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Abstract
Structural complexity in natural ecosystems is vital for a variety of ecological benefits, ranging from carbon storage to enhanced wildlife habitat. Artificially regenerated pine plantations established for timber production and restoration of species such as shortleaf pine typically exhibit low levels of complexity. Due to the benefits of structural complexity, it can be hypothesized that implementation of more complex planting patterns in plantations established during restoration efforts may provide additional ecological benefits while maintaining the production of forest products and other important ecosystem services provided by pine plantations. The overarching objective of this research was to determine if the development of complex structure can be expedited within an artificially regenerated shortleaf pine stand by using complex planting patterns. Specific objectives were to: 1) Document any differences in the  variability of understory vegetation horizonal and vertical structure between the complex planting pattern treatment and control; 2) Analyze differences in the richness of understory vegetation between the treatment and control; 3) Establish any differences in the variability of soil temperature and photosynthetically active radiation between the treatment and control; and  4) Analyze differences in planted shortleaf pine performance between the treatment and control, and also across different understory patch types. Results for the first growing season did not definitively support significant effects of the complex planting treatment on structural complexity, plant richness, microclimate factors, and shortleaf pine performance. The lack of strong treatment effects can likely be attributed to the limitations of baseline data collected during the first growing season of the shortleaf pine seedlings. Pre-burn patterns in the distribution of slash and understory plants and fire behavior during the burns conducted just prior to planting may have had much stronger effects on the variables measured than the complex planting treatment.  Further data collection in subsequent years may provide more conclusive results regarding the effects of complex planting patterns on elements of structural complexity and shortleaf pine performance. Additional investigations of prescribed fire behavior and wildlife use will also be possible with continued development of the vegetation and soils on the study sites.
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Introduction
Structural complexity of natural ecosystems is vital for the abundance of ecological benefits it provides in a wide range of ecosystem types, from broad-scale ecosystem services to smaller-scale effects on microclimate and wildlife habitat. Complexity is often considered when examining early successional ecosystems, yet structural complexity remains high over the continuum from early successional openings to closed canopy forests. Early successional ecosystems contain extremely high levels of complexity, along with remarkable levels of species richness and productivity among herbaceous and shrub species (Swanson, et al., 2011). Later successional stages dominated by canopy cover maintain high levels of structural complexity, often influenced by individual tree-level complexity, that continues into the overstory canopy (Seidel, et al., 2019). Structural complexity is also a vital factor in carbon sequestration and storage, often regardless of successional stage. Tallgrass and shortgrass prairies, often considered complex ecosystems, are able to sequester and store similar levels of carbon compared to forest ecosystems (Wohl and Pfeiffer, 2018). In temperate mixed forests, structural complexity maintains its role in driving aboveground carbon storage (Yuan, et al., 2018 and Aponte, et al., 2020). Structural complexity and carbon storage generally continues to increase with the age (time since disturbance) of a site, but carbon sequestration will begin decreasing as time continues (Bradford and Kastendick, 2010). 
Aside from broad-scale ecosystem benefits, complex vegetative structure can also provide suitable habitat for a wide variety of wildlife species. Vertical and horizontal structural complexity provides varying amounts of vegetative cover, creating a spectrum from high to low vegetation density. Vegetation structured in this way is often utilized by ground nesting birds, such as northern bobwhite quail (Colinus virginianus), to provide nesting and brooding cover (Doggett and Locher, 2018). This same effect occurs similarly with many small mammals. Hispid cotton rats (Sigmodon hispidus) prefer heavy cover in movement corridors and slightly lighter cover in forested areas (Bowne, et al., 1999). While birds and mammals are often the wildlife of consideration when examining habitat usage, different habitats are also very important to insects. Structural complexity is equally important to this broad group of fauna and is vital to their survival. Low levels of structural complexity increase the risk of predation among insects due to lack of suitable cover (Norbury and Overmeire, 2019). Complex vegetative structure is also vital for herbaceous plant richness and distribution. Distribution and complexity of vegetation can substantially increase the plant richness of a site (Dazé Querry and Harper, 2017). Spatial complexity and variation are also important factors in determining the probability of invasion by non-native plants (Dodonov, et al., 2019).
Structural complexity in natural systems can be attributed to many factors. Factors with the greatest impact on complexity can depend on the age, or successional stage, of the system. For example, old-growth forests are well known for the complexity that they possess, namely large openings in the canopy and varying levels of vegetation cover on the forest floor. This complexity occurs largely from natural mortality. The cause of mortality shifts from competition-based mortality at younger stages to “agent-based” mortality at older stages as the forest approaches old-growth stature. The agents associated with mortality include fire, insect attacks, and disease (Franklin and Van Pelt, 2004). 
While old growth forests are considered by many to be a good indicator of natural complexity, structural variation can occur in every ecosystem type and at every successional stage. Many of the causes of natural complexity are constant across different ecosystem types and successional stages. Fire events can degrade and deteriorate soil structure, even at low intensity (Jian, et al., 2018). Fire events can also result in water repellent soil (Chen, et al., 2020). The combination of these two post-fire effects may provide influence on plant germination and growth, resulting in patchy or complex plant growth and structure. Strong storms can result in blowdowns creating large openings in the forest canopy. Greater vegetation growth, especially height growth, often occurs within gap areas than in surrounding closed canopy areas (Wang, et al., 2017). Windthrow, one form of blowdown, also causes variations in microtopography due to the pit and mound effect that occurs when the tree roots are removed from the ground. Pit and mound topography results in variations in many soil attributes, including texture, nitrogen content and available nutrients, and earthworm populations, that are distinct from surrounding forest soils (Kooch, et al., 2013). These natural disturbances and several others can all result in variation of growth patterns, causing complex vegetative structure. 
Native forest systems are generally highly complex and exhibit high levels of faunal biodiversity. Artificially regenerated forests do not typically exhibit similar levels of complexity or biodiversity. Plantations of a single tree species with simplified and uniform planting patterns are common throughout many regions of the United States. Loblolly pine (Pinus taeda) is the most common plantation type in the southern United States. This species has been greatly improved genetically over time to produce superior seed stock and is the most utilized species in lumber and pulp production in the southern United States (Self and Ezell, 2019, PB1466). Despite their prominence, pine plantations have been found to be less diverse in terms of structural complexity (Hickey, et al., 2019). Incorporating fine-scale complexity into artificial regeneration and restoration is vital for wildlife habitat (McCallum, et al., 2018).
Simple and uniform planting patterns are heavily implemented in plantations because they have several beneficial effects in terms of timber production goals. These goals can include rapid and efficient production of forest products and the ability to implement exact spacings and densities for specific goals (Smith, 1997). Although they are low in structural complexity, plantations provide wildlife and ecological benefits to varying degrees. Intensively managed pine plantations can support white-tailed deer (Odocoileus virginianus) populations at relatively high carrying capacities, depending on the type of management used within the plantation (Iglay, et al., 2010). Edges and interiors of young and mature pine stands are important foraging areas for insectivorous species of bats (Pedro and Simonetti, 2013). Young pine plantations, especially those receiving fertilizer treatments, are effective carbon storage sinks (Maier, et al., 2004).
Recognition of the importance of complexity has resulted in research on silvicultural practices that can create or optimize structural complexity in forest stands. Variable retention harvesting (VRH) is a technique that can be used to create structural complexity. This technique is based on structural components created by natural disturbances. VRH has been applied in native stands of Douglas-fir (Pseudotsuga menziesii) in the Pacific Northwest to effectively link structure, function, and composition among different forest generations (Franklin and Donato, 2020). VRH has also been used in red pine (Pinus resinosa) stands in northern Minnesota and has been found to improve wildlife habitat and species richness among birds (Atwell, et al., 2008). Long term effects of this silvicultural practice have shown that species diversity among early-succession and late-succession obligate bird species increases in response to increasing the complexity of overstory canopy by removing trees to create varying sizes of gaps. Understory complexity manipulation also plays a role, but on a species level basis (Shea, et al., 2017). However, harvest methods are not the only silvicultural techniques garnering research into ways of increasing the benefits of plantation forestry. Utilizing mixed-species plantings in place of plantation monocultures can increase production efficiency and economic gain (Kelty, 2006). Utilizing clumped planting patterns to artificially incorporate spatial complexity in restored forest stands has been found to improve several factors affecting productivity, including pollination and facilitation among neighboring plants (McCallum, 2018). 
Shortleaf pine (Pinus echinata) ecosystems are now much less common than natural and planted loblolly pine, yet they were important as sources of myriad anthropogenic and ecological benefits (Sutter, 2019). Ecosystems with a significant shortleaf pine component can provide thermal cover, food, and nesting sites for many species of mammals and birds (Sukma, et al., 2019). Shortleaf pine is also a source of lumber and other forest products. Shortleaf pine populations and ecosystems are experiencing significant declines, primarily due to fire exclusion and conversion of naturally regenerated shortleaf pine systems to loblolly pine plantations (Elliot, et al., 2012). Biological disturbances, such as southern pine beetle and fusiform rust, have also been detrimental to native shortleaf pine populations (Wear and Greis, 2002).
Shortleaf pine is a major component in three forest cover types recognized by the Society of American Foresters, including Shortleaf Pine (Type 75), Shortleaf Pine-Oak (Type 76), and Loblolly Pine-Shortleaf Pine (Type 80), and a minor component in many others (Lawson, 1990). Many of the natural forests that contain a significant shortleaf pine component are relatively open forests and contain many niche areas for various wildlife species. Species found in these systems include Ruffed grouse (Bonasa unbellus), black bear (Ursus americanus), and timber rattlesnake (Crotalus horridus). Shortleaf pine systems also support many species of concern, including Bachman’s sparrow (Peucaea aestivalis) and Alleghany woodrat (Neotoma magister) (Nordman, et al., 2021). 
Some of the aforementioned species that are associated with shortleaf pine ecosystems are in decline. An important species of concern that is associated with shortleaf pine ecosystems, and is experiencing population declines, is the Red-cockaded woodpecker (Picoides borealis) (Santos, et al., 2010). Mature longleaf pine (Pinus palustris) is the most preferred species for nest cavity construction, however, shortleaf pine is commonly utilized (Picoides borealis, FWS.gov). Conservation efforts to increase Red-cockaded woodpecker populations are also increasing the populations of other species that depend on similar systems, such as northern bobwhite quail (Doggett and Locher, 2018). Restoring shortleaf pine systems to a more natural state may allow for more effective restoration efforts for other species as many mammals and birds require complex vegetative structure for foraging and browsing (Sukma, et al., 2019).
Shortleaf pine is a shade intolerant species which requires fire to effectively regenerate naturally. One reason for effective regeneration following fire is its ability to resprout. The basal crook (J-hook root) found on shortleaf pine seedlings contains semi-dormant buds that will resprout following fire (Lawson, 1990). However, due to reduced natural regeneration resulting from lack of fire, shortleaf pine is most commonly restored through planting. As in most plantations of loblolly pine and other conifers, the most frequent artificial regeneration method is planting seedlings at specific distances on a uniform, predetermined grid. Altering the standard practice of planting seedlings on a set, evenly spaced grid (for example, 3 meters by 3 meters) may allow for heightened structural diversity by simulating patchy regeneration that occurs naturally. Novel planting patterns may allow for the management of forest products while theoretically increasing the structural diversity of shortleaf pine stands by varying the distances between seedlings and the degree of canopy development. Changes in planting patterns may change competitive interactions between planted seedlings and other vegetation, so an increased understanding of how shortleaf pine will perform in different understory patches is also important. 
The overarching objective of this research was to determine if the development of complex structure can be expedited within an artificially regenerated shortleaf pine stand by using complex planting patterns. Specific objectives were to: 1) Document any differences in the  variability of understory vegetation horizonal and vertical structure between the complex planting pattern treatment and control; 2) Analyze differences in the richness of understory vegetation between the treatment and control; 3) Establish any differences in the variability of soil temperature and photosynthetically active radiation between the treatment and control; and  4) Analyze differences in planted shortleaf pine performance between the treatment and control, and also across different understory patch types.
Materials and Methods
Study Site Description
The study site is located at the Bridgestone Nature Reserve at Chestnut Mountain. Located in White County, Tennessee, USA, this area is a large preserve dedicated to the preservation and conservation of important species native to Tennessee (Figure 1). The Bridgestone Nature Reserve at Chestnut Mountain, specifically, is comprised of approximately 
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Description automatically generated]Figure 1. Map of Tennessee showing the location of White County (red star) within the state and the location of Tennessee in relation to surrounding states. Source: National Atlas of the United States “Tennessee State County Map”.







2,306 hectares (ha) of protected land within an approximately 24, 281-ha parcel of land owned by the Tennessee Nature Conservancy. This property was previously owned by the Firestone Tire and Rubber Company, later known as Bridgestone Americas, Inc. The Tennessee Nature Conservancy acquired the property as a donation in 2018 (Bridgestone Nature Reserve at Chestnut Mountain, 2022). 
The area utilized for this study borders Bridgestone-Firestone Centennial Wilderness and Wildlife Management Area on Scotts Gulf Road. The stands chosen for plot locations were previously harvested between early-fall 2017 and late-spring 2018, leaving large open sections within the forest. The stands contained a few residual red and white oaks and shortleaf pines, averaging approximately 5-10 trees-per-acre (TPA). The residual TPA within the stands resulted in a grassland, approaching the lower limit of a savanna in certain areas. The plots were laid out so that there were no residual trees toward the center to reduce the possibility of shading. The plots are located relatively near the road for ease of access, particularly in the future if the sites are used for educational purposes. Plots A-1 and A-2 are approximately 21 meters from the road. Plots B-1 and B-2 are approximately 91.5 meters from the road. Plots C-1 and C-2 are approximately 30.5 meters from the road. 
An herbicide treatment was applied to the sites between September and October, 2020, to reduce woody plant growth. The mixture and per-acre application rate (rates in parentheses) consisted of Glyphosate (5%), Garlon 3A (1.5%), MSO surfactant (0.25%), and  Escort (1 ounce). A prescribed burn was also implemented for site preparation prior to planting in late winter, 2021. The firing techniques employed consisted of interior ignitions utilizing strip firing and dot firing. Additional firing techniques included the use of a very pistol when TNC staff were on-site.
The stands contained three separate soil types, including Lonewood loam (LdC), Ramsey-Lily complex (RfD), and Ramsey-Lily-Rock outcrop complex (RmE). Lonewood loam is a deep soil that contains loam, clay loam, and channery loam to bedrock at 2 meters. Ramsey-Lily complex is shallower containing loam and clay loam soils to bedrock at 1 meter in Lily. Ramsey is shallower but contains loam and channery loam to bedrock at only 0.6 meters. 
Ramsey-Lily-Rock outcrop complex contains the shallowest areas of soil in the stands since it contains rock outcrop elements that are 0 meters to bedrock. The Ramsey and Lily components are similar to Ramsey-Lily complex previously mentioned (NRCS).
Stand A contains all three soil types. Stands B and C contain only Lonewood loam and Ramsey-Lily complex soil types. Areas within the stands that contain the plots are all comprised of Lonewood loam (Figure 2).
The lowest temperatures occur in the month of January and the lowest average annual temperature is 7.2°C. The highest temperatures occur in the month of July and the highest average annual temperature is 21.7°C. The greatest amounts of precipitation occur in the months of December and May with an average annual rainfall of 137.57 centimeters, and an average annual snowfall of 12.7 centimeters. Annual averages were collected in Sparta, White County, Tennessee (US Climate Data, 2022).
Plot Layout
Three stands were selected for this project based on the similarity to one another with respect to residual slash from past logging operations, vegetative growth, soil type, degree of 
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Description automatically generated]Figure 2. Soil map of stands A, B, and C (from north to south, respectively) along Scotts Gulf Road. Red stars denote stand locations. Soil type abbreviations: LdC – Lonewood loam, RfD – Ramsey-Lilly complex, RmE – Ramsey-Lily-Rock outcrop complex. Source: NRCS Web Soil Survey (WSS).
slope, and hydrology. Each stand contained a paired plot system. Each pair was comprised of a one-tenth (0.1) hectare treatment plot and a one-tenth (0.1) hectare control plot, situated directly adjacent to one another in each stand. The complex planting treatment was assigned at random to one of the two one-tenth (0.1) hectare plots in each site. This system was replicated three times for a total of three paired plots, with three treatment plots and three control plots. This constituted a total of six plots across the three stands (Figure 3).
Treatment plots were planted with containerized shortleaf pine seedlings obtained from IFCO Seedlings Nursery on March 18, 2021, by Williams Forestry & Associates at a spacing of approximately 1.5 meters by 1.5 meters in some groups within the standard 3 meter by 3 meter planting grid (Figure 4). This gave the desired effect of simulated natural spacing with small patches of closely grouped seedlings and larger distances of open space between each group. Control plots were planted entirely on a standard 3 meter by 3 meter grid pattern (Figure 5).
Each treatment and control plot was laid out within a 30.5 meter by 30.5 meter square area. The treatment plot X and Y distances were broken into 1.5-meter increments to aid implementation of the planting pattern mentioned previously. Each seedling was planted at a specific distance from the X axis tape designated in Figure 4. Each treatment plot contained 144 shortleaf pine seedlings. Each control plot contained 121 shortleaf pine seedlings.
Structural Variability Measurements
The first series of measurements were taken during the 2021 growing season, between late May and early June. Measurement parameters were comprised of vegetation species composition, horizontal structure, and vertical structure. These measurements were taken in each of the six plots.
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Description automatically generated]Figure 3. Satellite image showing the location of each plot within each stand. Latitude and longitude readings were collected at each plot center. The red pins accurately denote each of those locations. Source: 35.869110°, -85.289236° Google Earth, June 16, 2021. December 13, 2015.
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Description automatically generated]Figure 4. Plot layout diagram for complex planting pattern in treatment plots. Numbers are in feet and indicate seedling locations. Diagram originally created and plot originally laid out utilizing 5-foot increments and so is denoted as such for true accuracy. X-axis and Y-axis are both 30.5 meters.
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Description automatically generated]Figure 5. Plot layout diagram for standard planting pattern in control plots. Dots indicate seedling locations. Line through star represents line transect through plot center.







Vegetation composition and patch width were measured using a 30.5-meter line transect along a random azimuth. The random azimuths were placed to ensure that the transect line crossed through plot center. Vegetation composition and richness was determined by identifying each plant to genus in each patch that intersected the transect line. The size of each species patch was determined by measuring the length of the transect that the species covered (Figure 6). The 30.5-meter tape used to measure the line transects was broken into 3.05-centimeter increments to give as much detail as possible when distinguishing between ground cover patch sizes. The amount of transect covered by each species allowed us to determine horizontal variability in vegetation composition and patch size in the plots. Woody debris and bare ground were also measured and accounted for and included in the data sheets in the same fashion as patches of vegetation.
Vertical structure was measured using a 2-meter vegetation profile board, or Nudds board (Nudds, 1977). The Nudds board used was broken into four separate 0.5 meter tall by 0.3 meter wide sections, referred to hereafter as the 0.5, 1.0, 1.5, and 2.0 meter sections. These sections aided in estimation of approximate percent vegetation cover by each 0.5 meter stratum. Data from the Nudds board were collected in the four carinal directions from plot center to get an estimate of the overall vertical structure within each plot. The percentages were recorded to the 
nearest 5%, with the exception of coverage below 5%. Coverage below 5% was recorded to the nearest 1%. The Nudds board was placed at 15 meters in all four cardinal directions from plot center. The four cardinal directions were due north (0° or 360°), east (90°), south (180°), and west (270°). The sole exception to this method occurred in plot B-1. A large, fully grown oak prevented the South (180°) reading from being taken. This azimuth was offset 10° to the East 
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Description automatically generated]Figure 6. Photo illustrating how the transect tape was laid out when determining the width of an individual patch of vegetation, bare ground, or woody debris. Photo taken June 2, 2021.





and was taken at 170°. This allowed a measurement of vegetative structure to be taken, rather than sacrificing the fourth reading for the plot. The readings at 180° would have been 100% in each of the four sections of the Nudds board if the azimuth were not altered.
Microclimate Measurements
Photosynthetically active radiation (PAR) was measured in micromoles per meter squared per second using an LP-80 Accupar (METER Group Inc., Pullman, WA). These measurements were taken at 3.5-meter intervals along the same transect used to measure vegetation patch width. A total of 11 measurements were taken at ground-level along each line transect, from 0 meters to 30.5 meters. Certain sections of some transects were shaded significantly due to large trees within or near the plots. All PAR measurements were taken on May 29, 2021, within two hours of solar noon. Most measurements were taken between 10:00 am and 12:30 pm. Eastern Daylight Savings Time. The skies were clear during measurements, which ensured that the PAR readings from the instrument were influenced as little as possible by cloud cover.
Soil temperatures were also determined along each transect line in addition to the PAR measurements. Soil temperature measurements were taken at an average depth of 7.5 to 10 centimeters with a 12.7 centimeter soil thermometer (Reotemp Instrument Corp. San Diego, CA) at 3.5-meter intervals from 0 meters to 30.5 meters. Soil measurements along each transect line totaled 11 individual points. All soil temperature measurements were taken on May 29, 2021 between 1:00 pm and 4:00 pm. The ambient air temperature averaged approximately 14.4°C. There was slight intermittent precipitation, but no significant rainfall during measurements. There was no sunshine present, with very overcast skies.
Shortleaf Pine Seedling Measurements
Shortleaf pine performance was quantified during the first dormant season (October of 2021). Performance was documented in terms of height, diameter, and survival of each seedling in the three pairs of plots. A smaller sampling plot (0.09 ha) was installed in each treatment and control plot to take all seedling measurements. In each sampling plot, height of each seedling was measured to the nearest one-half centimeter (cm), for example 25 cm or 27.5 cm, with a meter stick. Total height was measured from ground level to the apical bud (base of uppermost fascicle of needles). Measurements were taken to the apical bud rather than the highest level of the needles to reduce variation in accurate representation of true growth performance. As the seedlings were not tall enough to measure diameter-at-breast-height (1.37 meters), diameter measurements to the nearest one-half millimeter (mm), for example 3.0 mm or 4.5 mm, were taken at the root collar using a Vernier caliper. All vegetation, rocks, and other obstacles were removed prior to measuring to ensure diameter measurements were taken directly at ground level. 
Vegetation patch types present at the planting locations of seedlings were also recorded in addition to seedling height and diameter. Vegetation patch types were defined prior to data collection, after a preliminary visit to the sites. The most common heights and types of vegetation in the stands were noted and vegetation patch types were constructed from this information. Tall and short grass (above and below 30.5 centimeters, respectively), tall and short forb (above and below 91.5 centimeters, respectively), woody cane, woody shrub, and woody tree were the vegetation patch types used during data collection. To differentiate between the herbaceous (grass and forb) patch types, excluding height differentiation, parallel leaf venation was termed grass and netted leaf venation was termed forb. To differentiate woody patch types, single stems were termed woody trees, multiple stems were termed woody shrubs, and blackberry (Rubus spp.) relatives were termed woody cane. Mortality rate was also determined within the plots by counting dead seedlings and recording the patch type the seedling occurred within, which then allowed for calculation of mortality in relation to vegetation patch type.
The seedlings were measured in a particular order to facilitate consistent measurements in future sampling. The control and treatment plots were sampled at right angles to one another and the starting locations and order of sampling were recorded for repeated sampling in the future. This will allow for direct comparisons over time of individual seedlings.
Statistical Analysis
The study was established as a randomized complete block design (RCBD) and was analyzed utilizing models appropriate for an RCBD (Equation 1). The three individual stands containing the treatment and control plots varied slightly in different parameters (for example, soil type, hydrology, and topography) so different stands were treated as blocks to reduce statistical variation among sites. Statistical analyses were carried out utilizing analysis of variance (ANOVA) to determine the statistical significance of differences between treatments and controls. For a given response variable, a single estimate of the standard error was calculated using both control and treatment plots (i.e., each group has its own mean, but the variation about the mean is the same for all groups), which is based on the assumption of the homogeneous variance among groups. Variables include ground cover patch size width, Nudds board coverage data, temperature in degrees Celsius (°C), photosynthetically active radiation wavelength in nanometers, seedling height in centimeters, seedling diameter in millimeters, and mortality. Seedling height, diameter, and mortality in response to vegetation patch type were also analyzed for significant differences. ANOVA tests were performed at alpha-level of 0.05 (α = 0.05) utilizing SAS® software (SAS, Cary, NC, USA). Analyses for all measurements were performed in the same manner and showed suitably normal distributions in all tests. Shapiro-Wilk test statistic values were used to assist in determining normality, and all values ranged from 0.90 to 0.98.
Horizontal variability between the standard planting pattern and the complex planting pattern was determined by analyzing mean width of ground cover patch types. Three ground cover patch types were recorded (bare ground, woody debris, and vegetation) and an additional analysis was performed to determine statistical differences in mean patch width between each patch type regardless of the planting pattern. Vegetation richness was analyzed for each plot by counting the number of genera present in each transect. Nudds board coverage was analyzed in two ways. The first analysis involved calculating means and sample standard deviations across the four vertical strata and comparing them between the control and treatment plots. This was performed by calculating a mean across all four cardinal directions (N, E, S, and W) for each stratum (0.5, 1.0, 1.5, and 2.0 meters) within each plot, and then calculating a mean of these means and a sample standard deviation across the four vertical layers. The second analysis involved calculating means and sample standard deviations across the four sampling directions within a given stratum such as 0.5 or 1.0 meters as a measure of horizontal variability in Nudds board cover in control and complex treatment plots. For a third type of analysis, the four strata were considered different treatments in ANOVA to detect differences in cover between strata. Shortleaf pine seedling performance was compared between the treatment and control plots. Seedling performance was also analyzed in relation to vegetation patch type. These analyses were only performed for the control plots to reduce the amount of variation that may occur from additional factors within the treatment plots. Vegetation patch types were assigned as treatments in these analyses. For example, comparing the mean seedling height between vegetation patch types “Short grass-below 30.5 cm” and “Tall forb-above 91.5 cm” between the three control plots.
Equation 1: yij = µ + Bi + Tj + Ԑij
Where, µ refers to the population mean, Bi refers to the effect of the ith block, Tj refers to the effect of the jth treatment, and Ԑij refers to the error for the combination of the ithe block and jth treatment (for example, plot ij).
Results
Structural Variability
[bookmark: _Hlk107302921]In terms of sources of horizontal structural variability along groundcover transects (Figures 7-8), control and treatment plots did not exhibit significant differences (p = 0.344) in average ground cover patch size (0.13 meters [m] ± 0.02 SE and 0.11 m ± 0.02 SE, respectively). Regardless of planting pattern, bare ground and vegetation ground cover types differed significantly (p = 0.047) from one another in patch size (0.15 m ± 0.02 SE and 0.08 m ± 0.02 SE, respectively). Patch size for woody debris ground cover did not differ (p = 0.669) from that of the bare ground or vegetation ground cover types (0.14 m ± 0.02 SE). Calculation of sample standard deviations for each type of groundcover within each plot (Figure 8) revealed greater variability in bare ground and woody debris than vegetation in all cases. 
No significant difference was found (p = 0.192) in the mean number of genera between
[bookmark: _Hlk108341979][image: ]Figure 7. Ground cover means across all plots. Mean ground cover patch width for bare ground, woody debris, and vegetation is indicated by different colored bars. Measurements are in tenths of meters.
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Figure 8. Ground cover sample standard deviation in patch width for all plots. The different bar colors illustrate mean ground cover patch width for each ground cover type.
the control and complex planting patterns (14.3 genera ± 2.40 SE and 19.7 genera ± 2.40 SE, respectively), although there was a trend toward a greater number of genera along the
transects in the complex plots (Figure 9).  A total of 40 genera were sampled along transects (Table 1).  Many of these were adapted to open conditions created by disturbance.
Nudds board nominal coverage percentages appear different among control and treatment plots (Figure 10). However, when comparing mean percent coverage for all directions (N, E, S, and W) and all heights (0.5, 1.0, 1.5, and 2.0 meters) combined, there were no significant differences found (p = 0.657) between the control and treatment plots (24.9 % ± 6.27 SE and 29.2 % ± 6.27 SE, respectively). Patterns in sample standard deviations were consistently higher in the treatment plots (Figure 11).
Nominal percentage values (Figures 12, 14, 16, and 18) and patterns in sample standard deviations (Figures 13, 15, 17, and 19) vary between heights. When comparing individual heights across plots, there were significant differences found (p < 0.001) between individual vegetation strata layers. Strata layers 0.5 and 1.0 differed from strata layers 1.5 and 2.0 but did not differ (p = 0.225) from one another (27.8 % ± 2.66 SE and 22.9 % ± 2.66 SE, respectively). Strata layers 1.5 and 2.0 differed (p = 0.018) from one another (11.9 % ± 1.88 SE and 4.4 % ± 1.88 SE, respectively). Sample standard deviations show patterns of lower variability in strata layer 0.5 (Figure 13) and higher variability in strata layers 1.0, 1.5, and 2.0 (Figures 15, 17, and 19).
Microclimate
Nominal values for mean soil temperature were greatest in the treatment plot at site B and least in the treatment plot at site A (Figure 20).  However, no significant differences were found
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Description automatically generated]Figure 9. Richness of genera within transects. Bars illustrate the number of genera found within specific transects.
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Description automatically generated]Table 1. Vegetation genera recorded in transects used during richness surveys.
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Description automatically generated]Figure 10. Nudds board mean coverage for all plots at all heights. Bars illustrate the means calculated across all four cardinal directions (N, E, S, and W) and all four heights (0.5, 1.0, 1.5, and 2.0 meters) within a single plot. 
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[bookmark: _Hlk108342040]Figure 11. Nudds board coverage sample standard deviation for all plots calculated across all heights.

[bookmark: _Hlk108342057][image: ]Figure 12. Nudds board mean coverage for all plots at 0.5 meters. The bars show the amount of coverage in ten percent increments.
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[bookmark: _Hlk108342066]Figure 13. Nudds board coverage sample standard deviation for all plots at 0.5 meters calculated across directions.
[bookmark: _Hlk108342084][image: ]Figure 14. Nudds board mean coverage for all plots at 1.0 meters. The bars show the amount of coverage in ten percent increments.
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[bookmark: _Hlk108342094]Figure 15. Nudds board coverage sample standard deviation for all plots at 1.0 meters calculated across directions.
[bookmark: _Hlk108342114][image: ]Figure 16. Nudds board mean coverage for all plots at 1.5 meters. The bars show the amount of coverage in ten percent increments.







[image: ]
[bookmark: _Hlk108342125]Figure 17. Nudds board coverage sample standard deviation for all plots at 1.5 meters calculated across directions. 
[bookmark: _Hlk108342143][image: ]Figure 18. Nudds board mean coverage for all plots at 2.0 meters. The bars show the amount of coverage in ten percent increments.
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[bookmark: _Hlk108342154]Figure 19. Nudds board coverage sample standard deviation for all plots at 2.0 meters calculated across directions.
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Description automatically generated]Figure 20. Soil temperature means for all plots. Bars illustrate temperature in degrees Celsius (°C), in one-half degree increments.























 (p = 0.924) when comparing the control and treatment plots (64.5 °C ± 0.6 SE and 64.6 °C ± 0.6 SE, respectively). Patterns in the sample standard deviation in soil temperature across treatments were inconsistent across sites (Figure 21).
Photosynthetically active radiation (PAR) did not vary widely among plots (Figure 22). No significant difference was found (p = 0.569) in mean PAR between control and treatment plots (1375.82 micromoles/m2/s ± 106.77 SE and 1469.33 micromoles/m2/s ± 106.77 SE, respectively). Sample standard deviation in PAR fluctuated widely across plots, but patterns in standard deviations for treatments and controls were inconsistent across sites (Figure 23). 
Shortleaf Pine Performance
Mean seedling heights for control and treatment plots were 25.5 centimeters (cm) and 23.4 cm, respectively. Mean shortleaf pine seedling height varied slightly across plots (Figure 24), but there was no significant difference (p = 0.178) between the control and treatment plots (25.5 cm ± 0.88 SE and 23.4 cm ± 0.88 SE, respectively). There was no consistent pattern in the sample standard deviation for shortleaf pine seedling height in treatment plots and controls across sites (Figure 25).
Mean seedling diameters for control and treatment plots were 4.2 millimeters (mm) and 4.1 mm, respectively. Shortleaf pine seedling diameters varied more across plots than heights (Figures 24 and 26). There was no significant difference (p = 0.463) in shortleaf pine seedling diameter between the control and treatment plots (4.2 mm ± 0.15 SE and 4.1 mm ± 0.15 SE, respectively). Sample standard deviations for shortleaf pine seedling diameter in controls were slightly greater than, or equal to those for treatment plots (Figure 27). Seedling 
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Description automatically generated]Figure 21. Soil temperature sample standard deviations for all plots. 
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[bookmark: _Hlk108548379][bookmark: _Hlk108342209]Figure 22. Photosynthetically active radiation (PAR) means for all plots. Bars illustrate the means in increments of 200.00 micromoles per meter squared per second (micromoles/m2/s).
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Description automatically generated]Figure 23. Photosynthetically active radiation (PAR) sample standard deviation for all plots.










[bookmark: _Hlk108548400][bookmark: _Hlk108342239][image: ]Figure 24. Shortleaf pine seedling height means for all plots. The bars illustrate mean heights in centimeters.
[bookmark: _Hlk108342250][bookmark: _Hlk108548410][image: ]Figure 25. Shortleaf pine seedling height sample standard deviation for all plots.










[bookmark: _Hlk108548417][bookmark: _Hlk108342422][image: ]Figure 26. Shortleaf pine seedling diameter means for all plots. The bars illustrate mean diameters in millimeters.
[bookmark: _Hlk108548427][bookmark: _Hlk108342431][image: ]Figure 27. Shortleaf pine seedling diameter sample standard deviation for all plots.


























mortality (Figure 28) showed no significant difference (p = 0.745) between the control and treatment plots (15.5 % ± 4.95 SE and 17.9 % ± 4.95 SE, respectively).
Shortleaf pine seedling heights, diameters, and mortality were also evaluated with respect to the vegetation patch type in which the seedlings occurred. Seven vegetation patch types were defined prior to measurements that were expected to be found in the plots. Only five vegetation patch types contained seedlings (Figure 29), so the sixth and seventh patch types (Woody-shrub and Woody-tree) were removed from analysis. There was no significant difference between any of the five patch types with respect to seedling heights or diameters (p = 0.595 and p = 0.433, respectively), although seedlings did not occur in all patch types. The greatest overall height performance occurred in “Woody-Cane” and the lowest overall height performance occurred in “Short grass-below 30.5 cm” (Figure 29). Sample standard deviation for seeding height was greatest in plot A-1 in “Tall grass-above 30.5 cm” and least in plot B-1 in “Tall grass-above 30.5 cm” (Figure 30). 
The greatest overall diameter was found in “Short forb-below 91.5 cm” and the lowest overall diameter performance was found in “Tall grass-above 30.5 cm” (Figure 31). Diameter differences may be due to certain vegetation patch types not containing seedlings, as mentioned for seedling height (Figure 30). Sample standard deviation for seedling diameter was greatest in plot C-1 in “Short grass-below 30.5 cm” (Figure 32).
Two vegetation patch types, “Tall grass-above 30.5 cm” and “Short grass-below 30.5 cm”, did not occur in plot A-1. A value of zero (0) was assigned to plot A-1 for these two vegetation patch types in the original analysis. An additional analysis was run with these two patch types removed to check for significance between the other patch types that all occurred 
[bookmark: _Hlk108548436][image: Chart, bar chart

Description automatically generated]Figure 28. Shortleaf pine seedling mortality percentages for all plots. The bars illustrate mortality in five percent increments.









[bookmark: _Hlk108548445][bookmark: _Hlk108342445][image: ]Figure 29. Shortleaf pine seedling mean height in relation to vegetation patch type. Bar colors denote different plots.
[bookmark: _Hlk108548454][bookmark: _Hlk108342455][image: ]Figure 30. Shortleaf pine seedling height sample standard deviation in relation to vegetation patch type. Bar colors denote different plots.










[bookmark: _Hlk108342466][bookmark: _Hlk108548463][image: ]Figure 31. Shortleaf pine seedling mean diameter in relation to vegetation patch type. Bar colors denote different plots.
[bookmark: _Hlk108548471][bookmark: _Hlk108342475][image: ]Figure 32. Shortleaf pine seedling diameter sample standard deviations in relation to vegetation patch type. Bar colors denote different plots.













within all plots. No significant differences were found between the three vegetation patch types for height or diameter (p = 0.770 and p = 0.447, respectively).
Mortality only occurred in three of the seven vegetation patch types that were identified (“Tall forb-above 91.5 cm”, “Short forb-below 90.5 cm”, and “Woody-cane”) so mortality was only analyzed for these three patch types. The mortality rate appears to vary widely between the different vegetation patch types (Figure 33). However, no significant differences (p = 0.395) were found. Mortality in vegetation patch type “Woody-cane” only occurred in plot B-1. Values of zero (0) were assigned to plots A-1 and C-1 for this vegetation patch type in the original analysis. An additional analysis was run with “Woody-cane” removed to check for significance between the patch types that occurred in all plots, but no significant differences 
were found (p = 0.526). The highest mortality rate occurred in vegetation patch type “Short forb-below 91.5 cm” followed by “Tall forb-above 91.5 cm” and “Woody-cane” (19.3 % ± 7.58 SE, 10.5 % ± 7.58 SE, and 3.5 % ± 7.58 SE, respectively).
Discussion
Pine savanna ecosystems found in the southeastern United States contain incredible levels of biodiversity. The main driver in maintaining this diversity is the presence of fire, specifically temporal variation and spatial variation in fire intensity throughout a site. Highly variable fire intensity in longleaf pine savannas assists in reducing shrub components and maintaining vegetation diversity and complexity (Thaxton and Platt, 2006). Recurrence of fire in pine savanna ecosystems goes hand in hand with variation in intensity. Excluding frequent fire events, generally occurring every 1-3 years, from these systems results in extreme losses in the amount of biodiversity that is common in pine savannas. Bunch grasses, such as wiregrass
[bookmark: _Hlk108548481][bookmark: _Hlk108342486][image: ]Figure 33. Shortleaf pine seedling mortality percentages by vegetation patch type. Bar colors denote different vegetation patch types.













 (Aristida beyrichiana), are dependent on frequent fire and are influential in restoration of these ecosystems (Fill, et al., 2021). While fire frequency and intensity were not measured in this study, the pre-planting prescribed fire likely impacted the levels of groundcover complexity measured. Restoring the fire regime to these sites will be imperative in enhancing biodiversity to levels comparable to native pine savanna ecosystems.
The degrees and scales of complexity in the vicinity of the Bridgestone Nature Reserve at Chestnut Mountain that may have existed and sustained shortleaf pine ecosystems in the past is not well documented.  However, assumptions could be made based on historical fire regimes of the Middle Tennessee Cumberland Plateau region generated from dendrochronological data. Fire scars in shortleaf pine suggest that fire occurred every 4.4-5.3 years prior to Euro-American settlement in the region and transitioned to 2.3-3.8 years following settlement (Stambaugh, et al., 2020). The suggested fire return interval following Euro-American settlement is remarkably similar to the timing prescribed for modern pine savanna management, leading to an assumption that historical complexity in these ecosystems was similar to what is seen today in managed pine savannas.
Natural tree regeneration and resprouting was prevalent following the prescribed burn that was performed for site preparation prior to planting the seedlings. Species found resprouting and regenerating included yellow-poplar (Liriodendron tulipifera), common persimmon (Diospyros virginiana), sassafras (Sassafras albidum), red maple (Acer rubrum), southern red oak (Quercus falcata), sourwood (Oxydendrum arboreum), and northern red oak (Quercus rubra). Shortleaf pine is also naturally regenerating in all the stands. The regeneration of broadleaf trees in the plots may eventually have a detrimental effect on shortleaf pine seedling performance by increasing the level of shade as seedling growth progresses, but shortleaf pine can persist in shade among competitive plants for several years (Kabrick, et al., 2015).	
Prior cover for these sites was closed canopy mixed-hardwood forest with a Virginia pine (Pinus virginiana) component. These sites have been in the process of conversion to savanna ecosystems for only a short time, so patch widths and structure observed are likely to be mainly the result of what resided in the seedbank of the forest floor and short-term seed influx from wind and wildlife movement. Patch width variation and structural complexity will likely increase as the conversion process continues. Ground cover patch size results were as expected given the data collected and observations while in the field. On average, bare ground patch width was slightly wider than either woody debris or vegetation patch widths. The combination of seasonality of data collection and post-burn timing led to an assumption that the bare ground patch sizes would be large, yet similar among plots. The woody debris patch size was reasonable given the past timber harvest in these stands. Control plots having larger patch sizes of woody debris was also expected given the specific location of the plots. Woody debris abundance looked similar upon initial observations of the plot locations, but many large branches, sticks, and pieces of bark were found in the transects during data collection. The abundance of woody debris, although it is in small patches, may lead to increased vegetation growth. Vegetation near woody debris can, on average, reach greater sizes than similar vegetation not adjacent to woody debris (Logan, et al., 2020). Decomposition of woody debris may also eventually result in higher concentrations of organic matter on the surface of the soil, which may increase the width of vegetation patch sizes. Average vegetation patch size was as expected overall, however, more large patch sizes were expected given the previous presence of grasses and larger forbs. The prescribed burn performed for site preparation may have reduced the patch widths previously present due to the severity of the fire. However, it was unexpected that the control plots would have larger patch sizes of vegetation. Vegetation patch widths are expected to increase, but it is unknown if patch widths will be similar to current sizes or if they will increase following subsequent prescribed burns. Vegetation patches were not differentiated by species and were instead analyzed only as vegetation. Based on observations in the field, the patch size of different species of vegetation may differ between treatment and control plots. It should be possible to measure these changes at a later date.
Many of the plants recorded in the transects were not identifiable to the species level due to the time of year that measurements were taken. For many of these plants to be positively identified, the flowering parts or seeds must be present. Therefore, all plants found in the transects were only identified, as accurately as possible, to the genus level to mitigate false identifications of the plants recorded in the transects as much as possible. Richness was then determined based on the genera observed. No significant differences were found between plots, likely due to the similarity in growing conditions between control and treatment plots. The growing conditions are likely to vary between the control and treatment plots as the stands mature, which may alter plant richness in the future.
Nudds board coverage percentages exhibited few differences overall. No significant differences were found between the control and treatment plots when comparing all directions (N, E, S, and W) and heights (0.5, 1.0, 1.5, and 2.0 meters) together as a single average of percent cover. However, sample standard deviations showed consistently greater variation in the treatment plots than the control plots. When examining individual heights between plots there was a difference in variability between the four heights. 0.5 and 1.0 meters did not differ from one another, but they did differ from 1.5 and 2.0 meters. 0.5 and 1.0 meters were likely similar due to the presence of mostly short herbaceous vegetation and blackberry (Rubus spp.) growth. 1.5 and 2.0 meters also differed from one another, likely due to the general lack of vegetation cover at 2.0 meters. These differences may be attributed to the vegetation growth stage in the plots given the seasonality of data collection. This pattern does indicate slight complexity in vertical structure. However, the patterns of vertical structure complexity are not indicative of the complex planting pattern exhibiting higher levels of complexity over the standard planting pattern.
Microclimate data showed little difference in variability between the control and complex planting patterns. Soil temperature means varied slightly in the data, likely due to the differing levels of vegetation along the transects that may have provided additional shade in certain areas, but were not significantly different overall. This interaction was also observed in the PAR measurements. Certain sections of transects contained vegetation that was either taller or had larger leaf surface area that blocked light from reaching the ground which likely explain the slight variations in these measurements even more than for soil temperature.
Shortleaf pine seedling survival in this study was relatively high compared to some other studies performed on the same species. In a study performed near Estill Springs, Tennessee, USA, shortleaf pine performance was similar among seedlings, but overall survival was slightly lower (≤ 51.2 %) than was observed in this study (≥ 57.9 %) (Clabo and Clatterbuck, 2020). One assumption that could explain this is that greater seedling survival in the current study was due to utilizing containerized seedlings, whereas Clabo and Clatterbuck (2020) utilized bareroot seedlings. Containerized seedling survival compared to bareroot seedling survival is not well documented in pine species. However, containerized sugi (Cryptomeria japonica) tree seedlings exhibit higher levels of survival than bareroot sugi seedlings, so reduced transplant shock in containerized seedlings is a likely cause of higher survival rates (Ito, et al., 2019). 
The planting pattern employed was complex, yet uniform in order to have the same effect in each of the three treatment plots. Truly random clumping may produce even greater complexity and have stronger effects on shortleaf pine performance, structural complexity, and microclimate. Natural shortleaf pine stands often have clumped regeneration patterns and spacing, though natural regeneration spacing is not well documented. However, observations in the field indicated that many stands, including the stands containing the experimental plots, contain seedlings that are naturally regenerating less than 20 centimeters apart. This is much closer than the typical 3 to 4.5 meter spacing in a plantation setting, and even closer than the 1.5 meter spacing in the smaller clumps within the complex planting pattern. Future studies utilizing a more truly random method to emulate natural shortleaf pine stands would be instructive. 
It is possible that close, or clumped, spacing may result in sub-optimal performance in shortleaf pine seedlings from the perspective of wood production, especially as seedlings mature. However, there are factors associated with more complex or clumped patterns that may be beneficial aside from the production of lumber and other forest products. Natural mortality and competition across various stages of stand growth due to competition among shortleaf pine may produce snags (dead, standing trees) and greater amounts of dead wood on the ground than further spacing, both of which are important habitat components for wildlife and insects. Dead wood accumulation is vital for many beetle (Coleoptera) species (Klepzig, et al., 2012). Snags are also important nesting sites for cavity-nesting bird species. Carolina chickadee (Poecile carolinensis) and tufted titmouse (Baeolophus bicolor) are two species that will utilize pine snags for cavity construction in pine plantations (Homyack, et al., 2011). The close spacing provided by the complex planting pattern will also likely produce greater levels of shade than wider spacings. Many species of plants thrive in fully shaded sites, such as maidenhair fern (Adiantum pedatum) and spotted wintergreen (Chimaphila maculata) (Gardenia, 2022). There are more factors that could be considered, but these two factors alone could provide enough benefit, depending on the objective of a manager or landowner, to overlook the detriment to tree performance. 
While there was no significant difference in seedling performance between the two planting patterns, there was a trend toward control plots having slightly better performance on average than the treatment plots in both height and diameter. These results may have been due to certain plots having more optimal growing conditions. For example, plot B-1 had excessive blackberry growth that may have influenced the height performance of the seedlings. The blackberry in plot B-1 produced a high level of shade which may have increased the amount of moisture the soil was able to maintain. Soil moisture was not measured, however. The overall mean height for plot B-1 is not much greater than that of the other plots, but there were several seedlings that were exceptionally tall (above 30 centimeters) which may have been influential in the results of the analysis. While seedlings in certain plots did seem to perform slightly better, specific vegetation patch type did not significantly influence shortleaf pine performance or survival. Further examination of the vegetation patch types used in this study over time may result in more concrete evidence of which vegetation patch types are best to plant shortleaf pine in and which are best to avoid. Based on vegetation patch type performance results, it is difficult to recommend a particular vegetation patch type that is best for planting shortleaf pine.
[bookmark: _Hlk107412035]Results of this study suggest that few significant differences existed in plant richness, variability in vegetation structure, variability in microclimate, and shortleaf pine performance. This finding indicates short-term goals of increasing complexity in young stands were not met in the first growing season. Long-term examination of complexity may have a different outcome as the stands mature. Variability in shading, soil temperature, and soil water content may increase. These three factors may, in turn, cause variation in the level of structural complexity found within the plots. The combination of these factors with others may alter fire intensity and residence time within the plots. All of these factors combined may increase the overall complexity of the plots as plants with specific microsite requirements, including light, moisture, and disturbance, colonize different areas of the plots both spatially and temporally.
Conclusion
The first-year results of this study do not provide definitive evidence to support the hypotheses that planting shortleaf pine in a complex pattern would influence structural complexity or shortleaf pine performance. The complex and standard planting patterns exhibited similar levels of complexity and shortleaf pine performance. The patterns of complexity in the stands during the first growing season likely resulted from a combination of the pre-planting prescribed fire and residual seed sources from closed canopy forest previously occupying the sites. Seed from nearby areas brought in by wind and animal vectors may also have contributed to the complexity. It is assumed that subsequent growing seasons will exhibit complexity that varies from what was observed and measured during the first growing season. Complexity is low within plots but stand-level complexity appears to be slightly greater. However, this is based solely on observations in the field as stand-level complexity was not measured. Shortleaf pine performance also did not vary significantly across different vegetation patch types. Since the data are limited to the first growing season following seedling planting, the small size of the shortleaf pine seedlings likely diminished their influence on adjoining vegetation and microclimate factors, and likewise, the limited development of competitors in the first growing season after burning likely diminished their influence on the planted pines. 
Additional data collection in subsequent years is expected to provide more insight into how the complex planting patterns implemented affect structural complexity and shortleaf pine performance as the stands continue to mature. Sampling additional variables in the future could also provide greater insights and information on many ecological and financial outcomes apart from structural complexity and shortleaf pine performance. The scope of this study could be broadened to include wildlife use and productivity, fire behavior, invasive species dynamics, hydrology, and fiber and timber production. Broadening the scope of the study in this way could lead to future refinement and implementation of complex planting patterns to expedite the recovery of structural complexity and its beneficial effects at multiple scales.
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