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Abstract

Pine (Pinusspp.) plantations cover 16.8 MM ha across the southeastern United States.
Manyforest owners armterested in managingeir forestfor multiple objectivesincluding
timber production and wildlife habitat for both game (e.g., wtatked deer @docoikus
virginianug) and nongame specigSommercial thinningnd application of herbicide or
prescribed firaat midrotation can help landowners meet these objectitegiever,information
is lacking on thinning prescriptions that reduce residual basabayead industry standards, as
well as the effects of common herbicide tank mixtures {ir@zapyr +tmetsulfuron methylon
habitat quality for open forest specialiatsd deerTherefore, we initiated an operatiosaiale
manipulative experiment to quantify the effects of thinning to 9, 14, and A8ath with and
withoutprescribed fire and herbicigen habitat quality for open forest specialiatsdnutritional

carrying capacitydeer days/ha) for deer in midtation loblolly pinestands.
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CHAPTER1
EFFECTS OF THINNING INTENSITYPRESCRIBED FIRE, AND HERBICIDE ON

UNDERSTORYPLANT COMMUNITIES IN MID-ROTATION LOBLOLLY PINE STANDS

ABSTRACT

Open forestgi.e., woodlands and savannas) are rapidly declining throughout the southeastern
United States, due in large part to conversion to pine plantatitamsively managed for fiber
production Commercial thinning, prescribed fire, and herbicide are manageattematives

that can improvéabitatfor open forest specialists in pine plantations, but interactions among
different levels of thinningwith or without prescribed firandherbicide, have not been
thoroughly evaluatedhereforewe quantifiedthe effectsof thinning, prescribedire, and
herbicideon habitatquality for openforestspecialistswithin five, evenagedioblolly pine (Pinus
taedg plantationsn centralGeorgia.We appliedarandomizeccompleteblock designin which
eachstandwasdividedinto threeequallysizedplots,randomlyassigned thinningtreatment,
andcommerciallythinnedto either9 (low), 14 (medium) or 18 m? hat (high)in spring2017.

We appliedprescribedire to half of eachplot duringspring2018and202Q andherbicide
(imazapyr+ metsulfuronmethy) to half of eachsubplotduringfall 2019for atotal of 12
treatmentombinationsWe measureghercentcoverageandgenusrichnessy growth habit,
woodyandRubusstemdensity,andcanopycoverageduring Julyi August2017 2021.

Herbaceous cover was generally greater in the low and medium basal area treatments compared
to the high basal area treatment. However, herbaceous cover was similar between low and
medium basal ardeeatmentsregardless of secondarg@tments (fire, herbicide, fire +

herbicide), which we attribute to low precision of thinning operations in our stdadsndary
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treatments influencednderstoryegetation responsesore so thamhinning intensity

throughout the studyLike past studiesye found that herbaceous plant coverage was greater,
and the duration of the effect lasted longer, following the second application of fire. The mix
treatment, which combined herbieidndprescribedire, resulted in the greatest coverage of
herbaceouslants and the least coverage of vines and woody plants we observed in any
treatment combinatigriwo years posapplication.Reemergencef understory plants post
herbicide applicatiowas faster when fire was also appligtius, this treatment may be
particularly effective ircreating open forest conditionsnmd-rotation pine stands with miar
understories dominated by woody plaf@serall, our results provide information that dsn

used by managers to develop thinnipggscribed fire, and herbicide prescriptiotspending on
focal wildlife speciesd habitat requirements
1. INTRODUCTION

Open forests (i.e., woodlands, savannas), characterized by having@psenaverstory, open
midstory, and herbaceow®minated understory, are rapidly declining throughout the Southeast
(Hanberry et al. 2014; Hanberry et al. 2020). For examplenfediated shortleaf pin@inus
echinatg-oak (Quercusspp.)and longleaf pinéP. palustrig woodlands and savannhave

declined by 9296% throughout their historic range (Frost 1993; Oswalt et al. 2012; Oswalt
2013; Hanberry 2021). This decrease was due in large part to increases in |8ihoitytdeda

and slashRinus elliottiivar. elliottii) pine plantations, and fire suppression beginiinidpe

early 1900gFrost 1993; Brennan et al. 1998; Schultz 1999; Fox et al. 2007; Hanberry 2021). As
a result, habitat for both game (e.g., northern bobw@itdirius virginianug wild turkey

[Meleagris gdlopavd) and norngame (e.g., redockaded woodpeckePicoides borealis

gopher tortoiseopherus polyphempsspecies with an affinity for open forests has declined,
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leading researchers to seek alternative solutions to mitigate habitat loss or restore it (Plentovich
et al. 1998; Brawn et al. 2001; Darracq et al. 2016).

Of the estimated 16.8 MM ha of planted pine across the southeastern United States,
nearly 13.8 MM la (82%) consists of loblolghortleaf pine (Oswalt et al. 2019). Habitat quality
is adequate for many open forest specialists in young-cgreopied stands (Lane et al. 2011,
Greene et al. 2016). However, habitat suitability declines precipitously atatiteapproaches
canopy closure, rebounds after a frotation thin, but eventually declines again as the stand
approaches canopy closure later in the rotationds et al. 2009; Jones et al. 20@&ene et al.
201%; Greene et al. 201). Greene et al201%) also noted that conditions in midtation
loblolly pine stands managed for sawtimber were highly ephemeral and tended to occupy the
upper range of suitable values for basal area and canopy closure preferred by open forest
specialists.

Commerciakhinning at midrotation increases sunlight availability for understory plant
communities, resulting in increased herbaceous plant coverage and plant diversity (Iglay et al.
2006; Campbell et al. 2015). However, without additional disturbance, herbgdanissare
eventually outcompeted and replaced by woody plants, cover increases vertically into the
midstory, and the overstory canopy closes (Blair and Enghardt 1976; Blair and Feduccia 1977;
Peitz et al. 2001). As such, conditions within thinned stanelsteally become unsuitable for

open forest specialists.

Accordingly, ndowners interested aneating or maintainingpen forest conditions
conditionsin loblolly pine plantations may implement more frequent or intensive thins
(Harrington and Edwards 1999; Peitz et al. 1999; Davis et al. 2Bdi7gxample, Blair (1967)

thinned 29yearold loblolly pine stands to residual basal areas of 21, 25, and BZ’and
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found that herbaceous plant coverage was inversely related to thinning intensity; however,
these benefits were greatly diminished by five yearst{hstPeitz et al. (20013lsofound
that herbaceous coverage in mixed giaedwood forests wageatest in stands thinned to the
lowest residual basal area (6 hat'). Similarly, Cram et al. (2002) found that herbaceous
coverage was greater in loblolly pine stands thinned %! compared to 24n? hat.
However, thinning intensities in thestudies were relatively conservative and represented the
upper range of suitable values for basal areas preferred by open forest specialists (Greene et al.
201%).

Although increased thinning intensity promotes herbaceous communities, it also releases
woodyplants in the understofBlair and Feduccia 1977). However, prescribed fire and
herbicide, applied separately or together, can help prolong the duration of desired vegetation
conditions by reducing woody regeneration and promoting herbaceous(jitayst al. 2006;
Harper et al. 2016; Greene et al. 200 %or example, Iglay et al. (20442014, 2018)
investigated the effects of fire, herbicide (imazapyr), and a combination of fire and herbicide
(hereafter, mix) on understory development, avian diversity, and herpetofaunal response in 6,
18 22-yearold loblolly pine stands in Mississippi oveBagear period. Plant species diversity
was greatest in thigre-only treatment units, whereas hardwood midstory control and herbaceous
plant coverag&eregreatest in the mix treatment units, with each treatment benefiting select
avian and herpetofaunalepes. Overall, they concluded that each alternative was a viable tool
for managing open pine systems, each with unique advantages and disadvantages.

However, because of variation in plant susceptibility to various herbi@dgps
blackberry Rubusspp] resistance timazapyr) application of single herbicides may confer a
competitive advantage to some plant species versus others, which may reduce species richness

(Michael 1987; Iglay et al 20D). Accordingly, some managers have shifted to using tank
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mixtures( i . e . , O at mitetatior. The nibst Fepuently appligterbicide mixture for
releasdreatmentn the Southeast is imazapyr (ArséhAlC) + metsulfuron methy{Escorf),
which is applied to >30,000 ha annually (Shepard et al. 2004 nikiure provides control
over a wide array of understory plants, including blackberry, and does not affect loblolly pines
(Michael 1987)However little is known regarding its effects on understory vegetation for
wildlife in mid-rotation loblolly pine tands. As a result, many have concerns about the short
and longterm effects oherbicidemixtures on biodiversity, understory composition,
successional trajectories, and species richness (Guynn et al. 2004; Miller and Wigley 2004;
Shepard et al. 2004).

Forest managers often thin pine plantations to lower residual basal areas* (%49 m
andapplysecondary treatments (e.g., prescribed fire, herbicide) atataton to both create
and maintain habitat for open forest specialists. However, to datehaveevaluatedhe
effects of thinning tononstandardesidual basal areasith or withoutsecondary treatmentsn
understory plant community composition and structure withinnmidtion loblolly pine stands.
Additionally, recent studies havetedthat imazapyr, an herbicide commonly applied in pine
stands to increase habitat quality for open forest speciaistsable to control wekstablished
native species, which may result in decreased species richness (Iglay etlal. 2Béefore, we
initiated an operationadcale manipulativeexperiment to quantify the effects of thinning to 9,
14, and 18 rhha?, in combination with prescribed fire and herbicide tank mixtures (i.e.,
imazapyrmetsulfuron methy| on understory plant community composition and structure within
mid-rotation loblolly pine stands. We predicted t{ltunderstory coverage of all plantswid
be inversely related to residual basal area, but herbaceous plants would be more sensitive to

residual basal area, and (2) herbaceous plant coverage would be greatest in units treated with fire
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and herbicide two years peseatment.
2. METHODS AND MATERIALS
2.1. Study sites and design
We conducted research in five,iB3 ha, loblolly pine plantations within the Piedmont
physiographic regioof central Georgia. Stands had relatively uniform site indices frara324
m (base age 25 years), ghénning kasal areas from 287 nt ha', and were 131 years old at
study initiation (Colter 2019). Two stands were located within the Georgia Department of
Nat ur al Resourcesdéd Oconee Wildlife Management
USA. The other three wetlocated on property owned and managed by Weyerhaeuser Company
in Hancock County, Georgia, USBeeKeene et al. 202 b). All stands were historically
agricultural sites that had been reforested i
rotation.Site preparatioffior planting included herbicide application and prescribed fire.

The northern pine stand on Oconee WMAI Inaoderately eroded, wetllrained soils,
with low to medium runoff, comprised of Cecil gravelly and Lloyd gravelly loam, while the
southern stand had moderately to severely eroded, well drained soils, with low to high runoff,
comprised of CeciCataula cormplex, Lloyd gravelly loam, and Pacolet sandy lo&uil Survey
2019. The eastern and western Weyerhaeuser pine stands had moderately erodidinsdll
soils, with low to high runoff, comprised of Catautlacil complex and Lloyd gravelly loam,
while thenorthern stand had moderately to excessively well drained soils, very low to very high
runoff, comprised of AileyaucluselLucy complex, Fuquay loamy sand, Goldsbdiaboco
complex, Lakeland sand, VaucluSerfolk complex Goil Survey 2019

We divided @ch stand into three evenly sized treatment plotsli@ ha) and randomly

assigned a thinning prescription of 9 (low), 14 (medium), or ABah(high). The high residual
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basal area treatment represents a typical thinning treatment implemented by njaiageiy
interested in maximizing fiber production by maintaining optimal stocking density, whereas the
medium and low basal area treatments represent alternatives available to a landowner primarily
interested in improving habitat quality for open piaeekt specialists. Each stand was
commercially thinned during Apiiluly 2017. Thinned plots were subsequently divided in half
(61 9 ha) and each half was randomly assigned a prescribed fire treatment (i.e., fire, no fire),
resulting in a spliplot designWe conducted two prescribed burns during the study period, the
first during 5 March3 April 2018 and the second during 15 Ap?i2 April 2020. Prescribed
fires were applied to treatment units using a gtepd ignition pattern on days with temperatures
ranging from1¥2 8 e 5 9 %3 r el ati ve humidity, and wind sp
Keene et al. 204). Flame heights ranged betweeni@.% m and spread at an average rate of
201 40 m/h (Colter 2019)Costof prescribed burnim the area ranged fron26124 USD/ha with
the average beinge USD/haD. Greene, personal communication)

All subplots were subsequently divided in half§3ha) and randomly assigned an
herbicide treatment (i.e., herbicide, no herbicide), ultimately resulting in 12 treatment
combinations: fire, no fire, herbicide, and herbicide with fire, across all Hass area
treatments. We applied the broadcast herbicide treatment via skidder in September 2019 using a
mixture of 0.59 L of Arsen8IAC (imazapyr; BASF Corporation, ResearEriangle Park, NC,
USA), 0.03 L of Escoft XP (metsulfuron methylBayer CropScienc&ary, NC, USA), and
0.38 L of RRSI Suns&t(methylated seed oil concentrate; Red River Specialties, Inc.,
Shreveport, LA, USA) per 114 L tan&ost of herbicide treatnms in the area ranged froh06
249USD/ha with the average beidg8USD/ha (D. Greene, personal communication).

Hereafter, we collectively refer to fire, herbicide, and the combination of the two as secondary
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treatments.

2.2. Plant coverage

We measured understory vegetation response to treatments frouggt 20172021. All

vegetation metrics were recorded sitankeously along 2@ line transects at a density of 1/0.75

ha. We determined transect points using astep approach. First, we overlaid a 50x50 m grid

overtreatmenplots, then randomly select&dyrid cellsper treatment combinatido avoid the

potertial bias associated with overlapping transects and ensure even representation of the

treatments (Colter 2019). We oriented transects perpendicular to harvest rows. We measured the

horizontal coverage of each plant-rRtall along the transect and iderddithem to species or

genus when the species could not be deter mine

the line transect, we measured each plant (i.e., total coverage could potentially exceed 100%).
We categorized planfsost hodnto the folbwing groupings by growth habit: grass, forb

(legume and noitegume), vine (includingRubusspp.), and woody (including shrubs and semi

shrubs). We then calculated percent cover and genus richness by year, treatment, and growth

habit.

2.3. Woodystem dengy

We used the quadrat sampling method to estimate woodRamasstem density (stemsfn

Pound and Clements 1898; Colter 201#)ich representmterspecific resource competition for

the residual pines and the future corresponding midstory. We wsé&iréimon Cover/Frequency

(CF) method of quadrat placement, in which quadrats were systematically plae¢idtervals

along randomly placed transects (same transects used-inteneept sampling; Caratti 2006;

Colter 2019). We counted and recorded humber and height of all woody stems within two

gquadrats per transect. Pin€&snusspp.) stems were censored from analyses to avoid potentially
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inflating woody stem counts imerbicidetreatedunits (Hu et al. 2012). We grouped stepost
hocintotwoc at egori es: stems O1 mstéermdensigydr stegms<imi . e . ,
in height (i.e., understory woodgem density Stem counts were averaged per transect to

produce a singular estimate. In 202021, we modified this method to include Rlibusspp.

(e.g., highbush blackberfRubus argutid O1 m i n h e i Rubussteng densigdyas, mi d s
seen previously (Saer and Bradley 2012).

2.4. Canopyclosure & visual obstruction

We used a spherical densi ometer to estimate t
transect (Lemmon 1956). We adapted the Firemon Cover/Frequency (CF) method of quadrat
placementin which quadrats were systematically placed in set intervals along randomly placed
transects (same transects used inilmiercept sampling; Caratti 2006; Colter 20\%e took

two canopy measurements along each transect at a viewing height of 1 m aneldatrexamgto

produce a singular estimate per transect.

We used the cover board method as outlined by Nudds (1977) to estimate visual
obstruction O02.5 m tall . -ndabsectorctioat wheathstractedat p e r ¢
a distance of 10 m aralviewing height of 1 m in each cardinal direction per transect. Visual
obstruction measurements were averaged per transect to produce a singular estimate.
2.5.Marginal rate of return
We estimated thmarginal rate of return (MRR of applying each secondary treatmtmt
reducewoody plant coveragley subtractinghe percent cover of vine and woody plants in units
treated with each secondary treatm@igtCoverage&:condarytreatmehffOm the percent cover of
vine and woody plants ithhe untreated contro{®letCoverageontro), then dividing theestimate

by the set treatment cO€ 0SkecondaryTreatmeht We included data from 2020 and 2021 to estimate
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MRRy, for fire, herbicide, and mix treatmenior MRRy calculations, we pooledepcent cover
estimatescross thinning treatments into a single estirpatesecondary treatmeper yearfor

ease of interpretation.

VQOOEVQI QA NVO0ELQI WQQ

YI Qwoa Qe o00€i O

Similarly, we estimated thmarginal rate of return (MRR of applying each secondary
treatment on herbaceous cover by subtracdtiegpercent cover of heabeous plants in untreated
controls(NetCoverageontro) from the percent cover of grasses and forbs (i.e., herbaceous plants)
in units treated with each secondary treatnietCoverage:condarytreatmeh then dividing the
estimate by the set treatmesc(CoskecondaryTreatmelt Likewise, we included data from 2020
and 2021 to estimate MRRor fire, herbicide, and mix treatments.

0LQOO6ELQI WQQ VLQOOELQI WQQ

0 Y'Y
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2.6. Statistical analysis

We used general linear mixedf f ect s model s (LMMs) within the
2015)in R statistical programming (R Core Tean220to estimate the effegbf thinning
intensity,prescribed fire, and herbicide on percent cover and genus richness of plants by year,
treatment, and growth habit. We also calculated woodyRamaisspp.stem densitystems/m),

percent canopy closure, and percent visual obstruction by treatment anBegsarse treatments

were applied in a staggered approach to replicate common silvicultural practices, we used
separate analyses to determine the effects of each treatment. Specifically, we used the 2020

2021 data to examine the effects of the herbicielgtnent (applied in fall 2019), the 202821

data to examine the effects of prescribed fire (applied in spring 2018 and 2020), and the 2017

2021 data to examine the effects of the thinning treatments (applied in summer 2017). All
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models included an intective effect between thinning treatment, secondary treatment (fire,
herbicide), and year as in similar studies (Iglay et al. 20lfay et al. 201D; Lashley et al.

2011). As such, models included the response variable, thinning treatment, seconagytrea
and year as interactive, fixed effects, with stand, plot, subplot, subsubplot, and transect id as
nested random effects, as appropriate.

Similarly, we used general linear mixeffects models (LMMs)o estimate the effegbf
prescribed fire and herbicide tire MRRby yearand secondary treatmelife used Akai ked
Information Criteria, adjusted for small sample size (AlICcadsessherelativestaistical
support for each of ouhreecandidate model#idditive and interactive candidate models
included the response variable, secondary treatment and year as fixed effects, and the stand as a
random effect.

3. RESULTS

3.1. Standdescription and compostion

We samplea total 0f300, 20m transects across five stands duringiddilygust2017 2021.
Mean posthinning basal areas averaged 11 (low), 14 (medium), andf h&nthigh) (Keene et
al. 202h). We detected 188 genera (272 identifisgpecies) of plants including 89 forbs, 49
woody plants, 29 grasses, 17 vines or brambles, 3 ferns, and 1 Taettisn most commonly
occurring plant genera weBichantheliumspp.(panic grassesRubusspp.(blackberries)Vitis
spp. (grapes);hasmanttum spp.(uniolas),Lespedezapp.,Callicarpa (Americanbeautyberry),
Eupatoriumspp. (bonesetshiquidambar(sweetgum)Rhusspp. (sumacs), ardindropogon
spp. (bluestems & broomsedge, excluding little bluestem). The five most commonly occurring
woody generaon stem density surveygerePinusspp. (pines)Rhusspp.,Callicarpa,

Liquidambar andVacciniumspp. (blueberries).
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3.2. Understoryplant response
On average, grass coverage in untreated contiadggreater in the low (36%) and medium
(34%) basahrea units compared to the high (30%) basal area units (Figiird e five most
frequently occurring grass genera wBiehantheliumspp.,Chasmanthiunspp, Andropogon
spp.,Saccharunspp. (plumegrasses), aRdspalunmspp. Grass coverage in untreated controls
increased annually from 2017 (11%), peaked in 2020 (48%), and declined in 2021 (44%). The
year after herbicide application and the second burn (2020), grass coverage was 4% in herbicide
plots, 21% in mix plots, an2i8% in burned plots. Two years after herbicide application and the
second burn (2021), grass coverage was 37% in herbicide plots, 81% in mix plots, and 69% in
burnonly plots, compared to 44% in untreated controls.

On average, forb coverage in untreatedtrolswas greater in the low (16%) and
medium (18%) basal area units compared to the high (11%) basal area units (RjgUreel
five most frequently occurring forb genera weespedezapp.,Eupatoriumspp.,Erechtites
(Americanburnweed) Senng(sicklepod, andGalactiaspp. (milkpea). Coverage in untreated
controls increased annually from 20(BP6), peaked in 201818%), anddeclined in2021(11%).
In 2020, forb coverage was 14% in herbicide plots, 33% in mix plots, and 30% in burned plots.
In 2021, forb coverage was 47% in herbicide plots, 79% in mix plots, and 5% nronly
plots, compared to 11% in untreated controls.

On average, vine & bramble coverage in untreated contadsgreater in the low (58%)
and medium (55%) basal area units pamed to the high (36%) basal area units (Figute 1
The five most frequently occurring vine and bramble genera Rebesspp.,Vitis spp.,
Lonicera(Japanesé&oneysuckle)Gelsemiun{Carolina jessamineandSmilaxspp.

(greenbriers). Coverage in urdted controls increased annually fr@el7 (7%)to 2021
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(103%. In 2020, vine coverage was 4% in herbicide plots, 5% in mix plots, and 26% in burned
plots. In 2021, vine coverage was 31% in herbicide plots, 24% in mix plots, and Bo#fin
only plots, compared to 103% in untreated controls.

Woody coveragé untreated controlsvas similar amongasal areanits (Figure 11).
The five most frequently occurring woody genera weadlicarpa, Liquidambar Rhusspp.,
Vacciniumspp., andPinusspp. Coverage in untreated controls increased annually2@dm
(10%)t0 2021(67%). In 2020, woody coverage was 3% in herbicide plots, 5% in mix plots, and
20% in burned plots. In 2021, woody coverage was 20% in herbicide plots, 16% in mix plots,
and 46% irburnonly plots, compared to 67% in untreated controls.
3.3. Genus richress
Grass, vine, and woody genus richness (genera/20 m trawseetonsistent amonigasal area
units However, forb genus richness waeater in the alternativeasal areanits (low [6.2
genera]; medium [6.5 genera]) compared to the hagal areanits (4.8 genera; Figure.2).
Herbaceous (i.e., grass and forbs) richness in untreated controls ineeasally from 20170
2019then precipitously declined, while vine genichness stayed consistent among years (4.5
genera) and woody genus richness increased annuallp @.2 genera)During 2020and2021,
grass richness was on average greatest indniyn(3.6 generaplotsand least in herbicidenly
(2.6 genera) and i(2.8 generaplots, while forb richness was on average greatest in mix (8.5
generaplotsand least in untreated (4.4 gengstts. Conversely, vine and woody richness was
on averaggegreatest in untreated (4.9 genera; 6.0 gem@odg and least in mx (2.3 genera; 2.7
generaplots,respectively.
3.4. Visual obstruction

Visual obstruction in untreated controlaswgenerally greater in the low and medium basal area
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units compared to the high basal area units (Fifj®ePercent visual obstructian untreated
controlsincreased annually from 20132019, then plateaued 2020and2021. During 2020
and2021, visual obstruction was on average greatest in untiglats@nd least in herbicide
only and mixplots
3.5. Wood/ stem density
Understory(<1 m in height\woodystem densitystems/m) in untreated control&as similar
amongbasal areanits(Figurel.4). Understory woodytem densityn untreated controlwas
staticfrom 2017to 2021 (~0.6 stems/fh During2020and2021, understory woodstem
densitywas on averagegreatest irburn-only (1.0 stems/rf) and untreated (0.7 stemgjmplots
and least in herbicidenly (0.3 stems/A) and mix (0.4 stems/plots

Midstory(O1 m i ywodusierg densitystems/nf) in untreated controlwas
similar amongbasal areanitsfrom 2017to 2019, then increased in the alternatiasal area
unitscompared to the highasal areanitsfrom 2020to 2021 (Figurel.4). Woody midstory
stem densityn untreated controls increased annually from 2012019 (0.10.4 stems/rf),
peaked in 2020 (1.1 stems)nand declined in 2021 (0.8 stemé/nDuring 2020and2021,
woody understorgtem densityvas on averagggreatest in untreated (1.0 stem&/plotsand
least in herbicid@nly (0.1 stems/A) and mix (0.1 stems/fhplots

On average, midsto@®© 1 m i yRubusstenydensitystems/r) in untreated
controlswas greater in the low (2stems/m) and medium (2.8tems/m) basal area units
compared to the high (Oftems/m) basal area units (Figuies). MidstoryRubusstem density
in untreated controls decreased from 2020 (1.9 steth&r2021 (1.6 stemsAn During 2020
and2021, MidstoryRubusstem densityvas on aveage greatest in untreated (1.7 stem&/m

plotsand least in herbicidenly (0.2 stems/R) and mix (0.2 stems/plots.
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3.6. Canopy coverage

Canopy coverage (%)as generally greater in high basal area units compared to the low and
medium basal area units (Figur®). From 20200 2021, canopy coverage in untreated controls
increased 9, 9, and 7% in low, medium, and high basal area units, respectively. Cangmecove
was onaveragegreatest in untreated (86%lptsand least in mix (77%glots

3.7.Marginal rate of return

Our topranked models predicting the MRR included an additive effect between secondary
treatment and yeaf éble 1.). The average cost (USE) apply prescribed fire, herbicide, and
mix (fire + herbicide) treatments w&86, $148, and $234/ha, respectively (D. Greene, personal
communication)MRRy, estimates were similar between yearsachsecondary treatment unit
(Figure 1.7).The year after herbicide application and the second burn (2020),M&Rnhates
weregreateiin fire (0.85) and herbicide (0.77) plaasd lower inmix (0.50)plots. Two years

after herbicide application and the second burn (2021), M&ERmatesvere graterin fire

(0.87) and herbicide (0.79) plaasd lowerin mix (0.52) plots.

MRRH estimatesncreased from 2020@.15) to 202X0.47) across secondary treatment
units Figure 1.7). The year after herbicide application and the second burn (2020), MRR
estimates were greater in fire@3) plots and lower imerbicide €0.37) andmix (-0.11) plots.

Two years after herbicide application and the second burn (2021)M&Rhatesvere greater

in fire (0.65 andmix (0.5]) plots and lower ifnerbicide(0.25) plots.

4. DISCUSSION

Although grass and forb coverage were generally greatbeilow and medium basal area
treatments, our hypothesis that herbaceous plant coverage would increase with decreasing basal

area was not entirely supported by the dataciBpally, herbaceous cover values were similar
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between low and medium basal area units, regardless of other (secondary) treatments. Keene et
al. (202Db) reported similar findings from the first two years ptbshningin our study area, but

we expected ffierences between low and medium basal area units to increase over time.
However, given that pine canopy coverage still did not differ between low and medium basal
area treatments during the last two years of our studyydars post thinning), this fintdj is

not surprising. We suspect this lack of difference was attributable to low precision of thinning
operations in our stands (Keene et al. 202Although premarking stands prior to thinning
increased precision, the increase was relatively minorikelgt hot justified by the associated

costs (Keene et al. 202 Additionally, operpineindicator wildlife species are resilient to

minor deviations from basal area recommendations (Mclintyre et al. 2019). However, managers
focused on creating or improgrhabitat for wildlife that require greater coverage of herbaceous
plants than provided in the low and medium basal area units in our study should consider pre
marking stands or consistently monitoring canopy coverage throughout thinning operations to
ensue targets are met.

Another unexpected finding was that, although vegetation responses to secondary
treatments varied somewhat across basal areas, the effect size of secondary treatments was
apparently greater than that for thinning intensity. For exargpess coverage peaked at about
40% in controls, compared to 80% in the mix treatment. Similarly, forb coverage peaked at about
30% in controls, compared to 110% in the mix treatment. While it is evident that the positive
effects of thinning on herbaceocsverage would dissipate over time without further disturbance
(e.q., Blair 1967), our results also show that herbaceous plant coverage in stands that are only
thinned will never reach the levels observed in stands that areuatsed ortreated with the

herbicides we applied and burned.
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Previous studies focused on wildlife habitat responses taatation application of
herbicide have generally evaluated broadcast application of imaaalyyfe.g., Jones and
Chamberlain 2004, Gruchy et al. 2009, Igial. 201@, 201®, 201sb). Although imazapyr
provides effective control of hardwood stems, vinesRulusspp. are unaffected by low rates
(BASF Corporation 201 which may give them a competitive advantage and result in reduced
plant diversity For example, Gruchy et al. (2009) found that bramble coverage doubled
following a lowrate application of imazapyr in old fields. Similarly, Jones and Chamberlain
(2004)reported vine coverage doubled following an imazapyr treatment Bb#4earold
mixed pine stands. Additionally, Iglay et €010, 201M) reported thaRubusspp. (e.qg.,
highbush blackberry) dominated the understory following an imazapyr treatmeiat-rotation
pine stands.n our studywe found that vine coverage was reduced by %@ Rubusspp.
coverage by 94% the first year (202@stapplication and by 70% and 52%, respectivatythe
second year (2021) following application ofiamazapyrmetsulfuron methymixture.

One concern associated with broadcast application of herbicide in areas managed for
wildlife is the period immediately posipplication when the area is nearly devoid of plants. This
is especially true for herbicide mixtures,ialinhave not been adequately evaluated (Guynn et al.
2004; Miller and Miller 2004). Our data give some credibility to this concern, as percent
coverage of all functional groups of plants weastthe year following application (2020).
However, coverage @frasses and forbs during that year were comparable to stands treated with
fire-only. Furthermore, the mix treatment, which combined the herbicide mixture with fire,
resulted in the greatest coverage of herbaceous plants we observed in any treatmeaticombin
only two years posapplication (2021). Previous studies have reported a similar trend in which

herbaceous coverage peaks the second year following imaaalgyand imazapyr + fire
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treatments (Iglay et al. 20k However, comparison of effect sizasygests that our addition of
metsulfuron methytesulted in greater coverage of herbaceous plants compared to irraabpyr
and imazapyr + fire treatments (Iglay et al. 20)14ikely due to reduced competition from vines
and brambles. As such, combinimgtsulfuron methylimazapyr, and prescribed fire provides
excellent control of hardwood stems, vines, and brambles, while maximizing coverage of
herbaceous plants, within two growing seasons-gpglication. Thus, this treatment may be
particularly effetive in restoring migtotation pine stands with mi@ér understories dominated
by woody plants when managing for wildlife that prefeharbaceouslominated understory is
an objective (e.g., gopher tortoise; Greene et al. 2019

Similar to others, we ab found that herbaceous plant coverage was greater, and the
duration of the effect lasted longer, following the second application of fire. Although forest
managers may be discouraged when a single application of prescribed fire fails to produce the
desied outcome, repetitive, frequent burns often reduce woody plant coverage while increasing
grass and forb coverage (Glitzenstein et al. 2003). Vander Yacht et al. (2020) also reported that
herbaceous groundcover, richness, and diversity were greateepftatad burning and that the
effect of more intensive thinning on herbaceous plants only became apparent after multiple fire
treatments. Outcalt and Brockway (2010) also found that herbaceous plant coverage drastically
increased following a second applioatof prescribed fire.

Prescribed burning cost an averag8®tJSD/ha on our study site (D. Greene, personal
communication) and2/hain other parts of the Southeast (Maggard 2@21) as such represents
an affordable tool to both create and maintain open forest conditions. Our data suggest that
prescribed fire is a more cesftfective tool for reducing woody vegetation and increasing

herbaceous coverage than the most frequentlyeabiank mixture (i.e., imazapyrmetsulfuron
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methyt Shepard et al. 2004) in the southern US. However, forest managers interested in
reducing woodylant coveragand increasing herbacegpiantcoverage using prescribed fire

need to be aware thatpasit e ef fects may take O2 rotations
dominant vines and woody plants have developed into the midstory, it may be necessary to reset
stand succession using a more costly, aggressive treatment option (e.g., mix treatment) before
establishing a burn rotation (Edwards et al. 2004; Jones and Chamberlain 2004).

5. SUMMARY AND CONCLUSIONS

| nt ensi ve t hhahredudedkthegverstorfOchnbpy end invigorated disturbance
dependent plants such as grasses and forbs, whichanafittopen forest specialists with an

affinity for herbaceouslominatedccommunities (e.g., gopher tortoise; Greene et al. 12019

However, we found that pine canopy coverage did not differ between low and medium basal area
treatments, masking the potentbenefits of thinning <14 frha' at mid-rotation. We attribute

this to low precision of thinning operations in our stands (Keene et alag@2t as such

recommend forest managers considerrmpeeking stands or consistently monitoring canopy
coverageahroughout thinning operations to ensure targets are met. Additionally, midstary
densitywas correlated directly with thinning intensity at aadation and masked the potential
benefits of the thinning treatment, reducing habitat suitability for métlyese same specialists

(e.g., prairie warblefSetophaga discoldrEngstrom et al. 1984). Prescribed fire was the most
costeffective tool to reduce woody coverage and increase herbaceous coverage, although it may
require multiple recurrent applicatie to achieve the intended result. Once dominant vines and
woody plants have developed into the midstory, it may be necessary to reset stand succession
before establishing a burn rotation. A combinatiometsulfuron methylimazapyr, and

prescribed firavas the most effective tool at suppressing vine and woody plants, reducing the
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midstory, and increasing herbaceous plant coverage, which may benefit open forest specialists
with an affinity for high herbaceouwgarrawover
[Peucaea aestivaljsMcintyre et al. 2019). As such, we recommend that forest managers
interested in maximizing herbaceous coverage and minimizing woody regrowth both thin below
the forestry < had)and applylprescehedfire,and@ brdadcast application of
imazapyr fmetsulfuron methylHowever, applying prescribed fire immediately following

thinning operations to suppress woody regrowth and maintaining a frequent burn return interval
(e.g., 2 yearsis the most costffective treatment for promoting open forest conditions,

benefiting open forest specialists that rely on a mix of herbaceous andisedy cover (e.g.,
northern bobwhite; Greene et al. 2.9
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Figure 1.1. Mean estimates of grass, forb, vine, and woody coverage and 95% confidence
intervals fa mid-rotation loblolly pine Pinus taedastands thinned to low (9%hal), medium
(14 n? ha?), or high (18 M ha?) residual basal are@s2017and treated with two prescribed
burns (spring 2018, 202M)erbicide {mazapyr +metsulfuron methylifall 2019), or a
combination thereof (fire + herbicide; mix) Greene and Hancock counties, GA.
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Figure 1.2Mean estimates of grass, forb, vine, and woody genus richness (genera/20 m transect)
and 95% confidence intervals for midtation loblolly pne Pinus taedastands thinned to low

(9 n? hatl), medium (14 rhhal), or high (18 mMha?) residual basal areas in 2017 and treated

with two prescribed burns (spring 2018, 2Q2®rbicide (imazapyr fmetsulfuron methylfall

2019) or a combination threof (fire + herbicide; mix)n Greene and Hancock counties, GA.
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Figure 1.3Mean estimates of visual obstruction fron®0® m, 0.51.0 m, 1.02.5 m, and 0.0

2.5 m in height and 95% confidence intervals for-naithtion loblolly pine Pinus taedastands
thinned to low (9 rhhal), medium (14 rhhal), or high (18 riha?) residual basal areas in 2017
and treated with two prescribed burns (spring 2018, 2020bicide (imazapyr fmetsulfuron

methyt fall 2019) or a combination thereof (fire + herlale; mix)in Greene and Hancock
counties, GA.
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Figure 1.4Mean estimates of woody stem density (stedls/m<1 m and O1 m

confidence intervals for micbtation loblolly pine Pinus taedistands thinned to low (9%ha
1, medium (14 rAhat), or high (18 Mha?) residual basal areas in 2017 and treated with two

prescribed burns (spring 2018, 202%rbicide (imazapyr fmetsulfuron methylfall 2019) or a
combination thereof (fire + herbicide; mix) Greene and Hancock counties, GA.
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Figure 1.5Mean estimates dkubusstem density (stems/ O1 m i n hei ght
confidence intervals for micbtation loblolly pine Pinus taedistands thinned to low (9%ha
1, medium (14 rhhat), or high (18 mMha?) residuabasal areas in 2017 and treated with two
prescribed burns (spring 2018, 202®rbicide (imazapyr fetsulfuron methylifall 2019) or a
combination thereof (fire + herbicide; mix) Greene and Hancock counties, GA.

44

and



Figure 1.6Meanestmats of canopy coverage O 1 m in heig
mid-rotation loblolly pine Pinus taedistands thinned to low (9%hat), medium (14 raha?),

or high (18 m ha?) residual basal areas in 2017 and treated with two prescribed(bpring

2018, 2020)herbicide (imazapyr fetsulfuron methylfall 2019) or a combination thereof

(fire + herbicide; mixjn Greene and Hancock counties, GA.
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