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Abstract 

 

 

Pine (Pinus spp.) plantations cover 16.8 MM ha across the southeastern United States. 

Many forest owners are interested in managing their forests for multiple objectives, including 

timber production and wildlife habitat for both game (e.g., white-tailed deer [Odocoileus 

virginianus]) and nongame species. Commercial thinning and application of herbicide or 

prescribed fire at mid-rotation can help landowners meet these objectives. However, information 

is lacking on thinning prescriptions that reduce residual basal area beyond industry standards, as 

well as the effects of common herbicide tank mixtures (i.e., imazapyr + metsulfuron methyl) on 

habitat quality for open forest specialists and deer. Therefore, we initiated an operational-scale, 

manipulative, experiment to quantify the effects of thinning to 9, 14, and 18 m2 ha-1, with and 

without prescribed fire and herbicide, on habitat quality for open forest specialists and nutritional 

carrying capacity (deer days/ha) for deer in mid-rotation loblolly pine stands.  
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CHAPTER 1 

EFFECTS OF THINNING INTENSITY, PRESCRIBED FIRE, AND HERBICIDE ON 

UNDERSTORY PLANT COMMUNITIES IN MID-ROTATION LOBLOLLY PINE STANDS 

 

ABSTRACT 

Open forests (i.e., woodlands and savannas) are rapidly declining throughout the southeastern 

United States, due in large part to conversion to pine plantations intensively managed for fiber 

production. Commercial thinning, prescribed fire, and herbicide are management alternatives 

that can improve habitat for open forest specialists in pine plantations, but interactions among 

different levels of thinning, with or without prescribed fire and herbicide, have not been 

thoroughly evaluated. Therefore, we quantified the effects of thinning, prescribed fire, and 

herbicide on habitat quality for open forest specialists within five, even-aged loblolly pine (Pinus 

taeda) plantations in central Georgia. We applied a randomized complete block design in which 

each stand was divided into three equally sized plots, randomly assigned a thinning treatment, 

and commercially thinned to either 9 (low), 14 (medium), or 18 m2 ha-1 (high) in spring 2017. 

We applied prescribed fire to half of each plot during spring 2018 and 2020, and herbicide 

(imazapyr + metsulfuron methyl) to half of each subplot during fall 2019 for a total of 12 

treatment combinations. We measured percent coverage and genus richness by growth habit, 

woody and Rubus stem density, and canopy coverage during JulyïAugust 2017ï2021. 

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 area treatments, regardless of secondary treatments (fire, herbicide, fire + 

herbicide), which we attribute to low precision of thinning operations in our stands. Secondary 
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treatments influenced understory vegetation responses more so than thinning intensity 

throughout the study. Like past studies, we 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 herbicide and prescribed fire, resulted in the greatest coverage of 

herbaceous plants and the least coverage of vines and woody plants we observed in any 

treatment combination, two years post-application. Reemergence of understory plants post-

herbicide application was faster when fire was also applied. Thus, this treatment may be 

particularly effective in creating open forest conditions in mid-rotation pine stands with mid- or 

understories dominated by woody plants. Overall, our results provide information that can be 

used by managers to develop thinning, prescribed fire, and herbicide prescriptions, depending on 

focal wildlife speciesô habitat requirements. 

1. INTRODUCTION  

Open forests (i.e., woodlands, savannas), characterized by having a semi-open overstory, open 

midstory, and herbaceous-dominated understory, are rapidly declining throughout the Southeast 

(Hanberry et al. 2014; Hanberry et al. 2020). For example, fire-mediated shortleaf pine (Pinus 

echinata)-oak (Quercus spp.) and longleaf pine (P. palustris) woodlands and savannas have 

declined by 92ï96% throughout their historic range (Frost 1993; Oswalt et al. 2012; Oswalt 

2013; Hanberry 2021). This decrease was due in large part to increases in loblolly (Pinus taeda) 

and slash (Pinus elliottii var. elliottii ) pine plantations, and fire suppression beginning in the 

early 1900s (Frost 1993; Brennan et al. 1998; Schultz 1999; Fox et al. 2007; Hanberry 2021). As 

a result, habitat for both game (e.g., northern bobwhite [Colinus virginianus], wild turkey 

[Meleagris gallopavo]) and non-game (e.g., red-cockaded woodpecker [Picoides borealis], 

gopher tortoise [Gopherus polyphemus]) species 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 ha (82%) consists of loblolly-shortleaf pine (Oswalt et al. 2019). Habitat quality 

is adequate for many open forest specialists in young, open-canopied stands (Lane et al. 2011; 

Greene et al. 2016). However, habitat suitability declines precipitously as the stand approaches 

canopy closure, rebounds after a mid-rotation thin, but eventually declines again as the stand 

approaches canopy closure later in the rotation (Jones et al. 2009; Jones et al. 2012; Greene et al. 

2019a; Greene et al. 2019b). Greene et al. (2019a) also noted that conditions in mid-rotation 

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.  

Commercial thinning at mid-rotation 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, herbaceous plants are 

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 stands eventually become unsuitable for 

open forest specialists.  

Accordingly, landowners interested in creating or maintaining open forest conditions 

conditions in loblolly pine plantations may implement more frequent or intensive thins 

(Harrington and Edwards 1999; Peitz et al. 1999; Davis et al. 2017). For example, Blair (1967) 

thinned 29-year-old loblolly pine stands to residual basal areas of 21, 25, and 27 m2 ha-1 and 
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found that herbaceous plant coverage was inversely related to thinning intensity; however, 

these benefits were greatly diminished by five years post-thin. Peitz et al. (2001) also found 

that herbaceous coverage in mixed pine-hardwood forests was greatest in stands thinned to the 

lowest residual basal area (15 m2 ha-1). Similarly, Cram et al. (2002) found that herbaceous 

coverage was greater in loblolly pine stands thinned to 15 m2 ha-1 compared to 24 m2 ha-1. 

However, thinning intensities in these studies were relatively conservative and represented the 

upper range of suitable values for basal areas preferred by open forest specialists (Greene et al. 

2019a).  

 Although increased thinning intensity promotes herbaceous communities, it also releases 

woody plants in the understory (Blair 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 plants (Iglay et al. 2006; 

Harper et al. 2016; Greene et al. 2019b). For example, Iglay et al. (2014a, 2014b, 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, 

18ï22-year-old loblolly pine stands in Mississippi over a 9-year period. Plant species diversity 

was greatest in the fire-only treatment units, whereas hardwood midstory control and herbaceous 

plant coverage were greatest in the mix treatment units, with each treatment benefiting select 

avian and herpetofaunal species. 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 herbicides (e.g., 

blackberry [Rubus spp.] resistance to imazapyr), 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 2010b). Accordingly, some managers have shifted to using tank 
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mixtures (i.e., Ó2 herbicides) at mid-rotation. The most frequently applied herbicide mixture for 

release treatment in the Southeast is imazapyr (Arsenal® AC) + metsulfuron methyl (Escort®), 

which is applied to >30,000 ha annually (Shepard et al. 2004). This mixture 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 stands. As a result, many have concerns about the short- 

and long-term effects of herbicide mixtures 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 (<18 m2 ha-1) 

and apply secondary treatments (e.g., prescribed fire, herbicide) at mid-rotation to both create 

and maintain habitat for open forest specialists. However, to date, none have evaluated the 

effects of thinning to non-standard residual basal areas, with or without secondary treatments, on 

understory plant community composition and structure within mid-rotation loblolly pine stands. 

Additionally, recent studies have noted that imazapyr, an herbicide commonly applied in pine 

stands to increase habitat quality for open forest specialists, is unable to control well-established 

native species, which may result in decreased species richness (Iglay et al. 2010b). Therefore, we 

initiated an operational-scale, manipulative experiment to quantify the effects of thinning to 9, 

14, and 18 m2 ha-1, in combination with prescribed fire and herbicide tank mixtures (i.e., 

imazapyr, metsulfuron methyl), on understory plant community composition and structure within 

mid-rotation loblolly pine stands. We predicted that (1) understory coverage of all plants would 

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 post-treatment.  

2. METHODS AND MATERIALS  

2.1. Study sites and design 

We conducted research in five, 36ï53 ha, loblolly pine plantations within the Piedmont 

physiographic region of central Georgia. Stands had relatively uniform site indices from 24ï25-

m (base age 25 years), pre-thinning basal areas from 28ï37 m2 ha-1, and were 13ï21 years old at 

study initiation (Colter 2019). Two stands were located within the Georgia Department of 

Natural Resourcesô Oconee Wildlife Management Area (WMA) in Greene County, Georgia, 

USA. The other three were located on property owned and managed by Weyerhaeuser Company 

in Hancock County, Georgia, USA (see Keene et al. 2021a, b). All stands were historically 

agricultural sites that had been reforested in loblolly pine and undergone Ó1 loblolly pine 

rotation. Site preparation for planting included herbicide application and prescribed fire.  

The northern pine stand on Oconee WMA had moderately eroded, well-drained 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 Cecil-Cataula complex, Lloyd gravelly loam, and Pacolet sandy loam (Soil Survey 

2019). The eastern and western Weyerhaeuser pine stands had moderately eroded, well-drained 

soils, with low to high runoff, comprised of Cataula-cecil complex and Lloyd gravelly loam, 

while the northern stand had moderately to excessively well drained soils, very low to very high 

runoff, comprised of Ailey-Vaucluse-Lucy complex, Fuquay loamy sand, Goldsboro-Noboco 

complex, Lakeland sand, Vaucluse-Norfolk complex (Soil Survey 2019).  

We divided each stand into three evenly sized treatment plots (12ï18 ha) and randomly 

assigned a thinning prescription of 9 (low), 14 (medium), or 18 m2 ha-1 (high). The high residual 
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basal area treatment represents a typical thinning treatment implemented by managers primarily 

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 pine forest specialists. Each stand was 

commercially thinned during AprilïJuly 2017. Thinned plots were subsequently divided in half 

(6ï9 ha) and each half was randomly assigned a prescribed fire treatment (i.e., fire, no fire), 

resulting in a split-plot design. We conducted two prescribed burns during the study period, the 

first during 5 Marchï3 April 2018 and the second during 15 Aprilï22 April 2020. Prescribed 

fires were applied to treatment units using a strip-head ignition pattern on days with temperatures 

ranging from 17ï28ęC, 33ï59% relative humidity, and wind speeds Ò6 km/hour (Colter 2019; 

Keene et al. 2021b). Flame heights ranged between 0.3ï0.6 m and spread at an average rate of 

20ï40 m/h (Colter 2019). Cost of prescribed burns in the area ranged from 62ï124 USD/ha with 

the average being 86 USD/ha (D. Greene, personal communication).  

All subplots were subsequently divided in half (3ï5 ha) 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 three basal area 

treatments. We applied the broadcast herbicide treatment via skidder in September 2019 using a 

mixture of 0.59 L of Arsenal® AC (imazapyr; BASF Corporation, Research Triangle Park, NC, 

USA), 0.03 L of Escort® XP (metsulfuron methyl; Bayer CropScience, Cary, NC, USA), and 

0.38 L of RRSI Sunset® (methylated seed oil concentrate; Red River Specialties, Inc., 

Shreveport, LA, USA) per 114 L tank. Cost of herbicide treatments in the area ranged from 106ï

249 USD/ha with the average being 148 USD/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 from JulyïAugust 2017ï2021. All 

vegetation metrics were recorded simultaneously along 20-m line transects at a density of 1/0.75 

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

over treatment plots, then randomly selected 5 grid cells per treatment combination to avoid the 

potential 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 <2-m tall along the transect and identified them to species or 

genus when the species could not be determined. If Ó2 species overlapped the same portion of 

the line transect, we measured each plant (i.e., total coverage could potentially exceed 100%).  

We categorized plants post hoc into the following groupings by growth habit: grass, forb 

(legume and non-legume), vine (including Rubus spp.), and woody (including shrubs and semi-

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

habit.  

2.3. Woody stem density   

We used the quadrat sampling method to estimate woody and Rubus stem density (stems/m2; 

Pound and Clements 1898; Colter 2019), which represents interspecific resource competition for 

the residual pines and the future corresponding midstory. We used the Firemon Cover/Frequency 

(CF) method of quadrat placement, in which quadrats were systematically placed in set intervals 

along randomly placed transects (same transects used in line-intercept sampling; Caratti 2006; 

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

quadrats per transect. Pines (Pinus spp.) stems were censored from analyses to avoid potentially 
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inflating woody stem counts in herbicide-treated units (Hu et al. 2012). We grouped stems post 

hoc into two categories: stems Ó1 m in height (i.e., midstory woody stem density) or stems <1 m 

in height (i.e., understory woody stem density). Stem counts were averaged per transect to 

produce a singular estimate. In 2020ï2021, we modified this method to include all Rubus spp. 

(e.g., highbush blackberry [Rubus argutus]) Ó1 m in height (i.e., midstory Rubus stem density) as 

seen previously (Sather and Bradley 2012). 

2.4. Canopy closure & visual obstruction 

We used a spherical densiometer to estimate total canopy closure Ó1 m in height along each 

transect (Lemmon 1956). We adapted the Firemon Cover/Frequency (CF) method of quadrat 

placement, in which quadrats were systematically placed in set intervals along randomly placed 

transects (same transects used in line-intercept sampling; Caratti 2006; Colter 2019). We took 

two canopy measurements along each transect at a viewing height of 1 m and averaged them to 

produce a singular estimate per transect.  

We used the cover board method as outlined by Nudds (1977) to estimate visual 

obstruction Ò2.5 m tall. We recorded the percent of each 0.5-m subsection that was obstructed at 

a distance of 10 m and a viewing 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 the marginal rate of return (MRRw) of applying each secondary treatment to 

reduce woody plant coverage by subtracting the percent cover of vine and woody plants in units 

treated with each secondary treatment (NetCoverageSecondaryTreatment) from the percent cover of 

vine and woody plants in the untreated controls (NetCoverageControl), then dividing the estimate 

by the set treatment cost (CostSecondaryTreatment). We included data from 2020 and 2021 to estimate 
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MRRw for fire, herbicide, and mix treatments. For MRRw calculations, we pooled percent cover 

estimates across thinning treatments into a single estimate per secondary treatment per year for 

ease of interpretation.  

ὓὙὙ
ὔὩὸὅέὺὩὶὥὫὩ  ὔὩὸὅέὺὩὶὥὫὩ

ὝὶὩὥὸάὩὲὸὅέίὸ  
 

Similarly, we estimated the marginal rate of return (MRRH) of applying each secondary 

treatment on herbaceous cover by subtracting the percent cover of herbaceous plants in untreated 

controls (NetCoverageControl) from the percent cover of grasses and forbs (i.e., herbaceous plants) 

in units treated with each secondary treatment (NetCoverageSecondaryTreatment), then dividing the 

estimate by the set treatment cost (CostSecondaryTreatment). Likewise, we included data from 2020 

and 2021 to estimate MRRH for fire, herbicide, and mix treatments. 

ὓὙὙ
ὔὩὸὅέὺὩὶὥὫὩ   ὔὩὸὅέὺὩὶὥὫὩ

ὅέίὸ  
 

2.6. Statistical analysis 

We used general linear mixed-effects models (LMMs) within the ólme4ô package (Bates et al. 

2015) in R statistical programming (R Core Team 2021) to estimate the effects of thinning 

intensity, prescribed fire, and herbicide on percent cover and genus richness of plants by year, 

treatment, and growth habit. We also calculated woody and Rubus spp. stem density (stems/m2), 

percent canopy closure, and percent visual obstruction by treatment and year. Because 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 2020ï

2021 data to examine the effects of the herbicide treatment (applied in fall 2019), the 2018ï2021 

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

2021 data to examine the effects of the thinning treatments (applied in summer 2017). All 
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models included an interactive effect between thinning treatment, secondary treatment (fire, 

herbicide), and year as in similar studies (Iglay et al. 2010a; Iglay et al. 2010b; Lashley et al. 

2011). As such, models included the response variable, thinning treatment, secondary treatment, 

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 mixed-effects models (LMMs) to estimate the effects of 

prescribed fire and herbicide on the MRR by year and secondary treatment. We used Akaikeôs 

Information Criteria, adjusted for small sample size (AICc), to assess the relative statistical 

support for each of our three candidate models. Additive 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. Stand description and composition 

We sampled a total of 300, 20-m transects across five stands during JulyïAugust 2017ï2021. 

Mean post-thinning basal areas averaged 11 (low), 14 (medium), and 18 m2 ha-1 (high) (Keene et 

al. 2021a). We detected 188 genera (272 identifiable species) of plants including 89 forbs, 49 

woody plants, 29 grasses, 17 vines or brambles, 3 ferns, and 1 cactus. The ten most commonly 

occurring plant genera were Dichanthelium spp. (panic grasses), Rubus spp. (blackberries), Vitis 

spp. (grapes), Chasmanthium spp. (uniolas), Lespedeza spp., Callicarpa (American beautyberry), 

Eupatorium spp. (bonesets), Liquidambar (sweetgum), Rhus spp. (sumacs), and Andropogon 

spp. (bluestems & broomsedge, excluding little bluestem). The five most commonly occurring 

woody genera on stem density surveys were Pinus spp. (pines), Rhus spp., Callicarpa, 

Liquidambar, and Vaccinium spp. (blueberries). 
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3.2. Understory plant response 

On average, grass coverage in untreated controls was greater in the low (36%) and medium 

(34%) basal area units compared to the high (30%) basal area units (Figure 1.1). The five most 

frequently occurring grass genera were Dichanthelium spp., Chasmanthium spp., Andropogon 

spp., Saccharum spp. (plumegrasses), and Paspalum spp. 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, and 28% 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 

burn-only plots, compared to 44% in untreated controls.  

On average, forb coverage in untreated controls was greater in the low (16%) and 

medium (18%) basal area units compared to the high (11%) basal area units (Figure 1.1). The 

five most frequently occurring forb genera were Lespedeza spp., Eupatorium spp., Erechtites 

(American burnweed), Senna (sicklepod), and Galactia spp. (milkpeas). Coverage in untreated 

controls increased annually from 2017 (8%), peaked in 2019 (18%), and declined in 2021 (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 52% in burn-only 

plots, compared to 11% in untreated controls.   

On average, vine & bramble coverage in untreated controls was greater in the low (58%) 

and medium (55%) basal area units compared to the high (36%) basal area units (Figure 1.1). 

The five most frequently occurring vine and bramble genera were Rubus spp., Vitis spp., 

Lonicera (Japanese honeysuckle), Gelsemium (Carolina jessamine), and Smilax spp. 

(greenbriers). Coverage in untreated controls increased annually from 2017 (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 50% in burn-

only plots, compared to 103% in untreated controls.   

Woody coverage in untreated controls was similar among basal area units (Figure 1.1). 

The five most frequently occurring woody genera were Callicarpa, Liquidambar, Rhus spp., 

Vaccinium spp., and Pinus spp. Coverage in untreated controls increased annually from 2017 

(10%) to 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% in burn-only plots, compared to 67% in untreated controls.   

3.3. Genus richness 

Grass, vine, and woody genus richness (genera/20 m transect) were consistent among basal area 

units. However, forb genus richness was greater in the alternative basal area units (low [6.2 

genera]; medium [6.5 genera]) compared to the high basal area units (4.8 genera; Figure 1.2). 

Herbaceous (i.e., grass and forbs) richness in untreated controls increased annually from 2017 to 

2019 then precipitously declined, while vine genus richness stayed consistent among years (4.5 

genera) and woody genus richness increased annually (4.2 to 6.3 genera). During 2020 and 2021, 

grass richness was on average greatest in burn-only (3.6 genera) plots and least in herbicide-only 

(2.6 genera) and mix (2.8 genera) plots, while forb richness was on average greatest in mix (8.5 

genera) plots and least in untreated (4.4 genera) plots. Conversely, vine and woody richness was, 

on average, greatest in untreated (4.9 genera; 6.0 genera) plots and least in mix (2.3 genera; 2.7 

genera) plots, respectively.  

3.4. Visual obstruction 

Visual obstruction in untreated controls was generally greater in the low and medium basal area 
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units compared to the high basal area units (Figure 1.3). Percent visual obstruction in untreated 

controls increased annually from 2017 to 2019, then plateaued in 2020 and 2021. During 2020 

and 2021, visual obstruction was on average greatest in untreated plots and least in herbicide-

only and mix plots. 

3.5. Woody stem density 

Understory (<1 m in height) woody stem density (stems/m2) in untreated controls was similar 

among basal area units (Figure 1.4). Understory woody stem density in untreated controls was 

static from 2017 to 2021 (~0.6 stems/m2). During 2020 and 2021, understory woody stem 

density was, on average, greatest in burn-only (1.0 stems/m2) and untreated (0.7 stems/m2) plots 

and least in herbicide-only (0.3 stems/m2) and mix (0.4 stems/m2) plots. 

 Midstory (Ó1 m in height) woody stem density (stems/m2) in untreated controls was 

similar among basal area units from 2017 to 2019, then increased in the alternative basal area 

units compared to the high basal area units from 2020 to 2021 (Figure 1.4). Woody midstory 

stem density in untreated controls increased annually from 2017 to 2019 (0.1ï0.4 stems/m2), 

peaked in 2020 (1.1 stems/m2), and declined in 2021 (0.8 stems/m2). During 2020 and 2021, 

woody understory stem density was, on average, greatest in untreated (1.0 stems/m2) plots and 

least in herbicide-only (0.1 stems/m2) and mix (0.1 stems/m2) plots. 

 On average, midstory (Ó1 m in height) Rubus stem density (stems/m2) in untreated 

controls was greater in the low (2.7 stems/m2) and medium (2.0 stems/m2) basal area units 

compared to the high (0.6 stems/m2) basal area units (Figure 1.5). Midstory Rubus stem density 

in untreated controls decreased from 2020 (1.9 stems/m2) to 2021 (1.6 stems/m2). During 2020 

and 2021, Midstory Rubus stem density was, on average, greatest in untreated (1.7 stems/m2) 

plots and least in herbicide-only (0.2 stems/m2) and mix (0.2 stems/m2) plots. 
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3.6. Canopy coverage 

Canopy coverage (%) was generally greater in high basal area units compared to the low and 

medium basal area units (Figure 1.6). From 2020 to 2021, canopy coverage in untreated controls 

increased 9, 9, and 7% in low, medium, and high basal area units, respectively. Canopy coverage 

was, on average, greatest in untreated (86%) plots and least in mix (77%) plots. 

3.7. Marginal rate of return  

Our top-ranked models predicting the MRR included an additive effect between secondary 

treatment and year (Table 1.1). The average cost (USD) to apply prescribed fire, herbicide, and 

mix (fire + herbicide) treatments was $86, $148, and $234/ha, respectively (D. Greene, personal 

communication). MRRw estimates were similar between years in each secondary treatment unit 

(Figure 1.7). The year after herbicide application and the second burn (2020), MRRw estimates 

were greater in fire (0.85) and herbicide (0.77) plots and lower in mix (0.50) plots. Two years 

after herbicide application and the second burn (2021), MRRw estimates were greater in fire 

(0.87) and herbicide (0.79) plots and lower in mix (0.52) plots. 

MRRH estimates increased from 2020 (-0.15) to 2021 (0.47) across secondary treatment 

units (Figure 1.7). The year after herbicide application and the second burn (2020), MRRH 

estimates were greater in fire (0.03) plots and lower in herbicide (-0.37) and mix (-0.11) plots. 

Two years after herbicide application and the second burn (2021), MRRH estimates were greater 

in fire (0.65) and mix (0.51) plots and lower in herbicide (0.25) plots. 

4. DISCUSSION 

Although grass and forb coverage were generally greater in the low and medium basal area 

treatments, our hypothesis that herbaceous plant coverage would increase with decreasing basal 

area was not entirely supported by the data. Specifically, herbaceous cover values were similar 
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between low and medium basal area units, regardless of other (secondary) treatments. Keene et 

al. (2021b) reported similar findings from the first two years post-thinning in our study area, but 

we expected differences 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 study (4ï5 years post thinning), this finding is 

not surprising. We suspect this lack of difference was attributable to low precision of thinning 

operations in our stands (Keene et al. 2021a). Although pre-marking stands prior to thinning 

increased precision, the increase was relatively minor and likely not justified by the associated 

costs (Keene et al. 2021a). Additionally, open-pine indicator wildlife species are resilient to 

minor deviations from basal area recommendations (McIntyre et al. 2019). However, managers 

focused on creating or improving habitat 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 

ensure 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 example, grass 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 herbaceous coverage would dissipate over time without further disturbance 

(e.g., 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 are also burned or treated with the 

herbicides we applied and burned.  
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Previous studies focused on wildlife habitat responses to mid-rotation application of 

herbicide have generally evaluated broadcast application of imazapyr-only (e.g., Jones and 

Chamberlain 2004, Gruchy et al. 2009, Iglay et al. 2010a, 2010b, 2014b). Although imazapyr 

provides effective control of hardwood stems, vines and Rubus spp. are unaffected by low rates 

(BASF Corporation 2012), 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 low-rate application of imazapyr in old fields. Similarly, Jones and Chamberlain 

(2004) reported vine coverage doubled following an imazapyr treatment in 75ï85-year-old 

mixed pine stands. Additionally, Iglay et al. (2010a, 2010b) reported that Rubus spp. (e.g., 

highbush blackberry) dominated the understory following an imazapyr treatment in mid-rotation 

pine stands. In our study, we found that vine coverage was reduced by 95%, and Rubus spp. 

coverage by 94% the first year (2020) post-application, and by 70% and 52%, respectively, in the 

second year (2021) following application of an imazapyr/metsulfuron methyl mixture.  

One concern associated with broadcast application of herbicide in areas managed for 

wildlife is the period immediately post-application when the area is nearly devoid of plants. This 

is especially true for herbicide mixtures, which have 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 was least the year following application (2020). 

However, coverage of grasses 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 treatment combination 

only two years post-application (2021). Previous studies have reported a similar trend in which 

herbaceous coverage peaks the second year following imazapyr-only and imazapyr + fire 
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treatments (Iglay et al. 2014b). However, comparison of effect sizes suggests that our addition of 

metsulfuron methyl resulted in greater coverage of herbaceous plants compared to imazapyr-only 

and imazapyr + fire treatments (Iglay et al. 2014b), likely due to reduced competition from vines 

and brambles. As such, combining metsulfuron methyl, imazapyr, and prescribed fire provides 

excellent control of hardwood stems, vines, and brambles, while maximizing coverage of 

herbaceous plants, within two growing seasons post-application. Thus, this treatment may be 

particularly effective in restoring mid-rotation pine stands with mid- or understories dominated 

by woody plants when managing for wildlife that prefer an herbaceous-dominated understory is 

an objective (e.g., gopher tortoise; Greene et al. 2019b). 

Similar to others, we also 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 

desired 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 greater after repeated 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 application of prescribed fire.  

Prescribed burning cost an average of 86 USD/ha on our study site (D. Greene, personal 

communication) and 72/ha in other parts of the Southeast (Maggard 2021) and as such represents 

an affordable tool to both create and maintain open forest conditions. Our data suggest that 

prescribed fire is a more cost-effective tool for reducing woody vegetation and increasing 

herbaceous coverage than the most frequently applied tank mixture (i.e., imazapyr + metsulfuron 
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methyl; Shepard et al. 2004) in the southern US. However, forest managers interested in 

reducing woody plant coverage and increasing herbaceous plant coverage using prescribed fire 

need to be aware that positive effects may take Ó2 rotations to transpire. Additionally, once 

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 

Intensive thins (e.g., Ò14 m2 ha-1) reduced the overstory canopy and invigorated disturbance-

dependent plants such as grasses and forbs, which may benefit open forest specialists with an 

affinity for herbaceous-dominated communities (e.g., gopher tortoise; Greene et al. 2019b).  

However, we found that pine canopy coverage did not differ between low and medium basal area 

treatments, masking the potential benefits of thinning <14 m2 ha-1 at mid-rotation. We attribute 

this to low precision of thinning operations in our stands (Keene et al. 2021a), and as such 

recommend forest managers consider pre-marking stands or consistently monitoring canopy 

coverage throughout thinning operations to ensure targets are met. Additionally, midstory stem 

density was correlated directly with thinning intensity at mid-rotation and masked the potential 

benefits of the thinning treatment, reducing habitat suitability for many of these same specialists 

(e.g., prairie warbler [Setophaga discolor]; Engstrom et al. 1984). Prescribed fire was the most 

cost-effective tool to reduce woody coverage and increase herbaceous coverage, although it may 

require multiple recurrent applications 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 combination of metsulfuron methyl, imazapyr, and 

prescribed fire was 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 herbaceous cover and minimal shrub cover (e.g., Bachmanôs sparrow 

[Peucaea aestivalis]; McIntyre et al. 2019). As such, we recommend that forest managers 

interested in maximizing herbaceous coverage and minimizing woody regrowth both thin below 

the forestry standard (e.g., Ò14 m2 ha-1) and apply prescribed fire and a broadcast application of 

imazapyr + metsulfuron methyl. However, applying prescribed fire immediately following 

thinning operations to suppress woody regrowth and maintaining a frequent burn return interval 

(e.g., 2 years) is the most cost-effective treatment for promoting open forest conditions, 

benefiting open forest specialists that rely on a mix of herbaceous and semi-woody cover (e.g., 

northern bobwhite; Greene et al. 2019a).  
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Figure 1.1. Mean estimates of grass, forb, vine, and woody coverage and 95% confidence 

intervals for mid-rotation loblolly pine (Pinus taeda) stands thinned to low (9 m2 ha-1), medium 

(14 m2 ha-1), or high (18 m2 ha-1) residual basal areas in 2017 and treated with two prescribed 

burns (spring 2018, 2020), herbicide (imazapyr + metsulfuron methyl; fall 2019), or a 

combination thereof (fire + herbicide; mix) in Greene and Hancock counties, GA.  
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Figure 1.2. Mean estimates of grass, forb, vine, and woody genus richness (genera/20 m transect) 

and 95% confidence intervals for mid-rotation loblolly pine (Pinus taeda) stands thinned to low 

(9 m2 ha-1), medium (14 m2 ha-1), or high (18 m2 ha-1) residual basal areas in 2017 and treated 

with two prescribed burns (spring 2018, 2020), herbicide (imazapyr + metsulfuron methyl; fall 

2019), or a combination thereof (fire + herbicide; mix) in Greene and Hancock counties, GA. 
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Figure 1.3. Mean estimates of visual obstruction from 0ï0.5 m, 0.5ï1.0 m, 1.0ï2.5 m, and 0.0ï

2.5 m in height and 95% confidence intervals for mid-rotation loblolly pine (Pinus taeda) stands 

thinned to low (9 m2 ha-1), medium (14 m2 ha-1), or high (18 m2 ha-1) residual basal areas in 2017 

and treated with two prescribed burns (spring 2018, 2020), herbicide (imazapyr + metsulfuron 

methyl; fall 2019), or a combination thereof (fire + herbicide; mix) in Greene and Hancock 

counties, GA. 
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Figure 1.4. Mean estimates of woody stem density (stems/m2) <1 m and Ó1 m in height and 95% 

confidence intervals for mid-rotation loblolly pine (Pinus taeda) stands thinned to low (9 m2 ha-

1), medium (14 m2 ha-1), or high (18 m2 ha-1) residual basal areas in 2017 and treated with two 

prescribed burns (spring 2018, 2020), herbicide (imazapyr + metsulfuron methyl; fall 2019), or a 

combination thereof (fire + herbicide; mix) in Greene and Hancock counties, GA. 
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Figure 1.5. Mean estimates of Rubus stem density (stems/m2) Ó1 m in height and 95% 

confidence intervals for mid-rotation loblolly pine (Pinus taeda) stands thinned to low (9 m2 ha-

1), medium (14 m2 ha-1), or high (18 m2 ha-1) residual basal areas in 2017 and treated with two 

prescribed burns (spring 2018, 2020), herbicide (imazapyr + metsulfuron methyl; fall 2019), or a 

combination thereof (fire + herbicide; mix) in Greene and Hancock counties, GA. 
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Figure 1.6. Mean estimates of canopy coverage Ó 1 m in height and 95% confidence intervals for 

mid-rotation loblolly pine (Pinus taeda) stands thinned to low (9 m2 ha-1), medium (14 m2 ha-1), 

or high (18 m2 ha-1) residual basal areas in 2017 and treated with two prescribed burns (spring 

2018, 2020), herbicide (imazapyr + metsulfuron methyl; fall 2019), or a combination thereof 

(fire + herbicide; mix) in Greene and Hancock counties, GA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


