Similar to the reproduction status of block A, argtory reproduction sample data in
block B also displayed a vast array of speciesrditye(Tables 3 and 5). Eastern hophornbeam
was the largest contributor and comprised grehatar bne-third of the estimated population at
34.1% (estimated 613 stems per acre) (Table FerGizeable contributors included ash at
12.8% (230 stems per acre), sugar maple at 8.5%0tEns per acre), sassafras at 7.3% (130
stems per acre), flowering dogwood with 5.3% (®8rst per acre) and hickory comprising 4.8%
(87 trees per acre). Combined oak species onlyuaxted for 6.2% (114 stems per acre) of the
entire sample. Devil's walking stick, American blegand blackgum all had respective
percentage values of 3.9%. Ironwood was sligleg lthan this at 3.6%. All remaining species

were under 1.5% for contribution to the overall@pgs composition.
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Table 5. Reproduction composition by species amdepe¢ages for Block B on
the hardwood response study in west-central Teeress

Species Stem Count (Per Acre) Percentage
Hophornbeam 613 34.1
Yellow-poplar 9 0.5
White oak 57 3.1
Red oak 57 3.1
Sugar maple 152 8.5
Ash 230 12.8
Beech 70 3.9
Sourwood 13 0.7
Sassafras 130 7.3
Elm 26 15
Walnut 4 0.2
Boxelder 9 0.5
Dogwood 96 5.3
Devil’'s walking stick 70 3.9
Redbud 30 1.7
Red Maple 0 0.0
Persimmon 4 0.2
Hickory 87 4.8
Black cherry 4 0.2
Blackgum 70 3.9
Ironwood 65 3.6
Miscellaneous 0 0
Totals 1796 100

Size classes of reproduction was primarily modesated seedlings to saplings for block
B (Table 6). Seedlings that were either greatan three foot in height or less than one inch
diameter accounted for slightly greater than tkioyr percent (34.4%) of the inventoried stems.
These seedlings had a count of approximately 6divissper acre. Moderate advanced seedlings
one foot to three feet in height were the nextdatgomponent of the reproduction with 28.3%
(509 stems per acre) of the sampled stems. S$gghetween one inch to three inches in
diameter were estimated to form slightly greatantbne-quarter (25.4% or 457 stems per acre)
of the regeneration. All other regeneration sizssés were less than 5.6% of observed data.
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Table 6. Pre-harvest reproduction within blockyBsbecies and size class on
the hardwood response study in west-central Teeress

Regeneration Size Class
1.0"-
Species >1'"ht. 1'-3'ht. >3'ht. OR  2.99" 3.0" - 5.99" 6.0’
<1.0" diameter diameter diameter and above

Hophornbeam O 91 309 187 22 4
Yellow-
poplar 0 0 4 4 0 0
White oak 0 52 4 0 0 0
Red oak 0 30 13 4 0 9
Sugar maple 0 30 26 61 22 13
Ash 0 152 57 17 4 0
Beech 0 4 26 26 9 4
Sourwood 0 0 0 4 4 4
Sassafras 0 13 48 65 0 4
Elm 0 4 0 0 17 4
Walnut 0 0 0 0 0 4
Boxelder 0 4 4 0 0 0
Dogwood 0 65 22 4 4 0
Devil's
walking stick 0 22 30 17 0 0
Redbud 0 0 13 17 0 0
Red Maple 0 0 0 0 0 0
Persimmon 0 4 0 0 0 0
Hickory 0 30 4 9 4 39
Black cherry 0 0 0 4 0 0
Blackgum 0 4 13 30 9 13
Ironwood 17 0 43 4 0 0
Totals 17 509 617 457 96 100
Percent (%) 1.0 28.3 34.4 25.4 5.3 5.6

*height denotes seedling height from ground to teaibud

Slightly greater than half of the pre-harvest meey for block C was comprised of shade
tolerant species (Figure 16). Hickory species thiadargest contributor at 29%. The oak
component totaled approximately 21% of the samata.dBlackgum/sweetgum, sugar maple,
ash, and elm were the next largest contributotsespecies composition forming 9%, 10%, 7%,
and 6% of the population, respectively. Black cheyellow-poplar, sourwood, sassafras, red
maple, eastern hophornbeam, American hornbeamAmraidican beech formed the remainder of
the population each at less than 4% of the ovecatiposition.
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Figure 16. Merchantable stem (>4.5 inches dbh)isp@omposition within block Gn the
hardwood response study in west-central Tennessee.

The majority (74%) of the inventoried stems wengppood sized materials (less than 12
inches dbh) (Figure 17). Similar to the previouschkk, the diameter distribution represents a J-
shaped curve. The average diameter for the sangdeapproximately 9.25 inches. The
estimated trees per acre was calculated to ber&é8.tStand stocking was determined to 56 ft.2
of basal area per acre. Sawtimber volume was ctedpa be approximately 1,523 board feet

per acre.

46



18 -
16 |
14 A
12 1
10

A A A A
AN AN AN AN AN

Per Acre Stem Count

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
DBH Class

O N MO ®©
Il

Avg. DBH =9.25"

Figure 17. Diameter distribution table for bloclo@ the hardwood response study in west-
central Tennessee.

The understory reproduction in Block C has a gneatimber of stems (3,857 stems per
acre) with a variety of tree species (Table 7)st&a hophornbeam was the largest contributor
and comprised almost exactly one-third of the emtith population at 33.4% (estimated 1,287
stems per acre). Other sizeable contributors dediash at 13% (500 stems per acre), yellow-
poplar at 11.5% (443 stems per acre), miscellanspesies at 12.5% (483 stems per acre),
sassafras with 6.9% (265 stems per acre) and wAkeomprising 4.3% (165 trees per acre).
Combined oak species only accounted for 5.7% (Bmsper acre) of the entire sample. All

other tree species accounted for 2.8% as indivisip@ties contributors.
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Table 7. Reproduction composition (pre-harvest}gcies and percentages for
Block C on the hardwood response study in westraEfiennessee.

Species Stem Count (Per Acre) Percentage
Hophornbeam 1287 33.4
Yellow-poplar 443 11.5
White oak 165 4.3
Red oak 52 1.4
Sugar maple 43 1.1
Ash 500 13.0
Beech 30 0.8
Sourwood 0 0.0
Sassafras 265 6.9
Elm 96 2.5
Cedar 4 0.1
Sumac 4 0.1
Dogwood 100 2.6
Ironwood 61 1.6
Redbud 109 2.8
Red Maple 0 0.0
Persimmon 0 0.0
Hickory 74 19
Black cherry 13 0.3
Blackgum 48 1.2
Devil’'s walking stick 78 2.0
Miscellaneous 483 12.5

Total 3857 100.0

Similar to previous blocks, size classes of repotidn were primarily moderate

seedlings to saplings (Table 8). Seedlings thaewéher greater than three foot in height or less
than one inch diameter accounted for slightly teas half (49%) of the inventoried stems. The
estimated total for seedlings in this size class agproximately 1,891 stems per acre. Moderate
sized sapling greater than one inch but less tima@e tinches were the next largest component of
the reproduction with 26.9% (1,039 stems per aaf&)e sampled stems. Seedlings between
one foot to three feet in height were estimatefbtm a significant component (16.1% or 626
stems per acre) of the regeneration. Saplingsegréadn three inches but less than six inches in
ground line diameter formed 5.4% (209 stems pe¥)aurinventoried stems. Pulpwood sized

stems greater than six inches in diameter on camgr2.4% of observed data.
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Table 8. Pre-harvest reproduction within blockyGspecies and size class on the
hardwood response study in west-central Tennessee

Regeneration Size Class

Species >1' 1'-3 >3 height OR  1.0"-2.99" 3.0"-5.99" 6.0"and
height height <1.0" diameter diameter diameter abov

Hophornbeanm 0 87 726 387 78 9
Yellow-
poplar 0 9 178 222 22 13
White oak 0 126 13 0 0 26
Red oak 0 17 30 0 0 4
Sugar maple 0 4 13 9 13 4
Ash 0 165 317 17 0 0
Beech 0 0 13 13 4 0
Sourwood 0 0 0 0 0 0
Sassafras 0 30 109 126 0 0
Elm 0 0 9 39 39 9
Cedar 0 4 0 0 0 0
Sumac 0 0 0 4 0 0
Dogwood 0 4 61 22 13 0
Ironwood 0 4 35 22 0 0
Redbud 0 0 30 61 17 0
Red Maple 0 0 0 0 0 0
Persimmon 0 0 0 0 0 0
Hickory 0 17 26 13 0 17
Black cherry 0 0 4 9 0 0
Blackgum 0 0 0 22 17 9
Devil's
walking stick 0 35 30 13 0 0
Miscellaneous O 122 296 61 4 0
Totals 0 626 1891 1039 209 91
Percent (%) 0 16 49 27 5 2

*height denotes seedling height from ground to teaibud

Seedling Summary Data for Herbicide Treatments

e

Initial seedling diameters were measured in tHeof&2014 with a sample size of 2,625

observations. Seedling diameter measurementtadléen the winter of 2017 had a smaller

sample size of 1,560 observations. Each indivitheatment unit had some variation in the

species composition of measured seedlings (Tabled9.0).
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Table 9. Individual seedling counts, by speciesgléor each individual treatment
unit across all blocks on the hardwood respons#ystuwest-central Tennessee

Block # Treatment YP ROAK WHO Total
A Banded 45 38 25 108
B Banded 29 40 34 103
C Banded 32 8 14 54
A Radial 12 39 31 82
B Radial 24 40 21 85
C Radial 12 28 40 80
A SFM 75 41 32 13 86
B SFM 75 68 32 27 127
C SFM 75 7 16 35 58
A Control 28 35 33 96
B Control 32 39 36 107
C Control 10 22 49 81
A Banded/SFM 75 12 63 20 95
B Banded/SFM 75 67 21 5 93
C Banded/SFM 75 8 24 43 75
A Radial/SFM 75 13 33 14 60
B Radial/SFM 75 52 32 12 96
C Radial/SFM 75 9 13 42 64

Total Count = 1550

The three combined banded treatment units corttartetal of 265 measured seedlings.
One-hundred and six of these seedlings were yghoplars, 75 were red oak species, and 84
were white oak species. The banded plus sulformetonrethyl treatments contained 263 sample
seedlings. The seedling composition included coah87 for yellow-poplar, 104 for red oak,
and 72 for white oak. Untreated control units weygresented by 294 tree seedlings. The
species breakdown included 70 yellow-poplars, @o@aks, and 132 white oaks. The
sulfometuron methyl only treatment units contai@éd measured seedlings. One hundred and
sixteen of these seedlings were yellow-poplar. &sddand white oak counts were 80 and 75,
respectively. Two hundred and forty-seven quasdiBeedlings were accounted for in the radial
units. Species arrangement included 48 yellowgrogedlings, 94 red oak seedlings, and 105
white oak seedlings. Two hundred and twenty meaksseedlings exist on the radial plus
sulfometuron methyl treatment units. Seventy-fgellow-poplar, 72 red oak, and 74 white oak
are combined for the Radial/SFM75 treatment (T4Ble
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Table 10. Total counts for species grouping battreent (summary for 2017)
on the hardwood response study in west-central dssae

Treatment Species grouping Treatment
yellow-poplar red oak  white oak Totals
Banded 106 86 73 265
Banded/SFM 75 87 108 68 263
Control 70 96 118 284
Control/SFM 75 116 80 75 271
Radial 48 107 92 247
Radial/SFM 75 74 78 68 220
Totals 501 555 494 1,550

*counts for individual treatments are totals fof #iree blocks combined

Statistical Results of Ground Line Diameter ChaAg®ng Treatments

Data for the change in ground line diameter wasnabaccording to the Shapiro-Wilk
test (W-value = 0.9313; P-value <0.0001). Theysisldid not suggest any severe outliers or
influential points existed in the data and thatayariance existed in the data set. The least
squares means were separated using Tukey’'s s@gmifiifference test. Results indicate there
were not significant differences between the threeks (P=0.1998). A significant difference
did exist however between treatments by block (6380) (Table 11).

Table 11. Covariance parameter estimates for cozedhia seedling diameter
change

z P-
Covariate Parameter, Estimate Std. Efrmalue | value | 95% Confidence Intervals
Block 0.002825| 0.003354 0.84 0.19¢8 .000659 .4136
Treatment*Block 0.002560 0.001432 1.76 0.0389 .0610 0.01195
Residual 0.05169 0.00186 27.T9 <.0Q01 .04823 0.05554

The test of fixed effects indicates that a sigaifit difference (Pr > F = 0.0037) existed
among the treatments when all seedlings were cadbor the analysis (Table 12).
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Table 12. Type lll tests of fixed effects for diaerechange among treatments
for all seedlings combined

Effect Num DF Den DF F-Value Pr>F
Treatment 5 1556 3.51 0.0037

Post ANOVA analysis using the Tukey mean separdtiand a difference among the
treatments for the change in diameter growth. ThHieseturon methyl only differed from the
control and radial treatments. All other treatmemse similar. The greatest mean value (0.3749

inches) was for the sulfometuron treatment (TaBle 1

Table 13. Tukey mean separation results among cwdlmak/yellow-poplar
seedling diameter growth

Treatment Observationls Mean Std. Error Letter Group
(inches)
Banded 265 0.3480 0.01446 AB
Banded + SFM 75 263 0.3231 0.01454 AB
Control 294 0.3114 0.01373 B
Control + SFM 75 271 0.3749 0.01430 A
Radial 248 0.3037 0.01494 B
Radial + SFM 75 222 0.3504 0.01580 AB

Statistical Results of Height Change Among Treatsnen

A randomized complete block design with sampliregwcorporated for this analysis.
Data for the change in height was normal accortbrtpe Shapiro-Wilk test (W-value = 0.9405;
P-value <0.0001) and equal variance was satisfacfbine statistical software did not suggest
that any severe outliers or influential points &edsin the data set. The least squares means were
separated using Tukey'’s significant difference. téstalysis results indicate there were not
significant differences between the three blocksQ(P701) (Table 14). A significant difference
did not exist between treatments by block (P=0.0550
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Table 14. Covariance parameter estimates for cordbmak/yellow-poplar seedling height

hlS

change

Z
Covariate Parameter, Estimate Std. Efroralue | P-valug 95% Confidence Interv
Block 36.1153| 37.8608 09§ 0.1701 9.3986 18951
Treatment*Block 7.8136 4.8880 1.60  0.05h0 3.06885.7162
Residual 231.78 8.3408 27.79 <.00p1 216.28 .09

A type lll test of fixed effects was conducted fbe change in height for all seedlings

combined. The test indicated a difference (Pr 0P801) existed among the treatments when

all seedlings were combined for the analysis (Table

Table 15. Type lll tests of fixed effects for heighange among treatments
for all seedlings combined

Effect

Num DF

Den DF

F-Value

Pr>F

Treatment

5

1556

14.19

<0.0001

Post ANOVA analysis using the Tukey mean separdtiand a significant difference

between the sulfumeturon methyl only treatmentthedadial treatment compared to all other

treatments in regards to the change in diametavtgrdrhese treatments also differed from one

another. The sulfometuron methyl only had the tgitanean with 28.9446 inches. The radial

release treatments has the least mean value @d4¥ridches (Table 16).

Table 16. Tukey mean separation results among cwdlmak/yellow-poplar

seedling height growth

Treatment Observations Mean Std. Error Letter @rou
(inches)
Banded 265 24.3953 0.99410 B
Banded + SFM 75 263 21.9399 0.9998 B
Control 294 23.744 0.9438 B
Control + SFM 75 271 28.9446 0.9831 A
Radial 248 17.2641 1.0276 C
Radial + SFM 75 222 22.8266 1.0862 B
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Statistical Results of Ground Diameter Change: @/fQiak Species as Related to Red Oak
Species and Yellow-Poplar

Data for the change in ground line diameter wasnabaccording to the Shapiro-Wilk
test (W-value = 0.9327; P-value <0.0001). Equakwvee was less than a five-fold difference
indicating acceptability. The statistical softwaid not suggest any severe outliers or influential
points existed in the data set. The least squaessis were separated using Tukey'’s significant
difference test. Analysis results indicate theezawnot significant differences between the three
blocks (P=0.2055) (Table 17). A significant diffece did not exist between treatments by block
(P=0.0659). There was also no difference betwestrhents (p=0.9297). A difference does

exist between species groups (p<0.001).

Table 17. Covariance parameter estimates for spgowips seedling ground line diameter
change

P-
Covariate Parameter Estimate Std. Efr@value| value | 95% Confidence Intervals
Block .0014 .0017 0.82 0.2095 .0003 .2579
Treatment*Block .0012 .0008 1.51f 0.0659 .0005 .0084
Residual 0472 .0017 27.66 <.00p1 .0441 .0508

An analysis of variance indicated that there wagyaificant difference (p = 0.02988)
between diameter growth of individual seedlingsrimttbetween species by treatments (p =
0.10249) or individual treatments (p = 0.07823pstPANOVA analysis using the Tukey mean
separation had no significant difference betwegnddrthe treatments in regards to the change in
diameter growth with species grouping. The indirgdground line diameter growth did vary
between the three groups however. Yellow-popladisegs had appreciably larger means
compared to both red and white oak groups onedltinents. Yellow-poplar mean ground line
diameter for all treatments combined was the lar(24389 inches) and differed from both oak
groups. All three species groups differed from anether with the red oak and white oak mean
diameters being 0.3100 and 0.2576 inches, resgdciiVable 18). Tests for normality were

acceptable and equal variance did not exceed ddidalifference in standard deviation values.
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Table 18. Tukey mean separation results betweeariespgroups for seedling ground line

diameter

Species Group

Observations

Mean (inches)

White Oak
Red Oak

Yellow-poplar

542
517
501

0.2576
0.3100
0.4389

Std. ErrprLetter Group
0.02519 C
0.02519 B
0.02555 A

The Tukey mean separation test indicated that sbffezence existed for yellow-poplar

in all of the individual treatments though the fimgs were not significant at the= 0.05 level

(Table 19). For each case, the mean diameter ehaag equal to or greater than 0.4070 inches.
The highest white oak group diameter growth wag 62909 inches. The red oak group was

marginally better with a maximum diameter chang8.8211 inches.

Table 19. Tukey mean separation results among icaalbreatments for seedling diameter

growth
Treatment Species Observatiops Mefan  Std. Hrror teilL&roup
(inches
Banded Red Oak 75 0.3075 0.0396 CDE
Banded White Oak 84 0.264b 0.0383 CDE
Banded Yellow-popla 106 0.4618 0.0364 A
Banded + SFM 75 Red Oak 104 0.29p6 0.0370 CDE
Banded + SFM 75 White Oak 72 0.2322 0.0403 CDE
Banded + SFM 75  Yellow-poplgr 87 0.4312 0.0401 A
Control Red Oak 92 0.3211L 0.0374 CD
Control White Oak 132 0.2527Y 0.0352 EF
Control Yellow-poplar 70 0.4070 0.0397 AB
Control + SFM 75 Red Oak 80 0.3144 0.038p BCDE
Control + SFM 75 White Oak 75 0.2718 0.0391 CDE
Control + SFM 75| Yellow-poplaf 116 0.4574 0.0369 A
Radial Red Oak 94 0.307f 0.0372 CE
Radial White Oak 105 0.2334 0.0364 DF
Radial Yellow-poplar 48 0.4486 0.0434 A
Radial + SFM 75 Red Oak 72 0.3189 0.0397 BCDE
Radial + SFM 75 White Oak 74 0.2909 0.040p CDE
Radial + SFM 75| Yellow-poplay 74 0.4275 0.0404 A
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Statistical Results of Height Change for Oak Sygeaigainst Yellow-Poplar

Data for the change in height change over theftlV@rowing seasons were normal
according to the Shapiro-Wilk test (W-value = 0.94B-value <0.0001). Equal variance was
potentially an issue with a two-fold differencestandard deviation. This is within tolerance
limits however as concerns should only be addregsefive-fold difference is evident. The
statistical software did not suggest any severkeosior influential points existed in the data. set
The least squares means were separated using Sudiggificant difference test. Analysis
results indicate there were not significant differes between the three blocks (P=0.1691) (Table
20). A significant difference did not exist betweesatments by block (P=0.1186). A difference
was found between both the treatments (p=0.0399¥spacies groups (p<0.0001).

Table 20. Covariance parameter estimates for spgoeips seedling height change

Z P- 95% Confidence
Covariate Parameter Estimate Std. Efraalue | value Intervals
Block 20.1648 21.0512 0.96 0.1691 5.2668 1058.57
Treatment*Block 2.7006 2.2848 1.18 0.1186 0.8421 43.7539

Statistical analysis suggested that there wagrdfisiant difference between the
treatments based on the change in height growtimwkimg the individual species groups (p
=0.0399). There was also a disparity between ¢nghh growth for the species groups (p <
0.0001). Post ANOVA analysis using the Tukey megparation found a statistical difference
between the treatments when using species groagatathe change in height. The test also
indicated that individual height growth did varytlween the three groups. Yellow-poplar mean
ground line diameter was the largest (31.59 incfieshle 21) and differed from both oak
groups. The red oak and white oak groups did ifferdrom one another. The groups’ mean
diameters were 18.12 and 19.07 inches, respectiVekts for normality were acceptable and
equal variance did not exceed a five-fold diffeentstandard deviation values.
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Table 21. Tukey mean separation results amongstespgroups for seedling height change

Species Group| Observations Mean (inches) Std. ErrorLetter Group
White Oak 542 19.070 2.6997 B
Red Oak 517 18.182 2.6996 B
Yellow-poplar 501 31.585 2.7134 A

The Tukey mean separation test indicated that sbffezence existed for yellow-poplar
in all of the individual treatments. For each ¢dbe mean diameter change was equal to or
greater than 27.7 inches. The highest oak groighhgrowth was only 21.58 inches for the

sulfometuron methyl only treatment (Table 22).

Table 22. Tukey mean separation results amongsbioed treatments for seedling height

growth

Treatment Species Observatigns Mean | Std. Errof Letter Group
(inches)

Banded Red Oak 75 20.0562  3.2421 D

Banded White Oak 84 17.6618  3.1798 DE

Banded Yellow- 106 32.1280| 3.0873 ABC

poplar
Banded + SFM 75  Red Oak 104 16.9839 3.1166 DE
Banded + SFM 75  White Oak 72 16.9539  3.2763 DE
Banded + SEFM 75 Yellow- 87 31.2443| 3.2565 ABC
poplar
Control Red Oak 92 21.0624  3.1344 D
Control White Oak 132 19.9161  3.0287 D
Yellow-

Control boplar 70 33.7130| 3.2528 AB
Control + SFM 75 Red Oak 80 21.3403 3.1915 D
Control + SFM 75 White Oak 75 215894  3.2226 D
Control + SEM 75| Y Ellow- 116 36.1491|  3.1046 A

poplar

Radial Red Oak 94 16.4435  3.1258 DE

Radial White Oak 105 12.7900  3.0939 E

Radial vellow- 48 28.4910| 3.4455 BC
poplar
Radial + SFM 75|  Red Oak 72 185342  3.2506 D
Radial + SFM 75|  White Oak 74 20.1784  3.2613 D

) Yellow-

Radial + SFM 75| % 1 74 27.7837| 3.2819 C
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New Germinant Versus Sprout Reproduction Absolutevth for Combined Species

Statistical analyses found that all but one comspas between reproduction class (new
germinant or sprout) versus absolute diameter solabke height growth were significant at the
alpha = 0.05 level. The test for the new germimaptoduction paired with the absolute diameter
growth was not significant (P = 0.2244). The passviest for sprout reproduction with absolute
diameter change was significant (P = 0.0268) (TaB)e

Table 23. Type lll tests of fixed effects for ahgel diameter change among
treatments for all sprout reproduction combined

Effect Num DF Den DF| Chi-Square F-Value Pr>F
Treatment 5 1045 12.72 2.54 0.0268

The sulfometuron methyl only treatment producedrighest mean estimate (0.3693
inches) for absolute diameter growth for the coraflisprout reproduction. The radial release

application resulted in the lowest estimate of 8&Biches which is below the control estimate

(Table 24).

Table 24. Least square means estimates for abslateye in diameter for
sprout reproduction among treatments

Treatment Estimate Std. Error T - value P - value
Banded 0.3339 0.03136 10.65 0.0002
Banded + SFM 75/ 0.3003 0.03091 9.71 0.0004
Control 0.316 0.02943 10.74 0.0007
SFM 75 0.3693 0.03012 12.26 0.0003
Radial 0.2896 0.02988 9.69 0.0008
Radial + SFM 75| 0.3375 0.0306 11.03 0.0003

The sulfometuron treatment was significantly diéfg from both the control and radial
applications for sprout reproduction and absoligeneéter growth. The sulfometuron treatment

also had the greatest level of separation fronttimtrol treatment (Table 25) depicts these

findings.
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Table 25. Tukey-Kramer least squares means conopeestimates for absolute change in
diameter for sprout reproduction among individuehtment comparisons

Std. Adjusted P-
Treatments Compared Estimate Error | T -value| Pr> |t] value
Banded + SFM75 / SFM75 -0.06901 | 0.02633 -2.62| 0.0089 0.0931
Control / SFM75 -0.05325 0.0244p -2.18 0.0297 01249
SFM75 / Radial 0.07969  0.02497 3.19 0.0015 0.0183

The type lll test indicated a difference (P = @BRalso existed between treatments for

new germinant reproduction in regards to absoletgtt change (Table 26).

Table 26. Type lll tests of fixed effects for ahgel height change among
treatments for all new germinant reproduction caradi

Effect Num DF

Den DF

Chi-Square

F-Value

Pr

> F

Treatment 5

502

13.02

2.6

0.0245

The sulfometuron methyl only treatments had tihgdst response in absolute height

growth for new germinant reproduction. The meamese for sprout height growth over the

three growing seasons was 29.035 inches. This p@®@dmately seven inches greater than the

control germinant reproduction. In a similar faghas absolute diameter growth, the radial

treatment had the least growth increase with amat# of only 21.4344 inches. This value was

also lower than the control estimate (Table 27).

Table 27. Least square means estimates for abslatege in height for
sprout reproduction among treatments

Treatment Estimate Std. Error T - value P - value
Banded 24.6094 5.0621 4.86 0.0312
Banded + SFM 75| 23.7461 5.0919 4.66 0.0325
Control 22.4371 5.1245 4,38 0.0354
SFM 75 29.035 5.1241 5.67 0.0201
Radial 21.4344 5.2351 4.09 0.035
Radial + SFM 75 | 24.0605 5.2608 4.57 0.026
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Five pairwise comparisons out of 15 were significaime sulfometuron treatment
differed from both the control and radial treatnsefithese treatments also had the largest

separation between estimate values (Table 28).

Table 28. Tukey-Kramer least squares means conopeestimates for absolute change in
height for sprout reproduction between individuahtment comparisons

Treatments Compared Estimate Std. Efrdr- value| Pr>|t| Adjusted P-value
Banded / SFM75 -4.4256 2.0714 -2.14 0.0331 0.2702
Banded + SFM75 / SFM75 -5.289 2.120¢ -2.49 0.00130 .127B
Control / SFM75 -6.5979 2.2133 -2.98 0.0030 0.0355
SFM75 / Radial 7.6006 2.4726 3.07 0.0022 0.0269
SFM75 / Radial + SFM75 4.9745 2.5187 1.98 0.0488 3582

The type Il test that compared sprout reprodunct@absolute height change also found
differences between treatments (P = <0.0001) (T29)e

Table 29. Type lll tests of fixed effects for ahgel height change among
treatments for all sprout reproduction combined

Effect Num DF | Den DF Chi-Square F-Value Pr >
Treatment 5 1044 56.97 11.39 <0.0001

The same pattern as found for other reproductiairawth comparisons was also
observed in the test comparing absolute heightgdharnth sprout reproduction. The
sulfometuron methyl treatment has the largest as@en height growth with an estimate of
26.91 inches. The sprouts in the radial treatmieatisthe poorest height change response with an
estimate of 15.59 inches (Table 30).
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Table 30. Least square means estimates for abslatege in height for
sprout reproduction among treatments

Treatment Estimate Std. Error T - valug P - valye
Banded 22.5347 3.1151 7.23 0.0075
Banded + SFM 75| 19.6778 3.0966 6.35 0.0112
Control 23.6151 3.0363 7.78 0.0086
SFM 75 26.9101 3.0642 8.78 0.0057
Radial 15.5904 3.0543 5.1 0.022
Radial + SFM 75 | 20.7444 3.0834 6.73 0.0102

Ten out of 15 treatment comparison were signitieameording to the Tukey-Kramer
post-ANOVA test of least squares means. An aved#fgrence of 11.32 inches existed between

the radial and sulfometuron treatments. Treatmemiparisons are presented in Table 31.

Table 31. Tukey-Kramer least squares means congpagstimates for absolute change in
height for sprout reproduction among individuabtreent comparisons

Std. Adjusted P-
Treatments Compared Estimate Error | T -value| Pr> |t value
Banded / SFM75 -4.3754 | 1.7092 -2.56 0.0106  0.1083
Banded / Radial 6.9443 | 1.6979 4.09 <.0001 0.0007

Banded + SFM75/ Control  -3.9372  1.6318 -2.41 0.016 0.1527
Banded + SFM75/SFM75%  -7.2322  1.6929 -4.217 <.0001 0.0003
Banded + SFM75 / Radia 4.0875% 1.6652 2.4% 0.0143 0.1389
Control / SFM75 -3.295 1.5718 -2.10 0.0363 0.2899
Control / Radial 8.0247 1.5511 5.17 <.0001 <.0001
SFM75 / Radial 11.3197 1.605p 7.05 <.0001 <.0001
SFM75 / Radial + SFM75 6.1657 1.6538 3.73 0.0002 00z8B
Radial / Radial + SFM75 -5.154 1.6415 -0.14 0.0017 0.0214

New Germinant Versus Sprout Reproduction (by Spesiesolute Diameter Growth Response
to Treatments

Only yellow-poplar new germinant reproduction ab$®ichange in diameter was
significant (P = 0.0161) among all the speciesdpraduction size comparisons (Table 32). Red
oak new germinant and sprout reproduction, whiter@awv germinant and sprout reproduction,
and yellow-poplar sprout reproduction were all gmsiicant with P-levels of 0.1984, 0.9517,
0.3792, 0.1252, and 0.2434 respectively.
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Table 32. Type lll tests of fixed effects for ahgel diameter change among
treatments for yellow-poplar new germinant reprdutunc

Effect Num DF

Den DF

Chi-Square

F-Value

Pr >

F

Treatment 5

310

14.16

2.83

0.0161

Yellow-poplar germinants had the greatest meamast for absolute diameter growth

within the banded treatments (0.4542 inches) fadidwy sulfometuron only application (0.4203

inches). All herbicide applications were highentliae control estimate (0.3268 inches) however

(Table 33).

Table 33. Least square means estimates for abslateye in diameter for
yellow-poplar new germinant reproduction amongttresnts

Treatment Estimate Std. Error T - value P - valye
Banded 0.4542 0.0694 6.54 0.0155
Banded + SFM 75 0.385 0.0706 5.45 0.0198
Control 0.3268 0.0714 4.58 0.0269
SFM 75 0.4203 0.0703 5.98 0.0167
Radial 0.4148 0.0746 5.56 0.0108
Radial + SFM 75 0.3936 0.0749 5.26 0.0127

Four of the 15 treatment pairwise comparisons \sgyeificant at the 95% level (Table

34). The greatest difference in estimate valuelk2(84 inches) occurred between the banded and

control treatment. The sulfometuron treatment pkwvéh the control was the second greatest

difference.

Table 34. Tukey-Kramer least squares means conopeestimates for absolute change in
diameter for yellow-poplar new germinant reprodaictamong individual treatment comparisons

Treatments Compared Estimat&td. Error| T - value| Pr > |t|| Adjusted P-valug
Banded / Banded + SFM75 0.06917 0.03345 2.07 6.039 0.307
Banded / Control 0.1274  0.03539 3.6 0.0004  0.005
Control / SFM75 -0.09347 0.03599 -2.6 0.0098 0.101
Control / Radial -0.08798 0.04428 -1.99 | 0.0478 0.3521
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New Germinant Versus Sprout Reproduction (by Sgeaiesolute Height Growth Response to
Treatments

Red oak new germinant and yellow-poplar new geamtimeproduction were not
significant (P-values of 0.9685 and 0.2425, respelyf) in regards to absolute change in height
among treatments. Red oak sprout reproduction assh or moderately significant (P =
0.0551). White oak new germinant reproduction veamfl to be different for absolute height

change among treatments with a P-value of 0.018BI€T35).

Table 35. Type lll tests of fixed effects for ahgel height change
among treatments for white oak new germinant reytan

Effect Num DF | Den DF Chi-Square F-Valle Pr>F
Treatment 5 80.6 15.07 3.01 0.01p2

The most intensive herbicide treatments yieldedjtieatest mean absolute height
estimates for white oak germinants. The radial withsulfometuron application had an estimate
of 22.76 inches. The next highest means were thddahwith the sulfometuron treatment (18.52
inches) followed by the sulfometuron treatment4¥8nches). Both glyphosate only

applications were lower than the control estimate(e 36).

Table 36. Least square means estimates for abslatege in height for
white oak new germinant reproduction among treatsen

Treatment Estimate Std. Error T - value P - value
Banded 12.2889 3.5911 3.42 0.0395
Banded + SFM 75 | 18.5166 4.0705 4.55 0.0061
Control 13.2852 3.5828 3.71 0.0325
SFM 75 18.4657 4.1376 4.46 0.0056
Radial 12.3481 3.759 3.28 0.0337
Radial + SFM 75 22.7603 3.9997 5.69 0.0029

Three of the 15 treatment comparisons showed erdiite in the least square means
post-ANOVA test. The most intensive treatments thedgreatest separation from the control
and glyphosate only applications. The estimategedifirom approximately 9.5 — 10.5 inches for
the three comparisons (Table 37).
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Table 37. Tukey-Kramer least squares means congpagstimates for absolute change in
height for white oak new germinant reproductionnsegn individual treatment
comparisons

Std. T-
Treatments Compared Estimate Error value | Pr>|t] Adjusted P-valye

Banded / Radial + SFM 75 -10.472  3.3149 -3.16  @®Q02 0.0262
Control / Radial + SFM 75 -9.4751  3.253H -291 a®p 0.0509
Radial / Radial + SFM75 -10.412  3.4564 -3.01 0.0p35 0.0391

The absolute change in height for white oak sprepitoduction was also strongly
different among treatments. A low P-value of <0 D®és estimated from the type Il two-way
pairwise test (Table 38).

Table 38. Type lll tests of fixed effects for ahgel height change among
treatments for white oak sprout reproduction

Effect Num DF | Den DF| Chi-Square F-Valye Pr>/F
Treatment 5 346 27.43 5.49 <.0001

Similar to data presented for the absolute dian@tange for sprout reproduction, the
sulfometuron methyl treatment had the optimal pennce with an estimate of 21.05 inches of
height growth. Likewise, the radial application vekamatically lower with only 12.84 inches of
absolute height change. Contrary to results foteMbak germinants, the more intensive
treatments were lower, for white oak sprouts, tti@ncontrol estimate (Table 39).

Table 39. Least square means estimates for abslatege in height for
white oak sprout reproduction among treatments

Treatment Estimate Std. Erro T - value P - value
Banded 20.5589 2.9019 7.08 0.0019
Banded + SFM 75 16.0717 2.794 5.75 0.0065
Control 19.9888 2.5972 7.7 0.0069
SFM 75 21.0504 2.7628 7.62 0.003
Radial 12.841 2.657 4.83 0.0181
Radial + SFM 75 19.5755 2.8922 6.77 0.0023
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Six out of the 15 treatment comparisons were Saamitly dissimilar from one another.
The most pronounced range between mean height elemtignates was found between the
sulfometuron and radial treatments. Table 40 castall significant comparisons between

individual treatments.

Table 40. Tukey-Kramer least squares means congpagstimates for absolute change in

height for white oak sprout reproduction betweatidual treatment comparisons

Std. T- Adjusted P-
Treatments Compared Estimate Error value Pr > |t| value

Banded / Radial 7.7179 2.19 3.52 0.000% 0.0064
Banded + SFM75/ Contro]  -3.9171  1.9031 -2.06 03040 0.3119
Banded + SFM75/ SFM 75 -4.9787 | 2.1239 -2.34 0.0196 0.1794
Control / Radial 7.1478 1.7205 4.15 <.0001 0.0006
SFM75 / Radial 8.2094  1.9804 4.15 <.0001 0.0006
Radial / Radial + SFM75 -6.7246  2.1251 -3.17 0.0017 0.0205

The absolute height change for yellow-poplar sovds also different among
treatments. The pairwise test indicated that alBevaf 0.0031 existed (Table 41).

Table 41. Type lll tests of fixed effects for ahgel height change among
treatments for yellow-poplar sprout reproduction

F-Value
3.73

Pr>F
0.0081

Den DF
178

Effect
Treatment

Num DF
5

Chi-Square
18.64

All herbicide treatment mean estimates were |avan the control mean estimate of
44.04 inches. The radial with the sulfometuronttresnt and the radial only treatment had the
lowest estimates with 24.75 inches and 24.84 indlespectively. This is a substantial difference
of almost 20 inches (Table 42).
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Table 42. Least square means estimates for abslatege in height for
yellow-poplar sprout reproduction among treatments

Treatment Estimate  Std. Errar T - vaIuLe P - valule
Banded 32.4182 5.6518 5.74 0.0015
Banded + SFM 75 | 34.8579 6.4344 5.42 0.0004
Control 44.0357 6.2495 7.05 <.0001
SFM 75 39.1072 5.1483 7.6 0.0021
Radial 24.8441 6.4684 3.84 0.0035
Radial + SFM 75 24.7472 5.3228 4.65 0.0084

The post-ANOVA least squares means test indicdigid4 of the 15 treatments were
statistically dissimilar. The greatest contrastegp to be between the control and both radial
treatments. Table 43 depicts the post-ANOVA summary

Table 43. Tukey-Kramer least squares means conopeestimates for absolute change in
height for yellow-poplar sprout reproduction betwéedividual treatment comparisons

Std. T-

Treatments Compared Estimate Error value | Pr>|t|] Adjusted P-value
Control / Radial 19.1916  6.924§ 2.77 0.0062 0.0669
Control / Radial + SFM75 19.2884  5.893B 3.2 0.0013 0.0159
SFM75 / Radial 14.2631 5.8844 2.4 0.0164 0.1537
SFM75 / Radial + SFM75 14.36 4.4318 3.24 0.0014 0.0176

Relative Growth Change for All Analysis

Relative changes in growth for diameter and heiggre also analyzed using similar
statistical methodology. Comparisons for both ditenehange and height change were made
between treatments, reproduction size classewjithadil species groupings, and size class by
species groupings. The relative change in growthdmailar findings to each respective absolute

growth comparison. The findings are presentedenAppendix section.

Competitive Vegetation Analysis for Ground Covers
Ocular estimation was used to discern the pergergdground cover by various plant

competitors (Table 44). These plants primariljuded broomsedge bluestem, Nepalese
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browntop,Rubusspecies, leaf litter beneath conglomerations plirsg sized stems, and
herbaceous vegetation with limited bare ground sMp®m There was a tremendous response by
grass species over the two growing seasons follpweatment implementation. Fifteen out of
the 18 treatments units were estimated to be cduey&0% or more by warm-season grass
species. Ten of these units had a ground coveragentage, by grass, of 70% or more.
Blackberry (Rubus species) were also fairly commosite but typically covered less ground
area compared to the grasses. Isolated pock&sgefr saplings (%2 inch — 4 inches ground
diameter) were present infrequently across eaatkblbimited grass or herbaceous vegetation
existed beneath denser accumulations of woody stem$o heavier shading. All treatments
that received the post-emergent application obsodturon methyl herbicide had a minimum
assessment of 50% grass cover. The data do ngeéstuany convincing difference between the

three blocks and the responded plant community.
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Table 44. Ocular estimates of vegetative grounecpercentages by individual treatment
units on the hardwood response study in west-dehgranessee

Vegetative Cover Type
Leaf
litter/ | Herbaceous
Rubus
Block Treatment BroomsedgeMicrostegium|  sp. Saplings sparse grass
A Control ok 40% 60% ok ok
B Control 95% ok 5% ok ok
C Control 80% el 5% el 15%
A Control + SFM 75 40% 10% 50% ok Hkk
B Control + SFM 75 60% ok 25% ok 15%
C Control + SFM 75 95% kk ok el 5%
A Radial 10% 40% 30% 20% ok
B Radial 15% ok 85% ok ok
C Radial 90% kk 10% ok ok
A Radial + SFM 75 60% ok ok 20% 20%
B Radial + SFM 75 50% Hkk 5% 45% ok
C Radial + SFM 75 85% ok 15% ok ok
A Banded 10% 75% 15% ok Hkk
B Banded 15% ok 70% 15% ok
C Banded 85% ok 15% ok kk
A Banded + SFM 75 95% ok 5% ok ok
B Banded + SFM 75 95% ok 5% ok ok
C Banded + SFM 74 70% kk ok ok 30%

Competitive Vegetation Analysis for Tree Reproducbensity Measurements

Data accumulated for the six individual (1/100-ed@lots were summarized to per acre
values for each of the three replicated blockshenstudy area (Table 45). Block A has two
prominent species that comprise over half of thienaded tree population. Blackgum and
yellow-poplar are estimated to for approximately@8piece of the estimated species
composition. Ash (9%) and hickory (8%) were algmgicant competitors with oak (4%)
species for available growing space. These nunibkosved a similar pattern as presented for
pre-harvest regeneration (Figure 12) with the etiorpgo blackgum, which had a significant

increase in abundance.
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Table 45. Reproduction composition by species andgmtages within block A (two
growing season after treatments) on the hardwosmbrese study in west-
central Tennessee

Species Stem Count (Per Acre) Percentage
Hophornbeam 33 1.3
Yellow-poplar 750 28.7

White oak 50 19
Red oak 50 1.9
Sugar maple 17 0.6
Ash 233 8.9
Elm 83 3.2
Blackgum 767 29.3
Ailanthus 167 6.4
Buckthorn 33 1.3
Persimmon 33 1.3
Hickory 217 8.3
Black cherry 33 1.3
Red maple 33 1.3
Sumac 67 2.5
Paulownia 17 0.6
Loblolly pine 17 0.6
Hackberry 17 0.6
Totals 2617 100

The majority (68% or 1,783 stems per acre) ofrépeoduction on block A occupied the
larger seedling and small sapling size classesl€¢148). Yellow-poplar formed the greater
abundance (217 stems per acre) of large saplintpgvthe block. Ash, sugar maple, tree of
heaven, and Carolina buckthorn also had largedsegroduction on site but at a lesser quantity.
Small seedlings less than one foot in height wiengdd within the area consisting of only

approximately 4% of the sampled population.
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Table 46. Reproduction after two complete growiegs®ns within block A,
by species and size class, on the hardwood resgtundgin west-central

Tennessee
Regeneration Size Class
> 1'-3 1.0" - 3.0"- 6.0’ and
Species ht. ht. >3 ht. OR 2.99” 5.99” above
<01.0” diameter  diameter diameter

Hophornbeam 0 17 0 17 0 0
Yellow-poplar 0 150 117 267 217 0
White oak 0 50 0 0 0 0
Red oak 0 33 17 0 0 0
Sugar maple 0 0 0 0 17 0
Ash 0 50 150 0 33 0
Elm 33 33 17 0 0 0
Blackgum 33 333 400 0 0 0
Ailanthus 0 0 33 117 17 0
Buckthorn 0 0 0 0 33 0
Persimmon 0 0 33 0 0 0
Hickory 33 133 50 0 0 0
Black cherry 0 0 33 0 0 0
Red maple 0 17 17 0 0 0
Sumac 0 17 50 0 0 0
Paulownia 0 0 17 0 0 0
Loblolly pine 0 17 0 0 0 0
Hackberry 0 0 0 17 0 0
Totals 100 850 933 417 317 0
Percent (%) 3.8 32.5 35.7 15.9 12.1 0.0

Block B findings have yellow-poplar dominatingethpecies composition at 40% or

1,683 stems per acre (Table 47). Shade toleraciespincluding hickory and eastern

hophornbeam also form a sizeable percentage cfaimpled population at 17% apiece. Red and
white oak species form approximately 5% of the damf@pecies diversity was lower than block

A and the same as block C however overall stemtosgtimation was the highest at 4,167 stems

per acre.
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Table 47. Reproduction composition by species andgmtages within block B (two
growing seasons after treatments) on the hardwhuaty n west-central Tennessee

Species Stem Count (Per Acre) Percentage
Hophornbeam 700 16.8
Yellow-poplar 1683 40.4

White oak 50 1.2

Red oak 167 4.0

Ash 267 6.4
Persimmon 100 2.4
Hickory 700 16.8
Red maple 50 1.2
Sumac 450 10.8
Totals 4,167 100

Size class distribution within block B is also doated by larger seedlings and small
saplings (Table 48). Approximately 91% of the podgd reproduction falls within these
categories. Minimal small seedlings were presarthe block after two complete growing
seasons have elapsed. A small proportion of thgpkea(7%) were larger hickory and yellow-
poplar saplings.

Table 48. Reproduction after two complete growiegs®ns within block B, by
species and size class, on the hardwood respamdeistwest-central Tennessee

Regeneration Size Class
>1’ 3.0"- 6.0’ and
Species htt 1'-3' ht. >3 ht. OR 1.0"-2.99” 5.99” above
<01.0” diameter diameter  Diameter
Hophornbeam 33 267 400 0 0 0
Yellow-poplar 0 983 567 133 0 0
White oak 33 17 0 0 0 0
Red oak 0 83 83 0 0 0
Ash 0 217 50 0 0 0
Persimmon 0 33 67 0 0 0
Hickory 0 300 250 150 0 0
Red maple 0 50 0 0 0 0
Sumac 0 367 83 0 0 0
Totals 67 2,317 1,500 283 0 0
Percent (%) 1.6 55.6 36.0 6.8 0.0 0.0

*ht denotes seedling height from ground to terminad
*Diam. Denotes stem diameter at ground line
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Block C deviated from the other two blocks in @alereproduction abundance. A
meaningfully lower quantity (567 stems per acregglf€ 49) of reproduction was observed
within the area. Fewer stems is likely attributedhe location of the loading deck utilized for
timber extraction and also the use of heavy equmpriteclear logging slash from some of the
area. Species composition was more diversifietiwthis block. Yellow-poplar again had the
highest tally (133 stems per acre or 23.5%) instnaple data but with lower margin of
difference compared to all other species. Otrgniicant contributors included black cherry
(17.6%), red oak (14.7%), common persimmon (11.&41),(8.8%), and eastern hophornbeam
(8.8%) (Table 49) depicts the summation of ploadat

Table 49. Reproduction composition by species andgmtages within block C (two
growing seasons after treatments) on the hardwesmgbnse study in
west-central Tennessee

Species Stem Count (Per Acre) Percentage
Hophornbeam 50 8.8
Yellow-poplar 133 23.5

White oak 17 2.9

Red oak 83 14.7

Ash 50 8.8
Persimmon 67 11.8

Elm 33 5.9

Redbud 33 5.9
Black cherry 100 17.6
Totals 567 100.0

In accordance with the previous two blocks, blGckad the preponderance (72%) of
reproduction occupying the larger seedling and ksaalling size classes (Table 50). A greater
amount of small seedlings were noted within blocksGzcompared to the aforementioned blocks
however. The removal of debris, along with advamegeneration present during the harvest
activity, may have removed stems that likely wdudde yielded some occurrence of larger sized
reproduction. New germinates following the disambe is a plausible reasoning for the higher

count of small seedlings.
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Table 50. Reproduction after two complete growiegs®ns within block C, by
species and size class, for the hardwood respudg is west-central Tennessee

Regeneration Size Class
-3 1.0" - 3.0"- 6.0'and
Species >1'ht.  ht. >3’ ht. OR 2.99” 5.99” above
<01.0” diameter diameter  diameter

Hophornbeam 0 17 33 0 0 0
Yellow-poplar 0 133 0 0 0 0
White oak 17 0 0 0 0 0
Red oak 0 83 0 0 0 0
Ash 0 50 0 0 0 0
Persimmon 0 17 50 0 0 0
Elm 0 33 0 0 0 0
Redbud 0 33 0 0 0 0
Black cherry 83 17 0 0 0 0
Totals 100 383 83 0 0 0
Percent (%) 17.6 67.6 14.7 0.0 0.0 0.0

*ht denotes seedling height from ground to terminad
*Diam. Denotes stem diameter at ground line

Precipitation Records
Monthly precipitation data was collected from t&tional Oceanic and Atmospheric

Administration webpage (http://w2.weather.gov/clig)dor the middle Tennessee region.

Herbicide treatments were conducted during the grgweason of 2014. For that year through
the year of 2017, there were 13 months out of 2#i(A September for each year) in which
actual measured rainfall fell below average. Thaughty months are highlighted in Table 51
below. Yellow months are negative values up toiiches below the ten year average. Red

months are deviations of greater than 1.7 inchisbine average.

73



Table 51. Monthly Total Precipitation for Nashvikeea, TN

Jan Feb Mar Apr May June Julug Sept Oct Nov Dec

2007 3.321.84 2.26 2.753.30 2.371.47 1.38 1.99 4.956.20 3.83 35.66
2008 4.762.53 5.56 7.20 5.54 2.214.32 1.67 0.88 5.031.75 6.72 48.17
2009 4.592.852.92 4.13 8.45 4.536.03 2.14 11.086.49 0.67 3.99 57.87
2010 4.132.77 3.52 3.48 16.434.96 5.86 6.99 1.17 2.495.41 1.87 59.08
2011 2.315.54 4.59 7.51 4.38 5.043.46 1.78 6.20 0.936.15 4.25 52.14
2012 5.132.81 3.11 2.86 4.01 0.268.38 3.70 5.64 3.831.38 4.71 45.82
2013 7.142.58 4.32 7.63 2.77 4.486.60 1.99 4.52 2.342.53 7.98 54.88
2014 2.615.09 4.36 7.29 Bl 5.738888 5.47 @Bl 8.433.34 3.21 50.59
2015 2.224.60 4.29 6.33 @i 3.38 7.07 2.99 2.28 4.324.84 4.92 50.80
2016 2.174.46 433 [l BB 4.456.28 6.44 1.87 0.431.87 6.94 42.73
2017 3.341.56 4.02 7.40 3.94 4.034.23 8.32 3.58 3.484.46 4.56 52.92
2018 1.63M M M M M M M M M M M M

Mean 3.61 3.33 3.93 5.25 5.20 3.775.10 3.90 3.58 3.883.51 4.82 50.06

M ax 7.14 5.54 5.56 7.63 16.435.73 8.38 8.32 11.088.43 6.20 7.98 59.08
20132011200820132010 2014201220172009 2014200720132010

Min 1.631.56 2.26 1.12 2.37 0.26 1.47 1.38 0.21 0.43 0.67 1.87 35.66
20182017200720162016 2012200720072014 2016200920102007
*Records span a 10-year period; mean average iszddrfrom this period

Palmer Drought Severity Index (PDSI) Comparison

The PDSI remained in the near normal over mogh@®fQrowing seasons of 2014, 2015,
and 2016. One slight drought period is presentethfe winter and spring of 2016. The PDSI
ranking values do not match the actual precipitatialues. There were multiple months for each
of the three years that had rainfall well below thean rainfall average. The PDSI values are
positive for all of the 2014 and 2015 time peribdsvever. Figure 18 depicts the PDSI values
for the middle Tennessee region.
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Figure 18. Palmer Drought Severity Index (PDSluealfor the middle Tennessee region for the
period of March 2014 — October 2016
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6. DISCUSSION

Potential Impact of Season of Harvest

Pre-harvest reproduction data indicated a higpgntmn of shade tolerant species were
prevalent in all three replicated blocks prioritolder harvesting. Block A was slightly dissimilar
from blocks B and C in that half of the pre-harnadvance reproduction consisted of yellow-
poplar. Overall for all blocks combined, it was egfed that the shade-tolerant, advance
reproduction would dominate the site following hesting disturbance. A significant component
of the future reproduction was expected from coppgiarouting as block B had the lowest
amount (1,270 stems) of reproduction greater thegetfeet in height. Post-harvest regeneration
data indicated however that the majority of theeresgation was comprised of stems greater than
three feet in height. Most of this reproduction als shade intolerant species (Block A — 1,083
seedlings, Block B — 2,167 seedlings, and BlockZ83 seedlings). These shade intolerant
species included oaks, yellow-poplar, and ash spe@ak species were in the minority of these
population estimates with 100, 217, and 100 pgree$ve block. Following treatment
applications, a reduction in the abundance of taels tolerant species was observed after two
growing seasons.

Of the measured sample seedlings, approximagfy were classified as root sprout
reproduction. Most of these sprouts derived fromalfendiameter stems which may have been
severed during the harvest activity but the rootlstemained intact. The smaller sized
reproduction probably had a greater probabilityemhaining in place due to avoidance of
hanging or being moved by harvesting equipmentkenhe larger sized shade tolerant
reproduction. As indicated within the pre-harvestadl over 72% of reproduction were in size
classes over three feet in height for each indafidilock. The larger stems conceivably were
unable to maintain their respective root stocklate due to being gripped and ripped from the
ground by the equipment or felled stems duringdikig. This may be the cause for the
reduction of most of the larger pre-harvest repotidn including shade tolerant species.

Reproduction favored shade intolerant species &ft®e complete growing seasons. The
majority of this reproduction was greater than ¢hfieeet in height which may be attributed to the
more rapid growth rates. Adequate time has probalblysed and given the enhanced light
environment created by disturbance, shade toleeg@ndduction could have grown faster while

oak reproduction may have become suppressed. Ilasiorested conditions, Heilegmann and
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Ward (1993), Heilegmann and others (1985), and mMdyknd others (1993) found that shade
tolerant reproduction became abundant and reaeingeridiameters of up to 3 — 3.5 inches,
fifteen to twenty years after a diameter-limit hestz The stand in the study was estimated to
have been cut between 20 — 25 years prior. Thpingagrowth had adequate time to establish.
This size class of reproduction would conceival@ynost likely to be removed from the ground
by logging equipment.

During the early (first herbicide treatments impénted) applications of sulfometuron
methyl, a substantial amount of bare ground wasmks over portions of each research block.
These open areas principally included areas artmatting decks and skidding trails. Higher
traffic activity by heavy equipment was apparenhalthe upper slope and ridge positions but
decreased with descent down the slope. The useanly equipment, including a feller-buncher
and ground skidder, during the late winter andyespting may have facilitated enhanced
removal of potential stump sprouts as comparedhat\wmight have transpired from harvesting
in the seasonal dry periods of summer or fall.| ®oisture is typically highest during the winter
and spring in the southeast. Some studies (Aukb#rers 1995, Greacen and Sands 1980)
suggest that site degradation resulting from dgetudbance can be greater in moist soil
conditions. The increased soil moisture could pidéyn have lead to loosening of the silt loam
soil around root stock. This Bodine soil typelassified as a cohesionless soil which more
readily breaks apart and has increased porosityaoed to other soil types. These soil
conditions may have facilitated easier extractibthe root system for sapling and large seedling
sized stems during felling and dragging of dowrreds across the area. Schweitzer and Dey
(2011) found that the majority of oak seedlingsaerad undisturbed by unrestricted harvesting
equipment. However, results from the study alsacate that there was a reduction in larger
saplings (greater than 1.5 inches) and small pohedr sized stems when incorporating other
species into the analysis. These findings supperttieory that larger sized reproduction has an
increased probability of being removed during timbarvest. The study site had abundant
sapling sized stems in the understory and midstanppy. Thus, a greater component of
individual stems may have been “ripped” from theuwyd during skidding or by the blade of the
operating feller-buncher. Removal of the root ktewould directly reduce the prevalence of

stump/root sprouting.
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There was a noticeable discrepancy between tlodbia the abundance of reproduction
within each block. Most obvious was the nominalradtance of total seedlings present in block
C (567 stems per acre) as compared to blocks ATXx&ms per acre) and B (4,167 stems per
acre). Block C was harvested in late spring whetiea®ther blocks were harvested in March
and April. A relationship may exist between havaigindant reproduction to harvesting when
trees are still in the dormant period versus hamvgsn an active growth period. Roth and
Hepting (1947), and Keyser and Zarnoch (2013) oleskthat season of harvest did not impact
hardwood stump sprouting potential. Severance allsmstems after leaf flush, in the middle of
the growing season, may lead to individual stemtatity due to lacking resources from the
already depleted carbohydrate reserves in thesg@deém (Buell 1940, Kays and Canham 1991,
Babeux and Mauffette 1994, Belz 2003). Block C Waivested in May (early growing season
prior to cessation of above ground growth) whicltymat have killed the reproduction stems but
could diminish growth involving both stem elongatiand foliar flush. Some smaller advance
reproduction with lesser root stock may have bewble to respond from this disturbance and
could have contributed to increased mortality ca atinimum, experienced an overall reduction
in seedling abundance. Babeux and Mauffette (16Bd¢rved a 53% mortaility rate in red

maple stump sprouts following stem severance in.May

Natural Reproduction After Disturbance

Despite the lack in abundant oak reproductionciaitéid by pre-harvest regeneration
inventory data (Tables 3-8), all % - acre treatmanitts contained at least 75 oak seedlings to
serve as samples for later data collection andyaisal On a per acre basis, this equaled
approximately 100 oak seedlings per acre. The poesef these oak seedlings suggested that
even high-graded stands may contain a limited amdur less that of shade tolerant species, of
oak or other shade intolerant reproduction duextmpy gap creation (Canham 1989). This
disturbance increases sunlight penetration to tidkenstory. Within gap openings, shade
intolerant and intermediate species can estabhidhr@spond favorably in growth (Delucca and
others 2009, Cowden and others 2014, Keasberrptueds 2016). Such forested stands may
contain a less than desirable abundance of oakdaption before disturbance. Following a
clearcut potentially more oak seedlings have thiyato emerge. With increased active forest

management such as weeding or crop tree releaséimmee these seedlings may possibly
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maintain competitiveness and recruit into more ah@mni canopy positions in the future stand.
Early forms of active forest management will beessary for these oak seedlings to establish
competitive crown positions. This is especiallgezgial with the presence of yellow-poplar
reproduction. High intensity disturbances thanttically increase sunlight penetration to the
forest floor may result in a conversion of starmgedllow-poplatMcGee and Hooper 1975,
Beck and Hooper 1986, Groninger and Long 2008,i4$4890). In addition, the presence of
other less desirable species including easterndrapkam, blackgum, and hickory species will
also reduce the probability of successful oak distainent in the future stand as indicated by
Johnson et al (1989) and Ward and Heilegmann (18ye control applications after the
clearcut disturbance are needed to reduce thespgetibon species will increase the probability
of oak seedlings establishing dominance at crowsuwk. Oak may likely lose dominance in
heavily disturbed stands without post-clearcuttogipetition control.

A significant difference existed between indivititraatment units that received the same
herbicide or combination of herbicides. Thus, damksir groupings included sulfometuron methyl
only treatments, glyphosate only treatments, bothlined sulfometuron methyl and glyphosate
(banded or radial combinations), and control tregiis. The difference is attributed to the
variation in species composition amongst eachaaad treatment unit on the three blocks
(Tables 9 and 10). The difficulty in finding seedjs with the excessive grass competition
created disparities in available samples. For s@pkcations, yellow-poplar may have
dominated the samples within a particular unit veasrthe same treatment on different units had
a greater percentage of oak. The growth rate éffiegs were evident between the yellow-poplar
and oak groups. This growth rate variation amonpgsties lead to a more significant growth

increase in units with more yellow-poplar.

Impact from Grass Competition

The minimal difference in growth response betweericide treatments can likely be
explained in part by non-woody plant competitiomtdble competition on the site was primarily
accredited to the dense establishment of warm-sagrssses following the treatments. These
grasses can impact tree seedling growth in a yasfetvays. Seedling survival can be decreased
by reduced moisture taken up by grass. The redoumesture may enhance drought stress. The

shallow root systems of grass may diminish ava@labsources for uptake by tree roots which
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include both water and nutrients. The grass roatsatso restrict root expansion of the desired
crop seedlings. A reduction in bare ground covegiags and straw could alter microclimate
around seedlings by creating thermal inhibitionimiyiboth heat and cold temperature extremes.
All these detrimental factors caused by grass ocatribute to reduced seedling growth. The loss
of previously dominant forb vegetation due to heide# use contributed to the grass
establishment on the research site.

One deleterious result of the herbicide applicetis that it created areas devoid of
woody competitors, and herbaceous competitors fuickaded. Growing space conditions
were altered that enabled broomsedge bluesterdropogon virginicusand Nepalese browntop
(Microstegium vimeniujrto dominate most of the site. Each treatment thait received any
herbicide application resulted in a higher percgataf ground coverage by grasses compared to
the control units. Rice and others (1997) hadlamnesults where a grass dominated cover
established following herbicide applications to ttohinvasive forbs. Ezell and Nelson (2001)
and Groninger and others (2004) also observetioaimsedge coverage increased on a planted
oak study site that received treatments using sw@faron methyl. Minogue and others (2012)
stated that sulfometuron methyl is weak on coritrglperennial grasses including broomsedge.

Glyphosate treatments also appeared to assisags gstablishment. The locations that
received the directed foliar spray applications geaks encompass higher percentages of ground
coverage in the respective units. Ristau and o{f2€/k1) also observed an increase in graminoid
cover for areas that received herbicide applicatioging both glyphosate and sulfometuron
methyl in a shelterwood harvested area. Horsle94}8lso noted an increase in grass from the
seed bank within a shelterwood harvest treated gijgphosate. On this study, the grass
emergence was especially noticeable within bandeg/aunits. On block C, the glyphosate only
treatment had a robust grass response isolated spyayed strips. The untreated strips within
this block were primarily occupied by blackberRupus sp. The glyphosate sprays enabled the
grass to establish due to the control of herbactwbs. The forbs likely suppressed the grass
but once removed, the grass became free to gravenBsedge has been shown to respond even
after herbicide (glyphosate) treatments that attethfo control the species (Butler and others
2002). The researchers also reported that spririgdmde applications did not affect broomsedge
density in areas with old-standing top growth. Thrtesatments conducted on this study site

would not likely have reduced any pre-existing graspulation.
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The dense establishment of grass in young foresttan be problematic. Kozlowski
(2002) suggests that dense fields of tall grasstmongly impact crop tree survival. Various
perennial grasses can have unfavorable influentése seedling establishment and they may
be considered as the most widely recognized cotopebf tree seedlings (Davies 1987, Otsamo
and others 1997, Mitchell and others 1999. Grastsriesave been documented to have high
levels of moisture uptake (Gordon and others 198fl, and others 2004), resulting in
substantially lower available soil moisture for diggg utilization. Reductions in soil moisture
are directly correlated with reduced seedling ghov@ordon and others (1989) reported that
fibrous grass roots had a greater competitive effempared to annuals with tap roots. The
Gordon study indicated higher soil water extractiecreased blue oa®Qercus douglasji
seedling emergence, reduced root/shoot relativethrmates, and shorter length of growing
season perpetuates denser abundance of grasaus sp.

Pockets of area occupied by higher densitiesaggroot create sections of nutrient and
water depletion. The diminution of resources diseletads to condensed seedling root growth
(Collet and others 2006). Tree seedling growth alag have been impacted due to decreased
root stock as similar to Harmer and Robertson (2@08 Collet and others (2006). Ball and
others (2002) also observed that root growth fardBptus seedlings was primarily confined to
lateral exploration in early spring with minimaln@gration to greater depths beginning in late
spring. In this study, the oak and yellow-popladizngs may have had reduced lateral
expansion of root systems due to the establisheskpce of grass roots similar to the
observances of Ball and others (2002), Harmer astzeRson (2003), and Collet and others
(2006). Thus, seedling growth may have been dy@ctluenced by the dense establishment of
grasses on the study site.

Nitrogen fertilization has been observed to imgrtnee growth (Harris 1966), however,
Coll and others (2004) reported that approxima®@6 of the available nitrogen added to
seedlings and grass planted in containers wagedily the grass and not tree seedlings. Thus
the potential addition of fertilizer as a managetmgtion, in presence of existing grasses, would
likely only be utilized by the grass competition.

Oak is known to be drought tolerant, has longdafs, has the ability to photosynthesize
and conduct water through the xylem under high m&ttess, flexible in maintaining high

root:shoot ratios through recurrent shoot diebaaokl, has physiological plasticity that facilitates
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adjustment to water stress (Kriebel and others1®B&suda and others 1989, Abrams 1990,
Kubiske and Abrams 1992, Bragg and others 199%ardgland Rhoads 1993, Parker and Dey
2008). New germinants and smaller reproduction Isinadlow root systems, however, and are
likely more prone to environmental stressors inigadirought and root zone competition. Thus,
both grass and small tree reproduction have ragiensys existing in the same soil horizons. The
grass root system serves as a physical barrieratlates both tree seedling growth and
available resource uptake. Thus, grasses are higinfypetitive for the first initial years after
disturbance (Miller and others 2003) but, if thedleng survives, the root stock increasingly
reaches deeper soil horizons and escapes grassoropetition. Thus, tree reproduction size is
an important determinant of establishment succasdaldifferences in competitive capability,
predation risk, and disturbance tolerance betweell @ind large seedlings (Armstrong and
Westoby 1993; Harms and Dalling 1997; Lahoreauahdrs 2006; Seiwa 2000).

The detrimental competition caused from grassddemns (Horsley 1981 1993, Hanson
and Dixon 1987, McCormick and Bowersox 1997) te seedlings has been documented for
both above ground and below ground. Shallow, d&teots of trees compete with grass roots
for substances which likely affect tree growth. iHar and Robertson (2003) noted a reduced
development of the lateral root system by decreasetbers of root tips on for multiple
hardwood species due to grass competition. Callétoghers (2006) also observed oak seedling
root system size was reduced by competition froasgrColl and others (2004) witnessed
significant reductions in both diameter and hemylotwth of beechKRagus sylvaticawhen
grown in the presence of grass. Grass root expaesio also impact root zone placement by
trees as grass roots typically create zones ofemtitand water depletion (Gordon and others
1989, Coll and others 2004). Tree roots resporidisaoy favoring resource rich areas that have
not been colonized by grass root systems (Mainao#mets 2002). Fine roots (less than 2
millimeters in diameter) serve as the water andienttabsorbing components of trees and the
prevalence of fine roots typically decline as saitrient availability increases (Barnes and others
1998). Thus, reduced root space that is occupiegtdmss root systems could impede absorption
of available resources needed for growth by segsllin

For many of the research units in this study, cage of over 80% grass left minimal
space for tree roots to successfully expand arethfhe reduced available area likely resulted

in reduced size of root stock, thus reducing thgacay for maximizing growth. Richardson
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(1953) used a root observation chamber to obsbevertpact of root zone competition between
Acer pseudoplatanusycamore maple) witholium perennégEnglish ryegrass). Richardson’s
(1953) key results were: 1. The presenck.qferennedepressed root growth rate, shortened the
length of active growth, reduced root hair densatyd restricted rooting depth/lateral spread of
tree roots.; 2. Nitrogen deficiency reduced the sizd growth of tree roots, but promoted
elongation of the grass roots.; 3. Grass root agiowth began approximately three weeks
earlier in spring and had a more rapid spread cosdp® the tree roots.; and 4. The absorptive
surface of the grass roots was greater than theds in the same volume of soil. Because
there was extensive grass coverage in this sthdycdnclusion is, as Richardson had reported
(1953), that the grass roots exhibited more absorgurface in the same volume of soil as the
tree roots, and the trees were under greater stress

Grasses have been shown to seriously interferetreé growth. Whitcomb and Roberts
(1973) observed th#cer saccharinungsilver maple) roots were eliminated from the uppe
centimeter of undisturbed soil following seedindPofa pratensid. (Kentucky bluegrass). Grass
has been reported to reduce diameter and heightlg(élarris 1966), who also documented a
decrease in girth and height growth for Southergmoba (Magnolia grandiflorg and Zelkova
serratg cultivars when tall fescud-éstuca arundinacegaurf was established.

The heavy abundance of grasses, such as was poesths research site, may also
reduce tree seedling growth by means of thermdbiitndbn during both high and low
temperature extremes. Rosenberg and others (1883)ke (1987) surmised that grassy ground
cover alters soil and air temperatures comparéate soil conditions. This alteration may lead
to plant stress, particularly in the summer seadoa,to changes in transpiration rates directly
attributed to temperature stresses which affealsggfunction (Barnes and others 1998, Zahner
1956). Balisky and Burton (1995) suggest that keatluction through grass is poor which
directly reduces diurnal fluctuation for soil temgieires in temperate climates. During winter,
this may have prolonged the duration of extremd taiperatures beneath the grass layer
subjecting seedlings to frost damage. This longeiod under grass cover slows diurnal
fluctuation with the passing of seasons (wintesgang and summer to fall) compared to bare
soil. In a study by Oke and Hannell (1966) wheravgtmulch was placed atop of a soil surface,
the change in diurnal fluctuation was found to sleith time (season) compared to that of bare

soil. They reported that the straw impeded the ¢dstored summer heat during autumn and

83



also retarded heat penetration into the solil irsfireng (Oke and Hannell 1966, Lambers and
others 1998). The occurrence of grass may haveesteat the overall length of the growing
season on this research site due to the abundégcasses which could have reduced seedling
growth. Temperature differences between bare veasusred ground surfaces have been
observed to affect the timing and growth rate ahgd in agricultural areas (Rosenberg and
others 1983; Oke 1987).

Such effects may also be possible for tree segglfimllowing clearcutting. Within weeks,
vegetation began re-establishing on the reseatelvsi over half of the area would be
considered as bare ground. The use of herbicidedaelktra duration of bare soil conditions for
approximately three weeks (glyphosate) up to twatim® (sulfometuron). Tree seedlings within
grass cover are exposed to greater temperatuenggr(minimum and maximum) than
seedlings with bare soil conditions (Oke 1987 )gi@ss cover can expose seedlings to scalding
temperatures during periods of high insolation lamdwind speed during the summer.
Waggoner and others (1960) compared surface tetapesaof bare soil with soil covered with
hay (60 millimeters thick) and found they were 3&ft@i 50°C, respectively. This difference in
temperature was attributed to poor heat conduthimyugh the hay with minimal transmission of
heat into the soil, and the hay restricted the mapor movement from the soil to the air which
limited latent heat loss by approximately 50%. teimperature above the hay cover was up to
10° C hotter than measurements taken above thesbdusurface up to a height of 20
centimeters. Thus, seedlings are exposed to greeatrand drought stress when grass cover is
present. Initially, the study site had bare soidiGons, both following disturbance and
herbicide applications but grass responded rapidig. ground coverage by grass, particularly in
areas treated with both sulfometuron and glyphesatdd have caused temperature stresses to
the measured seedlings as it did for all of theesh®ntioned studies.

Lower temperatures during the colder seasonslsarba problematic for seedlings
within grass or hay groundcover. Long-wave therradlation from an exposed soil surface is
the most important mechanism for nocturnal cooliftge presence of mulch or straw atop soil
would then serve as the active cooling surfacen(ftioe surface to the top of the ground cover)
or the site where maximum frost occurs (Oke 198 ground cover then forms a thermal
insulation zone and restricts the flow of heat fribr soil to the air. Thus, temperatures directly

above the grass and the grass surface are lowethtedare soil surface (Leuning 1988). Ball
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and others (1997) observed that relative to bategsassy ground cover reduced minimum air
temperature by an average of 2° C and leaf temyresabove grass being another 1° - 3° C
lower than air temperature. These lower minimumpteratures can result in more frequent and
more severe frosts than seedlings within bare(Bail and others 1997, Lambers and others
1998). A grass or straw covering provides negatiygacts by insulating the soil from heating
and cooling. Grass ground cover can potentiallyesaitiree seedlings to slower recovery of
photosynthetic activity, delayed bud break, gredtenage to elongating stems and developing
leaves from frost damage, and reduced stem elamggtowth. Given the continuous vertical
presence of broomsedge over the winter period sdrstbaceous forbs which die and
decompose on the ground surface, grass can diiefitignce cold weather problems related to
tree seedling growth. Areas containing forbs, sagkhe control units, had conditions which are
similar to bare ground thus such negative consempsewere not as severe or even a factor for
seedling growth.

Findings suggest that grass cover can alter sdilater temperatures during both high
and low temperature extremes. Significant changéisa thermal environment can yield
negative responses in plant growth and photosyisthBse reduction in these two physiological
processes may lead to a reduction in seedling cttmpeability and probability of survival (Ball
and others 1997). Ball and others (2002) observedter seedling biomass and root biomass for
Eucalyptus seedlings grown in bare soil comparestéallings grown in both grass and hay
ground cover. The bare ground seedlings also blegingrowth earlier in late winter and had a
greater rate of root growth in the spring. Shootiass for the seedlings also begin to expand in
early spring for those growing in bare soil verlie summer for seedlings within both live
grass and straw treatments. Seedlings having grasstraw ground cover began growth (bud
break) approximately three weeks later than baitessedlings. Bare soil eucalyptus seedling
shoot biomass was four to five times greater tlegallings within grass and straw. Collet and
others (2006) also observed increased root stacsefssile oak (Quercus petraea) in bare soil
containers compared to containers which also coategrass competition. Coll and others
(2004) reported that following two growing seasdrexch seedlings in the presence of grass
showed significant reductions in diameter and heggbwth, annual shoot elongation, and stem,
root and leaf biomass, but an increase in roohtmsbiomass ratio. The grass emergence in this

study likely reduced my sampled seedling biomasstdueduced competitive ability and
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duration of active growth similar to the reportedrits of Ball and others (1997), Collet and
others (2006), and Coll and others (2004).

Ball and others (2002) also observed that soiktooe was significantly lower under the
growing grass compared to that of the straw treatnwhen precipitation was relatively
abundant and grass was actively growing. Soil moesbeneath the straw approached field
capacity (24%) during the early spring. Soil maistteduction was attributed to transpiration by
the living grass. Interestingly, tree seedling gfowas poor for both treatments compared to the
bare ground seedlings. Based on these variousrchsiadings, grass cover appears to
negatively affects the microclimate surrounding tseedlings due to thermal inhibition
(Lambers and others 1998, Ball and others 1997,10K&).

Typically, grass is able to begin establishmenliexan late winter whereas tree
seedlings begin growth in early spring. The presaigrass ground cover may further inhibit
tree seedling development by enhancing the potdatifrost damage and extending the
initiation of root growth/expansion (Ball and othdr997, Ball and others 2002). Thus, tree
seedlings may fail to capture all potentially azble resources present during the spring season
due to microclimatic conditions being altered bgsges. In summer, soil temperatures rise to
favor tree growth, however the well-establishedsgigely has depleted moisture and nutrients
from the upper soil horizons leaving minimal resmsrfor tree seedlings (Ball and others 2002).
The enhanced frost damage, resulting from decreasggkerature created by the grass layer, in
autumn may also reduce the length of the growirgse.

The high establishment rate of grasses suggesthnaeduction of forbs through
herbicide applications essentially released grassessuppression. The vigorous emergence of
warm season grasses, primarily broomsedge and &ssphtowntop likely hindered growth of
the existing seedlings due to root zone competifldis is of primary importance with oak as
root stock development is a primary growth strategi oak. The dense, fibrous root systems of
the grasses likely caused excessively high conetibr space in the same soil horizon as new
tree seedlings. Available soil moisture was likeltercepted by the fibrous grass roots that
limited the growth potential for tree seedlingseTdbility for a given tree to expand its root
system is also impacted by the abundance of goass. IThe result of this competition by grass
was a reduction in above ground height growth grbwth instead allocated more towards root

biomass (Harmer and Robertson (2003), Collet ahdrst(2006). These authors also suggested
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that total root length and the number of root tpsrease with increasing competition. The
sample seedlings in this study likely experienalctions in growth due to the same findings
of Harmer and Robertson (2003) and Collet and st{20906).

Treatments that received higher intensity herlei@gdplications using both sulfometuron
methyl and glyphosate had a higher percentagewarage by grasses based on ocular estimates.
A secondary treatment during the growing seas@0ab to attempt to control the emerging
grass may have proved beneficial to enhance seegilowth. Self (2011) reported that planted
oak seedlings that received two years of vegetatorrol using Sulfometuron yielded greater
seedling stem and root biomass compared to a sapgliécation and an untreated control. The
continuance of bare ground condition in this stfrdyn a subsequent application would likely
produce similar results to Self (2011). Additiotralatments using bromacil, diuron, tebuthuron,
buthidazole (Griffen and others 1988) and glyphe$Butler and others 2002) may provide
sufficient control of broomsedge. Use of theseipigits may injure the crop tree seedlings
however. The timing of the herbicide applicatiomlicbhave altered the early successional
vegetation response. Applying the herbicides aftiell growing season may yield a
contradictory plant type response similar to prieed fire or disking among different seasons
(Harper 2007). The probability is greater, howeteaj grass would re-emerge from seed stock
even with a change in application timing as sulfaren applied at the low application rate of 2
ounces per acre will not control most grasses.rlagiplications may have been more difficult to
perform as seedlings would likely be hidden by hedwmus vegetation. Given these uncertainties
and management challenges, the pre-emergent grspaithg seedling release application is
likely the most acceptable option. Eventually, thkeased oak and yellow-poplar will develop
and create shaded environments that diminish #gepce of the grasses. The addition of lime
may prove to further benefits by altering the Rrelevhich would likely reduce broomsedge
presence and enhance nutrient uptake the crop treleg and others (2011) found that a one-
time application of dolomitic lime increased thewth rate of sugar maple but decreased black
cherry growth. Oak species may also be improvedusthier investigation is warranted.

Negative impacts to seedling growth should begatgéd through some form of chemical
release to control grass competition. McCormick Bodiersox (1997) demonstrated that height
growth was significantly less for planted northezd oak and yellow-poplar in areas dominated

by poverty grass compared to seedlings in areasdbeaived grass control. Yellow-poplar was
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1.6 times greater in height in the grass free ameseas northern red oak was 1.2 times taller
four years after treatment (McCormick and Bower$8827). Sims and Mueller-Dombois (1968)
studied competition from grasses includfagdropogon gerardon coniferous tree species and

found the grasses inhibited tree growth via shadmdjroot competition.

Precipitation Effects on the Study Site

Results indicate that initially there was a meaableresponse among the herbicide
treatments and the untreated control after two grgweasons. This result may be attributed to
below average precipitation during the growing sedsllowing herbicide application. Seven of
the twelve months (April — September) had belowage rainfall for the 2015 and 2016
growing seasons according to NOAA (https://www.\keatgov/) data. Of particular interest is
the period during April and May of the 2016 growsgason. Monthly rainfall for these months
was 4.05 inches and 3.16 inches below the avedsgm@ back to the year 2000). During this
time, trees in the Highland Rim region are usuapiyimizing growth. The reduction in moisture
available for uptake by trees probably affected seedling growth. If these spring months had a
normal or above average rainfall, seedling growponse may likely have been different

amongst treatments.

Spring Droughty Conditions

Early findings suggest that there is no statisticsinificant difference in either diameter
or height growth between herbicide treatments. |&bk of differentiation was probably caused
by a deficit from the mean average precipitationrduthe early spring (in particular May)
season for years 2014, 2015, and 2016. April, 204® experienced strong droughty conditions
well below the mean (Table 94). Tree growth is npostific during the spring season but a lack
of moisture will diminish growth potential (Robbida821). During the initial growing season of
2014, rainfall for September dropped to 0.2 indioeshe entire month. Extreme dry soil
conditions may have impacted the photosynthetiac&pand physiology of the seedlings
creating growth loss. Should rainfall amounts beemmal for one or both of these times during

the active growing season, seedling diameter @hheesponse may have been greater.
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Palmer Drought Severity Index (PDSI) Comparisorhwiittual Precipitation

The PDSI values for the middle Tennessee regidmdi match very well with the actual
precipitation values. Fekedulegn and others (2603)d that yellow-poplar growth strongly
followed both precipitation and PDSI values, anat the species ring growth was dependent on
precipitation rates particularly on xeric siteseTuse of PDSI may not be representative of actual
conditions when given on a regional scale as tagisted an obvious discrepancy between the
ranking value and the actual precipitation amouPBSI does take into account multiple
variables other than just precipitation. A defigds given for only the 2016 growing season
using PDSI. The 2014 and 2015 seasons were averageist seasons. Thus, PDSI would
suggest no extreme weather irregularities existasiv@ his is in contract to precipitation
amounts recorded in Nashville over the three seadtarhaps there existed a large variation
over the entire middle Tennessee region that didepyesent recorded precipitation at the
measurement station in Nashville. The use of PD&} not be as reliable as actual recorded
rainfall measurements taken on site. Attempts shbalmade to use a rain gauge at the research

site for future research requiring precipitatiotada

Transference of Glyphosate to Non-Target Plants

The radial spray treatments using glyphosate épazd minimal increases in both
seedling diameter and height growth in multipldist@al analyses. Statistical analyses indicated
that radial applications yielded the lowest measoélie diameter growth among all treatments
for combined seedlings (Table 13). The radial tresit also yielded the lowest absolute rate of
height growth (Table 16) for all treatments as wBHe same trend was observed for each
species group (red oak, white oak, and yellow-pdpées depicted in Table 22 in that the radial
spray application had the lowest absolute changeight growth for all treatments. The radial
treatment also showed the lowest or next to lowesins estimates for relative change in height
for white oak sprout, yellow-poplar sprout, andlgetpoplar germinant reproduction. The radial
treatment effect did not appear to be as detrinhémtaelative diameter growth when individual
species group reproduction was analyzed by germorasprout classes however.

These treatments had glyphosate applied withinesof the crop tree seedlings. The
seedling foliage was protected during applicatiut,it may be possible that the active

ingredient or a by-product could have been absottbedme extent below ground. Glyphosate
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eventually reaches the soil through either directact or by release from dead plant matter
(Neumann and others 2006). After reaching the gl chemical may be absorbed onto soil
particles, experience degradation by soil microoigras, or leach through pores or root canals
into deeper soil horizons. Tesfamariam and otH#89) proposed that there may be some
possibility of toxicity to non-target plants duertozosphere transfer of glyphosate. Neumann
and others (2006) observed the exudation of glygtedsom treated plant roots into the adjacent
soil. Kremer and others (2005) reported that exadadf glyphosate can restrict growth of
adjacent plants and seedlings. Negative effeat®metarget plants may include heightened
sensitivity to plant diseases connected with lovgnegium and iron availability in soll,
increased nematode infections, inhibition of romvgh, and reduced nitrogen fixation (King
and others 2001). Glyphosate has been witnessatetanitrogen metabolism by directly
affecting mycorrihizae or indirectly by causingeffect on plant physiology (Zobiole and others
2010). Glyphosate applications can reduce nodulatie to reductions of symbiotic bacteria in
glyphosate resistant soybeans (Zobiole and otl@2,2Zobiole and others 2010) . This factor
leads to a loss of energy and fixed nitrogen tbatctinhibit plant growth and production.

Glyphosate is stored within plant metabolic sitetuding root and shoot meristems after
translocation within the plant. Enhanced growtle mxeas including nodules, root tips, and shoot
apices are important sinks for glyphosate storAgamall transference of herbicide may occur at
these below ground locations. A metabolite of ghgite named amino-methylphosphonic acid
(AMPA) forms from glyphosate after degradation bignmorganisms. AMPA is a recognized
phototoxin that has been suggested to cause glgrosluced injuries in glyphosate resistant
plants (Reddy and other 2004). The authors alsereed that AMPA affected chlorophyll
biosynthesis and caused plant growth reduction. AMBs also been observed to reduce the
amino acids glycine, serine, and glutamate in ¢éictatouseear cresar@bidopsis thaliana
plants (Serra and others (2013). Thus a possilaktgts on the study site in treatment units
receiving glyphosate applications that measuredlisgs may have had AMPA transferred
through the rhizosphere. The uptake of some limat@dunt of AMPA could have stunted
growth without causing mortality to the affecte@dings.

Though most of these research findings are adsdowth genetically modified
soybeans and other plants, similar effects cowe lbacurred within the oak and yellow-poplar

seedlings within the radial treatments. The sfatiftlata in this study does support the
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likelihood that glyphosate applied around crop §egd may inhibit growth. This may

especially be true of the radial treatments asdriginounts of herbicide were applied all around
the favored seedlings. The banded spray treatraésdsised glyphosate, however not all of the
sample seedlings were located on the edge of ttieaiad bands. Thus, the herbicide may not
have transferred into the crop seedling due tdtlter distance between the root stock and any
movement of the herbicide directly down the sodfiee. The sampled seedlings that were on the
edge of the treated strip would be potentially esqabto only half (one side) the area compared
to the entire area around radial sprays. Thudattieof or reduced amount of exposure may

have had no or a lesser effect on the sample sgsdli

Diameter and Height Response Among Species

Growth rates of yellow-poplar was significantlyfdrent from that of both the red oak
and white oak groups. The rapid growth of yellowsiao compared to other hardwood species
following the clearcut disturbance were expected@de and Hooper 1975, Beck and Hooper
1986, Heilegmannn and others 1985, Hilt 1985).\EFsuccessional competitor species such as
yellow-poplar and pine species focus energy on siemgation or above ground growth.
Alternatively, oak species implement more conséreajrowth strategies by allocating more
growth to root stock than stem elongation aboveigdoCrow 1988, Dickson 1991). Oak
species focus carbohydrate allocation towardsdaewgélopment as opposed to above ground
stem elongation during the early years of develognmEhe use of chemical treatments creates
conditions to counteract the lesser rate of abowargl growth exhibited by oak. The removal of
competing vegetation around the oaks enables @altisgs more time to become established
without being overtopped by adjacent seedlingsaplisgs.

Carlisle and others (2002) showed that white aagtt growth was unaffected by both
radial and complete broadcast sprays compareddotaol where alternatively ash and black
walnut did have significant growth increases. s study, a difference in both diameter and
height growth emerged between treatments whenesgpgoouping were statistically analyzed.
The sulfometuron methyl only treatment promotedraéeight growth when used in
combination in all of the treatments that includgygphosate. Height growth differences were
found between the sulfometuron methyl treatmentgsadinother treatments. Yellow-poplar, in

particular, appeared to respond the best to sutionme treatments. This response is likely
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explained by the prolonged bare soil conditionai@e by the residual soil activity of
sulfometuron methyl, and no negative impact bydttve ingredient within the plant unlike
glyphosate. Although bare soil conditions only &dsfor two months during the initial growing
season, this duration was of sufficient lengthltmsafor a height growth response. Yellow-
poplar capitalized on this open growing space meadily than the oaks. The average of all
combined seedlings (without grouping) for the twovgng seasons as well as species group
comparisons did have a significant difference antbegreatments. The sulfometuron methyl
only treatment yielded the best results for absotidmeter (Table 13) and height growth (Table
16 and Table 22) for each treatment comparisort. étnsrgent applications using this herbicide
at a rate of two ounces per acre promoted seedéuglopment in the analyses for combined
species. Given the benefits of creating bare grauwsmy this herbicide and seedling response

implementing chemical treatments to hardwood segsdlis advisable.

Other Potential Management Options for Degradedh&sa

Findings from this study suggested that more sitenherbicide applications which use
multiple herbicides may impede or not have a sigaiift response for seedling growth. A
reduction of competing tree species is necessamger to enable oak to occupy at least 50 —
100 stems per acre at crown closure. Radial s@ayked directly around individual seedlings
appeared to reduce growth of natural reproduciitee. loss of productivity is likely accredited
to the increased abundance of detrimental micrawsgas or potentially to incidental drift or
contact with a protective apparatus. This applicatields increasing growing space by
deadening surrounding competitors but at the dosiduced diameter and height growth by
favoring grass competition. An alternative solatto controlling tree competitors would be a
pre-harvest chemical midstory control applied atean injection treatment to deaden all less
desirable reproduction occupying canopy space th the midstory and understory. The
application would further enhance stump regenenatappice control. Some stump sprout
reproduction was still alive though apparently stdbased on casual observation within
treatment units. Thus, foliar sprays of stump sfgaonay prove ineffective in providing an
acceptable level of control for this highly compig& regeneration source.

Another alternative management action may be diodiar sprays to individual less

desirable reproduction as opposed to sprays arthénpreferred seedlings. This treatment could
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potentially reduce incidental contact with the preéd seedlings thus eliminating any potential
growth loss attributed to herbicide. Alternativexihicides with residual soil activity, such as
Imazapyr, could be substituted which may furthgoriove rates of control. Uptake of the active
ingredient by the desired crop trees may not ae#f given the proximity of the target stem.
For target stems within the drift zone (within apygmately five feet), stumps or seedlings could
be chemically treated by injection or cut stumpla@ations. These silvicultural activities could
be considered as forms of an early weeding thinnifige effect from treatments should still
provide the needed additional growing space reduiseoak seedlings to occupy a dominant or

codominant position in the overstory at crown cltesu

Herbicide Applications Enable Oaks to Remain Coitipetwith Yellow-poplar

The early herbicide applications provided a levfetampetition control which will
enable a greater growth rate for the natural opkodiction compared to untreated controls.
Chemical treatments applied in the initial yeardhaaproved early seedling survival and height
growth. Robinson and others (2003) also founddbkatof herbicides including Garlon, Accord
plus Oust XP assisted oak competitive status watloy-poplar. Chemical applications may not
only improve early growth but may also enhanceptfedability of oak stems to successfully
establish more dominant positions at crown closyrereating extra available growing space.
The importance of controlling adjacent non-oak species will likely prove to be a necessity in
oak establishment. Woody competitors within a gistand hinder oak development by
overtopping adjacent oak stems; ultimately rendgtiivem to occupy suppressed crown
positions. Some of the research treatments weestalsuccessfully control adjacent non-oak
stems. Future seedling measurements are expedeest the theory that early applications will
be needed to promote oak development.

Findings in this study indicate the initial changeliameter between the red oak, white
oak group, and yellow-poplar were significantlyfeient. This is relevant since yellow-poplar is
one of the primary competitors with oak for avaidabgrowing space. The herbicide treatments
may have improved the oak growth rate to a pointhich oaks may maintain higher
competitive status reducing the chance of mortalitgelaying the time until the oak stem is
overtopped. Future seedling measurements may rthadahe early chemical applications

enable oak species to form a higher proportiomefdominant crown positions. If this prediction
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is confirmed, early chemical applications may luial component to oak regeneration

methodology.
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7. CONCLUSION

The use of diameter limit harvesting or high-grgdmethodology is vigorously used
across Tennessee upland hardwood stands. Suchiopappe management leads to stands that
commonly regenerate with shade tolerant specidas.rélponse is attributed to a higher
prevalence of shade and loss of desirable paredtsteck. These conditions occurred on the
study site for this project prior to any managentisturbance. Larger sized reproduction greater
than three feet in height comprised approximat@B6&®f the pre-harvest population sample.
Forest stands will typically regenerate after auisance from these larger seedlings and
saplings. Findings from this study suggest thatémentation of clearcutting can yield a
significant abundance of more desirable seedliogvorg stock, though early sampling indicated
minimal advanced regeneration in place, within ddgd stands. The implementation of timber
harvesting during the late winter/early spring litatied the removal of larger sized shade
tolerant reproduction from the site. Moist soil ddions may have created loosened soil
conditions that enabled complete root extractioresidual stems or seedlings by heavy
equipment during active logging periods.

The removal of larger reproduction improves thegaility that newly germinated
seedlings or small advance reproduction can estatdlbminance in the future developing stand.
Larger seedlings and saplings will sprout from rstock and out-complete new seedlings. The
removal of these larger reproduction stems, howeweans that new seedlings will occupy most
of the available growing space on the site withegion to stump sprouts derived from
merchantable poletimber sized stems. Given thesitéins an adequate stocking of oak and
yellow-poplar seedlings and more advanced reganaraburces have been removed, the future
stand has an increased probability of being coregreg more favorable and economically
attractive species.

Research has demonstrated that oak species pithtly be outcompeted in natural
environments by other faster growing tree speciésowt some form of applied management to
enable oaks to reach competitive size. Herbicigi@gdions to control undesirable or competing
vegetation have been shown to improve early sulrand growth of artificially planted
hardwood seedlings. Both sulfometuron methyl ayglgbsate are commonly used to control
competing vegetation around seedlings. This deadesfiadjacent vegetation has multiple

benefits including increased microclimate condisidor favorable soil temperatures and
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moisture/nutrient availability. Photosynthetic aitti can also be enhanced by promoting sun
exposure to seedling foliage.

Within the first few years post-disturbance, seady form of management such as
silvicultural weeding or early crop tree releasewstl be conducted. These management
practices should incorporate common forestry hetbsg; applied within a naturally regenerated
clearcut, to potentially improve the probabilityattoak will form dominant positions at crown
closure. Nix (2004) reported that ten years follogvan early chemical competition control
treatment, applied within a four year oak clearbat] nearly 400 oaks per acre remaining in at
least codominant canopy positions. This finding wearly three times more numerous
compared to those in control. Reducing reprodudiemsity should create the available growing
space needed for crown expansion and prevent @ani or suppression of desired oak stems.
This may involve direct foliar spray treatmentsrafividual competing trees and unwanted
herbaceous weeds and grasses. Chemical contriamfqpmpetition should promote growth by
creating bare soil conditions around the crop $esllings. Bare soil conditions extends overall
duration of the growing season by more rapidlyeasing soil temperature which directly can
add extra weeks of active growth for various plgRissenberg and others 1983; Oke 1987).
Bare ground also minimizes seedling damage at&ibtd both extreme cold and heat including
frost damage and loss of soil moisture (Ball aritert 1997, Oke 1987, Lambers and others
1998).

The change in diameter and height growth wasssitzlly different among some of the
herbicide treatments and the untreated control veltieseedlings were compiled for analysis. For
individual species groups (red oak, white oak, y#ltbw-poplar) of seedlings for each
treatment, differences were present between spé&tdisw-poplar had greater growth for both
diameter and height compared to the oak groupsté/Maik had inferior amounts of growth
compared to those of the red oaks. Results indigate height growth using sulfometuron
methyl only yielded the greatest response of allhtérbicide treatments but was not significantly
different than the untreated control.

There are various potential explanations for #uok lof differentiation between
treatments. The first may be attributed to the poecipitation levels of the early spring period
for 2014, 2015, and 2016. At the end of the 20B4grg season (September), rainfall was

extremely low. This lack of soil moisture duringetie periods may have caused high levels of
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stress which may have altered physiological prazessthe young seedlings reducing diameter
and height growth.

The unexpected response within the area was tewestablishment of warm-season
grasses including primarily broomsedge bluestemmti©bof competing plants was effective for
the initial growing season following chemical applions in 2014. The grasses emerged the
following growing season when all other herbacqaaats had been controlled. These grasses
share the same active growing season and werd¢cablertop the vast majority of the sample
oak and yellow-poplar seedlings. The great aburelahevarm-season grasses could have
reduced the available soil moisture for seedlirgytha root systems of both plants inhabit the
same soil horizons. The grass root systems likétyed the tree seedling root stock as tree roots
are not as effective in absorbing moisture asitiredis root system of grasses. The presence of
grass also alters the soil surface microclimatatorg shorter growing seasons, enhances frost
damage potential and soil moisture loss, and magtersemi-shaded conditions that reduce the
photosynthetic ability of oak and yellow-poplar dléggs.

The use of glyphosate may have had some impas¢ediing growth and development
within the study. The active ingredient of glyphiese utilized by various micro-organisms with
the soil community. Certain types of bacteria ampf can utilize the extra available
micronutrients. As such communities are able taexgheir range within the soil horizons and
likely impact interactions with tree root systernmssome instances, this result may positively
affect tree growth by promoting symbiotic mycorgdi fungi. Potentially detrimental organisms
are promoted that are pathogens causing tree digégash could reduce tree growth. The
breakdown of glyphosate creates a metabolite namedo-methylphosphonic acid (AMPA)
which is a known phototoxin in plants. Plants catalle AMPA in the rhizosphere after it is
released from dead plant material. The compoundaffant chlorophyll biosynthesis, reduce the
amount of amino acids, and ultimately reduce pigatth.

The lack of early growth response between treatsn@as expected prior to study
implementation. The hypothesis still being tesgethat even though growth responses were
significant at these early growth stages, they begome even more pronounced as the stand
reaches crown closure evident and and may become nelevant with additional growth. The
early management activity is suspected to creatadditional growing space likely required for

the oak species to still occupy more dominant crpasitions at crown closure (Beck 1970,
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Hannah 1987). Without the initial year weedingelease treatments, other tree species would
have developed at a more rapid rate of growthasecproximity of the preferred crop tree
seedlings. Ultimately, as with previous finding®ftis 1988, Beck and Hooper 1986, Johnson
and others 1985) the majority of oak stems woulkelyi have become suppressed by non-oak
species and succumb to natural mortality. The mugtaron methyl treatment may have
increased early survival but may not ultimately ioye the percentage of oak stems in more
dominant crown positions at the onset of the steclusion stage; where the glyphosate
treatments may have a beneficial impact by redusiogdy competitor stems. Future

measurements will reveal whether the hypothesiddhole and is validated statistically.
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Relative Ground Line Diameter Change Among Treatsnen
The type Ill test found that the treatments déte(P <0.0001) when the analysis was

performed using all seedlings combined. Table Adrpgs the statistical test summary.

Table Al. Type Il tests of fixed effects for relet diameter change among
treatments for all seedlings combined

Effect Num DF | Den DF Chi-Square F-Value Pr>|F
Treatment 5 1554 38.39 7.68 <.0001

The sulfometuron methyl treatment had the gregedbrmance with an estimate of
2.0717 of relative diameter growth (Table A2). Thdial application had the lowest estimated
relative growth at only 1.4819.

Table A2. Least square means estimates for reldtaraeter change for
among treatments for all seedlings combined

Treatment Estimate Std. Error T - value P - value
Banded 1.9836 0.258 7.69 0.0091
Banded + SFM 75 1.5772 0.258 6.11 0.0157
Control 1.727 0.2564 6.74 0.0134
SFM 75 2.0717 0.2577 8.04 0.0084
Radial 1.4819 0.2588 5.73 0.0177
Radial + SFM 75 1.5573 0.2607 5.97 0.0148

Post ANOVA analysis using the Tukey least squareans comparison found a
significant difference for ten of the fifteen tre@nt comparisons. The sulfumeturon methyl only
treatment and the radial treatment had the greségstration compared to all other significant

treatment comparisons in regards to the relatiangh in diameter growth (Table A3).
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Table A3. Tukey-Kramer least squares means congraestimates for relative change in
diameter for all seedlings combined between indigldreatment comparisons

Std.

Treatments Compared Estimate Error T -value, Pr>|t| | Adjusted P-valup
Banded / Banded + SFM75 | 0.4064 0.1226 3.31 0.0009 0.012
Banded / Control 0.2566 0.1194 2.15 0.0317 0.2623
Banded / Radial 0.5017 0.1245 4.03 <.0001 0.0008
Banded / Radial + SFM 75 0.4263 0.1282 3.3 0.0009 0.0117
Banded + SFM 75/ SFM 75 -0.4945 0.1221 -4.05 <1000  0.0008
Control / SFM 75 -0.3447 0.1187 -2.9 0.0037 0.0432
Control / Radial 0.2451 0.1212 2.02 0.04382 0.3296
SFM75 / Radial 0.5898 0.1239 4.76 <.0001 <.0001
SFM75 / Radial + SFM 75 0.5144 0.12738 4.04 <.0001 .00@8
Radial / Radial + SFM 75 -0.0754 0.13 -0.58 0.5621 0.9924

Relative Height Change Among Treatments
The relative height change for combined seedlargeng treatments strongly differed.
The pairwise test indicated that a P-value of <Q108xisted. Table A4 presents the statistical

test summary.

Table A4. Type Il tests of fixed effects for reles height change among
treatments for all seedlings combined

Effect Num DF | Den DF| Chi-Squareg F-Valye Pr>F
Treatment 5 1554 65.66 13.13 <.0001

Similar to data presented for the relative diameit@nge, the sulfometuron methyl
treatment had the optimal performance with an edgrof height growth equal to 4.6273 (Table
A5). Likewise, the radial application was dramadticlower with an estimate of only 2.2343.

The radial estimate was also less than the coastohate.
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Table A5. Least square means estimates for relagight change for
among treatments for all seedlings combined

Treatment Estimate Std. Errgr T - valye P - value
Banded 3.281 0.5018 6.54 0.0091
Banded + SFM 75 3.1098 0.5018 6.20 0.0104
Control 3.0526 0.4968 6.14 0.0119
SFM 75 4.6273 0.5009 9.24 0.0037
Radial 2.2343 0.5042 4.43 0.0239
Radial + SFM 75 3.2676 0.5101 6.41 0.0079

Nine out of the fifteen treatment comparisons wagaificantly dissimilar from one

another (Table A6). The most pronounced range 8.B8tween mean height change estimates

was found between the sulfometuron and radialrireats. The significant comparisons are

presented below.

Table A6. Tukey-Kramer least squares means congraestimates for relative change in
height for all seedlings combined between individteatment

D

comparisons

Treatments Compared Estimate Std. Errdr- value| Pr> |t| | Adjusted P-valu
Banded / SFM75 -1.3463 0.2982 -4.52 <.0001L <.0001
Banded / Radial 1.0467 0.3053 3.43 0.0006 0.0082
Banded + SFM 75/ SFM 75  -1.5175 0.2993 -5.07 <1000 <.0001
Banded + SFM 75 / Radial 0.875b 0.3053 2.8/7 0.0042 0.0481
Control / SFM 75 -1.5747 0.2909 -5.41 <.0001 <.0001
Control / Radial 0.8183 0.2971 2.75 0.0059 0.0656
SFM75 / Radial 2.393 0.3038 7.88 <.0001 <.0001
SFM75 / Radial + SFM 75 1.3597 0.3122 4.35 <.0001 .00@2
Radial / Radial + SFM 75 -1.0333 0.318) -3.24 02001 0.0153

Relative Diameter Change by Reproduction Size

Only yellow-poplar new germinant reproduction dbsochange in diameter was

significant (P = 0.0161) among all the speciesdpraduction size comparisons (Table A7). Red

oak new germinant and sprout reproduction, whiter@av germinant and sprout reproduction,

and yellow-poplar sprout reproduction were all gmsiicant with P-levels of 0.1984, 0.9517,
0.3792, 0.1252, and 0.2434 respectively.
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Table A7. Type Il tests of fixed effects for relet diameter change among
treatments for new germinant reproduction

Effect Num DF | Den DF Chi-Square F-Valle Pr>|F
Treatment 5 502 13.59 2.72 0.0195

The sulfometuron methyl treatment had the beative diameter change for new
germinant reproduction with an estimate of 2.94Ddéb{e A8). The most intensive herbicide
treatments that utilized both glyphosate and sutfiomon had the lowest mean estimates. Only

the banded and sulfometuron only applications vaegker than the control estimate (2.292).

Table A8. Least square means estimates for reldtaraeter change for
among treatments for new germinant reproduction

Treatment Estimate Std. Errar T - value P - value
Banded 2.5336 0.3850 6.58 0.0110
Banded + SFM 75 2.2571 0.3902 5.78 0.0132
Control 2.2920 0.3960 5.79 0.0112
SFM 75 2.9406 0.3959 7.43 0.0057
Radial 2.2828 0.4152 5.50 0.0077
Radial + SFM 75 2.0155 0.4195 4.80 0.0108

The post-ANOVA least squares means test indictiaidfour of the fifteen treatments
were statistically dissimilar (Table A9). The gesttcontrast appears to be between the most
intensive treatments when paired with the sulfomtwnly treatment. The post-ANOVA

summary is presented below.
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Table A9. Tukey-Kramer least squares means congraestimates for relative change in
diameter for new germinant reproduction betweeividdal treatment comparisons

Estimat Std. T- Pr >
Treatments Compared e Error value [t] Adjusted P-value

0.005

Banded + SFM 75/ SFM 75 -0.6835 0.24y 217 9 0.0644
0.012

Control / SFM 75 -0.6486 0.2578 -252 2 0.1213
0.022

SFM75 / Radial 0.6578 0.2879 228 7 0.2021
0.001

SFM75 / Radial + SFM 75 0.9251  0.293B 3.15 7 0.0210

The absolute diameter change for the combineduspeproduction was also highly

different among treatments. The pairwise test atehd that a P-value of <0.0001 existed. Table

A10 presents the statistical test summary.

Table A10. Type Il tests of fixed effects for rele@ diameter change among

treatments for sprout reproduction

Effect Num DF Den DF

Chi-Square

F-Valu

e P

r>F

Treatment 5 1045

29.49

5.90

<.0001

The sulfometuron treatment yielded the greatdshate (1.6841) for relative diameter

growth (Table A11). The control estimate (1.494fweeater than all other treatments except for

the banded and the sulfometuron only applications.

Table Al11l. Least square means estimates for reldtameter change for
among treatments for sprout reproduction

ue

Treatment Estimate Std. Errar T - value P - val
Banded 1.5388 0.1929 7.98 0.0038
Banded + SFM 75 1.1344 0.1914 5.93 0.0099
Control 1.4940 0.1864 8.01 0.0061
SFM 75 1.6841 0.1887 8.92 0.0038
Radial 1.2220 0.1879 6.50 0.0095
Radial + SFM 75 1.3990 0.1903 7.35 0.0058
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Post ANOVA analysis using the Tukey-Kramer leagtases means found a significant
difference between eight of the fifteen treatmemhparisons (Table A12). The sulfumeturon
methyl only treatment and the banded plus sulfornettreatment had the largest range (0.5497)
between diameter growth estimates for sprout reproch. The pairwise treatment comparisons

that were significant are illustrated below.

Table A12. Tukey-Kramer least squares means cosgragstimates for relative change in
diameter for sprout reproduction among individueatment comparisons

Estimat| Std. T- Adjusted P-

Treatments Compared e Error value | Pr> |t value
Banded / Banded + SFM75 0.4044 | 0.1267 3.19| 0.0015 0.018
Banded / Radial 0.3168 0.1211 2.62 0.009 0.0942
Banded + SFM 75 / Control -0.3596 0.1164 -3.09 P00  0.0250
Banded + SFM 75/ SFM 75 -0.5497 0.1207 -455 <000 <.0001
Banded + SFM 75 / Radial + SFM
75 -0.2646| 0.1229 -2.15 0.0315 0.2610
Control / Radial 0.272| 0.1106 246 0.0141 0.1376
SFM75 / Radial 0.4621 0.1145 404 <.0001 0.0008
SFM75 / Radial + SFM 75 0.2851  0.118 242 0.0158 151

Relative Height Change by Reproduction Size
The relative change in diameter growth for spreptroduction was also strongly
different among treatments (Table A13). A low Pesabf <0.0001 was estimated from the type

[l two-way pairwise test.

Table A13. Type Il tests of fixed effects for ridle@ height change among
treatments for sprout reproduction

Effect Num DF | Den DF| Chi-Square F-Value Pr>|F
Treatment 5 503 45.29 9.06 <.0001

The relative diameter change for sprout reprodadtiad the greatest estimate (2.9192)
for the sulfometuron methyl only treatment (Tab®4A The radial treatment had the poorest

response in relative diameter change with an etimfal .5933.
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Table A14. Least square means estimates for relagight change
among treatments for sprout reproduction

Treatment Estimate Std. Errar T - value P - value
Banded 2.0135 0.349 577 0.0083
Banded + SFM 75 1.8854 0.346 5.45 0.0108
Control 2.1756 0.3359 6.48 0.0093
SFM 75 2.9192 0.3406 8.57 0.0036
Radial 1.5933 0.3389 4,70 0.0197
Radial + SFM 75 2.4716 0.3438 7.19 0.0052

Eight of the fifteen treatment comparisons showelifference in the least square means
post-ANOVA test. The largest separation of relatiieneter growth was between the

sulfometuron treatment and the radial treatmenbl@A15).

Table A15. Tukey-Kramer least squares means cosgragstimates for relative change in
height for sprout reproduction among individuabtreent comparisons

Std. T- Adjusted P-
Treatments Compared Estimate Error value | Pr> |t value

Banded / SFM75 -0.9057 | 0.2328| -3.89] 0.0001 0.0015
Banded + SFM 75/ SFM 75 -1.0338 0.2305 -4.48 <1000 0.0001
Banded + SFM 75 / Radial + SFM

75 -0.5862| 0.2347, -2.50 0.0126 0.1256
Control / SFM 75 -0.7435 0.2141  -3.4y  0.0005 0.0071
Control / Radial 0.5824, 0.2113 2.76 0.0059 0.0655
SFM75 / Radial 1.3259 0.2186 6.06 <.0001 <.0001
SFM75 / Radial + SFM 75 0.4476  0.22533 1.99 0.0472 .354
Radial / Radial + SFM 75 -0.8783 0.2236 -3.93 <1000 0.0013

The relative change in height for new germinapteduction was also highly significant
among treatments (Table A16). A low P-value of ®@0Dwas estimated from the type Il two-

way pairwise test.

Table A16. Type Il tests of fixed effects for rele@ height change among
treatments for new germinant reproduction

Effect Num DF | Den DF| Chi-Square F-Valye Pr>F
Treatment 5 1045 44.04 8.81 <.0001
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The sulfometuron methyl only treatments had thgelst response (8.3351) in relative
height growth for new germinant reproduction (Tahk). The radial treatment had the lowest
estimate for relative diameter growth at 4.2896.gh\phosate applications, other than the radial

plus the sulfometuron methyl treatment were lovgingates than the control.

Table A17. Least square means estimates for relagight change for
among treatments for new germinant reproduction

Treatment Estimate Std. Error T -valye P - value
Banded 4.9281 0.5654 8.72 0.0002
Banded + SFM 75 4.948 0.5877 8.42 <.0001
Control 5.1636 0.6136 8.41 <.0001
SFM 75 8.3351 0.6129 13.6 <.0001
Radial 4.2896 0.6928 6.19 <.0001
Radial + SFM 75 5.7758 0.7093 8.14 <.0001

Five out of the fifteen treatment comparisons wggaificantly dissimilar from one
another (Table A18). The most pronounced rangedstwnean height change estimates was
found between the sulfometuron and radial treatméntltiple significant comparisons between
individual treatments are presented below.

Table A18. Tukey-Kramer least squares means cosgragstimates for relative change in
height for new germinant reproduction between imlial treatment comparisons

Std. T- Adjusted P-
Treatments Compared Estimate Error value Pr > [t| value
Banded / SFM75 -3.407 0.6211 -5.49 <.0001 <.0001
Banded + SFM75/SFM 75 -3.3871  0.6361 -5.33 <10p0 <.0001
Control / SFM 75 -3.1715  0.6638 -4.78 <.0001 <.0001
SFM75 / Radial 4.0455 0.7404 5.46 <.0001 <.0001
SFM75 / Radial + SFM 75 2.5593 0.75483 3.39 0.0007  .00%7

Relative Change in Growth by Species Groups

Relative diameter change for all combined redsiakns was marginally insignificant (P
= 0.0940). Relative diameter change for white oak ¥found to be different. The type 11l test
estimated a P-value of 0.0048 (Table A19).
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Table A19. Type Il tests of fixed effects for ridle@ diameter change among
treatments for all white oak stems

Effect Num DF | Den DF Chi-Square F-Value Pr>(F
Treatment 5 434 17.13 3.43 0.0048

The sulfometuron treatment estimate (1.5101) Wwahly treatment greater than the
control estimate (1.5027) (Table A20). The moremsive treatments and the radial treatment
appear to have the lesser estimates. All significamparisons between individual treatments

are below.

Table A20. Least square means estimates for reldtameter change
among treatments for all white oak stems

Treatment Estimate Std. Error T - value P - value
Banded 1.4803 0.2485 5.96 0.0047
Banded + SFM 75 0.8967 0.2480 3.62 0.0251
Control 1.5027 0.2303 6.52 0.0090
SFM 75 1.5101 0.2464 6.13 0.0048
Radial 1.2267 0.2360 5.20 0.0130
Radial + SFM 75 1.4523 0.2549 5.70 0.0041

The post-ANOVA least squares means test indictiaidfour of the fifteen treatments
were statistically dissimilar. The greatest coriteggpears to be between the sulfometuron only
treatment and the banded with the sulfometuronleTAB1 depicts the post-ANOVA summary.

Table A21. Tukey-Kramer least squares means cosgragstimates for relative change in
diameter for all white oak stems between individushtment comparisons

Std. T- Adjusted P-
Treatments Compared EstimateError  value | Pr> [t value
Banded / Banded + SFM75 0.5836 0.1993 2.3 0.0036 .0416
Banded + SFM 75 / Control -0.6061 0.1703 -3.b6 000 0.0055
Banded + SFM 75/ SFM 75 -0.6134 0.1914 -3.20 (®OP1 0.0181
Banded + SFM 75/ Radial + SFM 75 -0.5556 0.1979 .81-2] 0.0052 0.0582
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The relative diameter change for yellow-poplarogjpiction was also strongly different
among treatments (Table A22). A low P-value of 80Dwas estimated from the type Il two-

way pairwise test. illustrates the test summary.

Table A22. Type Il tests of fixed effects for ridl@ diameter change among
treatments for all yellow-poplar stems

F-VaILJe
6.25

Pr>F
<.0001

Num DF Den DF

494

Effect

Treatment 5

Chi-Square
31.25

Yellow-poplar relative diameter growth had the ¢gesamean estimate (3.0021) for the
sulfometuron only treatment (Table A23). The tweatments that used both herbicides had the

lowest estimates. These two treatments were algerlthan the control estimate (2.3717).

Table A23. Least square means estimates for reldtameter change for
among treatments for all yellow-poplar stems

Treatment Estimate Std. Errar T - value P - value
Banded 2.9054 0.4924 5.90 0.0192
Banded + SFM 75 2.3924 0.5028 4.76 0.0259
Control 2.3717 0.5067 4.68 0.0251
SFM 75 3.0021 0.4934 6.08 0.0176
Radial 2.4499 0.5230 4.68 0.0191
Radial + SFM 75 1.7716 0.5068 3.50 0.0494

Nine of the fifteen treatment comparisons wereificant according to the Tukey least
squares means test (Table A24). The largest sepamtcurred between the sulfometuron
treatment and the radial plus sulfometuron compar{&.2305). Treatments using singly applied

herbicides or control were distinguished from tbenbination herbicide treatments.
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Table A24. Tukey-Kramer least squares means cosgagstimates for relative change in
diameter for all yellow-poplar stems between indial treatment comparisons

Std. T- Adjusted P-
Treatments Compared Estimate Error value Pr > |t| value
Banded / Banded + SFM75| 0.513 0.2492 2.06 0.0404 0.3110
Banded / Control 0.5337 0.2547 2.1¢ 0.0367 0.2914

Banded / Radial + SFM 75 1.1338 0.2569 4.41 <.0001 0.0002
Banded + SFM 75/ SFM 7% -0.6097  0.2349 -2.60 a/0p9  0.1002
Banded / Radial + SFM 75 0.6208 0.2591 2.40 0.0L70 0.1596

Control / SFM 75 -0.6304  0.2488 -2.53 0.0116 0.1163
Control / Radial + SFM 75 0.6001 0.275P 2.17 0.0301 0.2514
SFM75 / Radial + SFM 75 1.2305% 0.2453 5.02 <.0001 .00&1
Radial / Radial + SFM 75 0.6783 0.305¢4 2.29 0.0268 0.2298

Relative diameter change was not different (P2281) among treatments for red oak
stems. The relative change in diameter for whitewas significant (P = 0.0161) among all the

treatments. Table A25 illustrates the test sumnf@ryhite oak.

Table A25. Type Il tests of fixed effects for rele@ height change among
treatments for all white oak stems

Effect Num DF | Den DF Chi-Square F-Value Pr>F
Treatment 5 433 24.13 4.83 0.0003

The radial with the sulfometuron methyl treatmgetded the greatest mean relative
height estimate (2.7123) for white oak stems (T##6). The sulfometuron only application
had the next largest estimate of 2.4431. The lomesin estimate (1.5514) was associated with

the radial treatment.
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Table A26. Least square means estimates for relagight change
among treatments for all white oak stems

Treatment Estimate Std. Errgr T -valle P -value
Banded 1.7944 0.2822 6.36 0.0002
Banded + SFM 75 1.6549 0.2806 5.90 0.0005
Control 2.1126 0.2414 8.75 0.0007
SFM 75 2.4431 0.2774 8.81 <.0001
Radial 1.5514 0.2544 6.10 0.0014
Radial + SFM 75 2.7123 0.2954 9.18 <.0001

Eight of the fifteen treatment comparisons showelifference in the least square means

post-ANOVA test. The largest separation occurre@vden the radial with the radial plus

sulfometuron treatment. Applications with highercamts of glyphosate tended to separate from

both the control and sulfometuron treatments (TA2¢€).

Table A27. Tukey-Kramer least squares means cosgragstimates for relative change in
height for all white oak stems between individuahtment comparisons

Std. T- Adjusted
Treatments Compared EstimateError  value | Pr>|t|| P-value
Banded / SFM75 -0.6487 | 0.3053] -2.12 0.0342 0.2763
Banded / Radial + SFM 75 -0.9178 0.3242 -2.83 (@004 0.0545
Banded + SFM 75/ SFM 75 -0.7883 0.2996 -2.63 BO0O8 0.0920
Banded + SFM 75/ Radial + SFM 75  -1.05¢y4 0.3104 .41-3 0.0007 0.0093
Control / Radial 0.5612| 0.2417 2.32 0.0207 0.187
Control / Radial + SFM 75 -0.5997 0.2825 -2.12 @03 0.2775
SFM 75 / Radial 0.8917, 0.2783 3.2 0.0015 0.018
Radial / Radial + SFM 75 -1.1600 0.2933 -3.96 <1000 0.0012

The relative change in height for yellow-poplgoneduction was also highly different

among treatments. A low P-value of <0.0001 wasreded from the type Il two-way pairwise

test. Table A28 illustrates the test summary.
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Table A28. Type Il tests of fixed effects for ridle@ height change among
treatments for all yellow-poplar stems

Effect
Treatment

Num DF
5

Den DF
494

F-Valu
7.31

Pr >
<.00

F
D1

Chi-Square
36.56

e

The sulfometuron methyl only treatments had tihgelst response in relative height
growth for yellow-poplar reproduction (Table A29he radial treatment yielded the lowest
estimate at 4.8276. All treatments other than th®eturon only treatment were lesser

estimates compared to the control estimate.

Table A29. Least square means estimates for relagight change
among treatments for all yellow-poplar stems

Treatment Estimate Std. Error T -value P- vaiue
Banded 5.5882 0.8466 6.6 0.0083
Banded + SFM 75 5.807 0.8847 6.56 0.005
Control 5.9773 0.8997 6.64 0.0038
SFM 75 8.1304 0.8496 9.57 0.0029
Radial 4.8276 0.9586 5.04 0.0048
Radial + SFM 75 5.1854 0.8997 5.76 0.0061

Five of the fifteen treatment comparisons showddfarence in the least square means
post-ANOVA test (Table A30). The greatest separaiinoestimates was found between the
sulfometuron and radial applications. presentddast squares means test results.

Table A30. Tukey-Kramer least squares means cosgragstimates for relative change in

height for all yellow-poplar stems between indiatitreatment comparisons

Std. T- Adjusted P-
Treatments Compared Estimate Error value Pr > |t| value
Banded / SFM75 -2.5423 | 0.5795 -4.39 <.0001n 0.0002
Banded + SFM 75/SFM 7%  -2.3234  0.5993 -3.88 aopo  0.0017
Control / SFM 75 -2.1531  0.6349 -3.3¢ 0.0008 0.0097
SFM75 / Radial 3.3028 0.7237 4.56 <.00p1 <.0001
SFM75 / Radial + SFM 75 2.9450 0.6260 4.70 <.0001  .00e&1
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New Germinant Versus Sprout Reproduction (by SgeBielative Diameter Growth Response to
Treatments

An analysis of variance indicated that four of siteanalyses did have a significance
between treatments. The two species by size grihiapsvere not significant included white oak
germinants (Pr>ChiSq = 0.2100) and red oak spi®et 0.1208) reproduction. Post ANOVA
testing of least squares means is not providethé&se insignificant groups. White oak new
germinant, yellow-poplar new germinant, white opkosit, and yellow-poplar sprout
reproduction all had a difference in relative digangrowth among treatments.

Red oak new germinant reproduction relative di@mgtowth did vary significantly (Pr
> ChiSq = 0.0191) among treatments (Table A31)trethtments had inferior relative diameter
growth compared to the control (mean estimate 2032). The radial application returned the

next highest mean estimate at 2.1497. All treateemtre significant at the 95% level.

Table A31. Least squares means estimates forweleiange in diameter for new
germinant red oak reproduction among treatments

Treatment Estimate Std. Error T - value P - value
Banded 1.1254 0.3141 3.58 0.0101
Banded + SFM 75 1.4630 0.3057 4.79 0.0026
Control 2.2032 0.3334 6.61 <.0001
SFM 75 1.1651 0.3514 3.32 0.0066
Radial 2.1497 0.3883 5.54 <.0001
Radial + SFM 75 1.7160 0.3880 4.42 0.0004

The least squares mean separation test revedifér@nce between five out of the
fifteen individual treatment comparisons. Table AlBistrates the significant treatment
comparisons. The greatest relative diameter chasimate was -1.0777 between the banded

and control treatments.
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Table A32. Tukey-Kramer least squares means cosgragstimates for relative change in
diameter for new germinant red oak reproductiomvben individual treatment comparisons

Std. T-

Treatments Compared Estimate Error value | Pr>|t] Adjusted P-value
Banded / Control -1.0777  0.3739 -2.88  0.0050 0.0548
Banded / Radial -1.0243  0.4283 -2.39  0.0190 0.1713

Banded + SFM 75/ Contro| -0.7402  0.3717 -1.99 9m4 0.3562
Control / SFM 75 1.0381 0.4099 253 0.0132 0.1267
SFM 75 / Radial -0.9846  0.4531 -2.17  0.0327 0.2617

Yellow-poplar new germinant relative diameter gtlowas different between treatments
(P = 0.0020) (Table A33). The sulfometuron methllyapplication yielded the highest estimate
(3.5055) for all treatments. The comparison otralhitments for new germinant yellow-poplar

reproduction is depicted below.

Table A33. Least squares means estimates forvelettange in diameter for new
germinant yellow-poplar reproduction among treattmen

Treatment Estimate Std. Error T - value P - value
Banded 3.2543 0.396 8.22 0.0043
Banded + SFM 75 2.6463 0.4136 6.4 0.0053
Control 2.4159 0.4266 5.66 0.0053
SFM 75 3.5055 0.4087 8.58 0.0024
Radial 2.6361 0.4741 5.56 0.0015
Radial + SFM 75 2.2188 0.4778 4.64 0.0035

The post ANOVA differences of least squares méeasisexposed differences for six
individual treatment comparisons (Table A34). Theneate for the sulfometuron only with the
radial with sulfometuron treatments was the higl@sbng treatment comparisons. This estimate

was 1.2867. The lowest estimate (-1.0896) washeicbntrol with sulfometuron only

comparison.

131



Table A34. Tukey-Kramer least squares means cosgagstimates for relative change in
diameter for new germinant yellow-poplar reprodactbetween individual treatment
comparisons

Std. T-
Treatments Compared Estimate Error value | Pr>|t| Adjusted P-value
Banded / Control 0.8384 0.3390 247 0.0139 0.1353
Banded / Radial + SFM75 1.0354 0.3984 2.60 0.0098 0.1005
Banded + SFM75/ SFM75  -0.8592  0.3227 -2.66  0.0082 0.0858
Control / SFM75 -1.0896  0.345(Q -3.16  0.0017 0.0214
SFM75 / Radial 0.8694 0.4079 2.13 0.0338  0.2739
SFM75 / Radial + SFM75 1.2867 0.406[L 3.1y  0.0p17 0.0207

White oak sprout reproduction relative diameteargye was also significant among
treatments (P = 0.0006). The banded treatmenthechaximal estimate with 1.5866. The
minimum estimate was 0.7411 for the banded witrstiitometuron treatment. Table A35

illustrates relative diameter change values arnissts for the treatments.

Table A35. Least squares means estimates forweletiange in diameter for white
oak sprout reproduction among treatments

Treatment Estimate Std. Error T - value P - value
Banded 1.5866 0.2634 6.02 0.0025
Banded + SFM 75 0.7411 0.253 2.93 0.0446
Control 1.347 0.234 5.76 0.012
SFM 75 1.4476 0.25 5.79 0.0056
Radial 1.0617 0.2398 4.43 0.0195
Radial + SFM 75 1.271 0.2624 4.85 0.0062

The post-ANOVA differences of least square meassrevealed that six of the fifteen
treatment comparisons were distinctive (Table A36e banded treatment and the banded with
sulfometuron treatment has the largest separatitham estimate of 0.8454. Four of the

comparisons were highly different. Each of thesagarisons included the sulfometuron only
treatment.
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Table A36. Tukey-Kramer least squares means cosgagstimates for relative change in
diameter for white oak sprout reproduction betwieelividual treatment comparisons

Std. T-
Treatments Compared Estimate Error value | Pr>|t| Adjusted P-value
Banded / Banded + SFM75H 0.8454  0.2204 3.84 0.0001 0.0021
Banded - Radial 0.5244 0.2043 2,57 0.0106 0.1078
Banded + SFM 75 - Contro| -0.6059  0.1776 -3.41 07100 0.0093
Banded + SFM75/ SFM75, -0.7065  0.1982 -3.57 0.0004 0.0055
Banded / Radial + SFM75 -0.531 0.2088 -2.54 0.0114 0.114
SFM75 / Radial 0.386 0.1848§ 2.09 0.0374 0.2955

Yellow-poplar sprout reproduction relative diamretkange also varied (P = 0.0071)
between treatments (Table A37). Seedlings withéncibntrol treatment performed better than all
other treatments. The radial release with the mgtaron treatments showed the largest

reduction in growth (1.3749). The treatments amdldlstatistical values are depicted below.

Table A37. Least squares means estimates forweleliange in diameter for yellow-
poplar sprout reproduction among treatments

Treatment Estimate Std. Errof T - value P - value
Banded 2.1306 0.4425 4.81 0.0161
Banded + SFM 75 1.8098 0.4716 3.84 0.019
Control 2.2575 0.4642 4.86 0.0099
SFM 75 2.1761 0.4267 5.1 0.0197
Radial 2.173 0.4721 4.6 0.0101
Radial + SFM 75 1.3749 0.4325 3.18 0.0554

The post ANOVA differences of least squares méesisexposed differences for four
individual treatment comparisons. The estimatdHeroptimal (control) treatment paired against
the minimal (radial with sulfometuron) treatmentiliae greatest difference in estimate (0.8825)
for all significant comparisions. Table A38 illustes the significant treatment comparisons.
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Table A38. Tukey-Kramer least squares means cosgragstimates for relative change in
diameter for yellow-poplar sprout reproduction beg¢w individual treatment comparisons

T-
Treatments Compared Estimat8td. Error| value | Pr>|t] Adjusted P-value
Banded / SFM75 0.7557 0.2841 2.66 0.0085 0.0888
Control / Radial + SFM75 0.8825 0.3088 2.86 0.0048 0.0532
SFM75 / Radial + SFM75 0.8011 0.2313 3.46 0.0p07  0.0086
Radial / Radial + SFM75 0.7981 0.315f 2.53 0.0123 0.1215

New Germinant Versus Sprout Reproduction (by SpeBielative Height Growth Response to
Treatments

An analysis of variance indicated that there bathe six analyses did not show any
significance between treatments (Table A39). Tincsuided red oak sprout (Pr > ChiSq =
0.2093), red oak new germinant (P = 0.8530), wbatie new germinant (P = 0.115)
reproduction. Post ANOVA testing is not provided fieese insignificant groups. White oak
sprout reproduction did vary significantly (P =@0Q) among treatments. The sulfometuron
methyl with radial spray yielded the highest mestingate (2.3539 inches) for relative change.
The minimal estimated mean was 1.423 for the swdfunon and banded spray treatment. All

treatments were significant at the 95% level.

Table A39. Least squares means estimates forweleiange in height for white oak
sprout reproduction among treatments

Treatment Estimate Std. Error T - value P - value
Banded 1.8244 0.3073 5.94 0.0005
Banded + SFM 75 1.423 0.2889 4,92 0.0031
Control 2.0396 0.2552 7.99 0.0022
SFM 75 2.2305 0.2839 7.86 0.0004
Radial 1.3137 0.2657 4.94 0.0072
Radial + SFM 75 2.3539 0.3055 7.7 0.0001

A post-ANOVA analysis of the white oak sprout reguction indicated that six treatment
comparisons out of the total fifteen were signffitta different from one another (Table A40).

The largest positive separation was for the sultono@ and radial treatments followed by the
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control and radial treatments (mean estimatesadfa@® and 0.7259, respectively). The

significant treatment comparisons are presentdabie A40.

Table A40. Tukey-Kramer least squares means cosgragstimates for relative change in
height for white oak sprout reproduction betweatidual treatment comparisons

Std. T- Adjusted P-
Treatments Compared EstimateError | value | Pr> |t value

Banded + SFM75 / Control -0.6167 0.2517 -2.45 03014 0.1424

Banded + SFM75 / SFM75 -0.8075 0.2807 -2.88 0.0043 0.0485
Banded + SFM75 / Radial +

SFM75 -0.931| 0.2963 -3.14 0.0018 0.0223

Control / Radial 0.7259 0.2278 3.19 0.0016 0.0194

SFM75 / Radial 0.9168 0.261¢ 3.50 0.0005 0.0069

Radial / Radial + SFM75 -1.040p 0.2812 -3.70 0.0p03 0.0034

Yellow-poplar sprout reproduction also differé&l£ 0.0009) among treatments for
relative height change. The sulfometuron methyy @plplication yielded the highest mean
estimate (4.7867) for relative change. The miniesgimated mean was 2.8775 for the
sulfumeturon and banded spray treatment. Indivitheatments were statistically different
(Table A41).

Table A41. Least squares means estimates forweleiange in height for yellow-
poplar sprout reproduction among treatments

Treatment Estimate Std. Errof T - value P - valus
Banded 3.5531 0.9489 3.74 0.0366
Banded + SFM 75 3.8983 0.9985 3.90 0.0230
Control 3.7175 0.9857 3.77 0.0277
SFM 75 4,7867 0.9226 5.19 0.0211
Radial 3.2292 0.9991 3.23 0.0390
Radial + SFM 75 2.8775 0.9323 3.09 0.0640

Post ANOVA analysis using the Tukey mean separdband an apparent difference
between three out of the fifteen treatment comimnatfor the relative change in height growth
(Table A42). The greatest contrast was betweesutiemeturon methyl only and sulfometuron

and radial spray treatment. The mean estimate v8a93.
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Table A43. Tukey-Kramer least squares means cosgagstimates for relative change in
height for yellow-poplar sprout reproduction betwéedividual treatment comparisons

Std. T-
Treatments Compared Estimate Error value | Pr>|t| Adjusted P-value
Banded / SFM75 -1.2336  0.5169 -2.39 0.0181 0.1666
Control / Radial 1.5576 0.5843 2.677  0.0084 0.087
SFM75 / Radial + SFM75 1.90938 0.4397 434 <.0001 0.0003

The relative change in height for yellow-poplamgerminants was also significant (P <
0.0001). The sulfometuron only treatment again gerd the largest mean estimate (10.2732
inches) for the six treatments. A value of 6.0Z48the radial treatment, was the lowest mean

estimate. All treatments were strongly differeralfle A43).

Table A44. Least squares means estimates forweletiange in height for new
germinant yellow-poplar reproduction among treattsen

Treatment Estimate Std. Error T - value P - value
Banded 6.7140 0.5466 12.28 <.0001
Banded + SFM 75 6.6934 0.5888 11.37 <.0001
Control 7.0293 0.6613 10.63 <.0001
SFM 75 10.2732 0.5862 17.52 <.0001
Radial 6.0248 0.8280 7.28 <.0001
Radial + SFM 75 8.2555 0.8257 10 <.0001

The post-ANOVA differences of least square meassrevealed that six of the fifteen
treatment comparisons were distinctive. The sultono® only and the radial treatment has the
largest separation with an estimate of 4.2484. Bbtinte comparisons were highly different.

Each of these comparisons included the sulfometonbntreatment (Table A44).
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Table A44. Tukey-Kramer least squares means casguaestimates for relative change in
height for new germinant yellow-poplar reproductlmtween individual treatment
comparisons

Std. T-
Treatments Compared Estimate Error value | Pr>|t| Adjusted P-valu
Banded / SFM75 -3.55983  0.7528 -4.73 <.0001 <.0001
Banded + SFM75/ SFM75| -3.5798  0.7675 -4.66 <.0001 <.0001
Control / SFM75 -3.2439  0.8308 -3.9 0.0001 0.0016
SFM75 / Radial 4.2484 0.9733 4.37 <.0001 0.0003
SFM75 / Radial + SFM75 2.0177 0.965 2.09 0.0874 99).2
Radial / Radial + SFM75 -2.230f  1.1266 -1.98 0.0486 0.3564
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