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Introduction 
 

The United States contains more coal than any other country (U.S. Department of Energy, 2013). 

A huge part of the nation’s energy industry, these reserves are spread out across the 

nation.  Although coal is currently mined from 26 of the 50 US states (U.S. Department of 

Energy, 2013), the majority of this is concentrated in a select few. Kentucky contains the fifth 

largest coal reserve size and coal mining activity; exceeded only by Montana, Wyoming, Illinois, 

and West Virginia (National Mining Association, 2014). These 5 states alone contain about 70% 

of the recoverable coal reserves in the entire United States (National Mining Association, 2014).  

 

Coal is mined by surface (i.e., opencast mining) or underground (i.e.,deep mining) techniques. 

Surface mining in Appalachia occurs between southern New York and northern Mississippi. 

Mountaintop removal is a type of surface mining in which mountaintops are demolished with 

explosives to expose coal seams. The excess land (i.e., mine spoil) is dumped into adjacent 

valleys, which is called a valley fill or a hollow fill. This process disrupts the natural soil 

layering, often by burying the fertile topsoil under the rock of the overburden. The ecological 

impacts vary depending on the original state of the land and how it was managed during the 

mining process. Coal mining can negatively impact or alter an environment in multiple ways – 

land disturbance and water pollution being two of the biggest. Examples of such are the loss of 

mountaintop ecosystems and valley streams as well as alterations to native vegetation and 

wildlife populations. Acid mine drainage (AMD), a specific type of water pollution, occurs when 

water and rock react and heavy metals are dissolved in the ground and surface water. Coal 

mining further impacts wildlife inhabitants by destroying their habitat. Affected species include 

fish, mussels, salamanders, insects, and the animals that feed on them, including bears, elk, 

foxes, squirrels (Pond, Passmore, Borsuk, Reynolds, & Rose, 2008; Welsh & Loughman, 2015).  

 

Early reclamation efforts were based off the Surface Mining Control and Reclamation act of 

1977 (SMCRA). The goal was to outline policies for mountaintop removal coal mine restoration 

that would mitigate some of the impacts caused by pre-regulation mine sites. Three principal 

areas of concern were land instability, water quality, and streambank sedimentation (Zipper, 

2011; Palmer, et al., 2010; Wickham, et al., 2013). The Act requires surface mine operators to 

recreate the approximate contour of the pre-mined state and stabilize the reclaimed soil.  Mine 

spoil is dug out from the filled valleys and piled on the top of the mine site (Zipper, 2011). The 

concern over land stability led to heavy grading of overburden material with bulldozers. The land 

was then heavily seeded with aggressive ground covers to further prevent land stability (Zipper, 

2011).  These grasses were typically agricultural varieties such as fescue and clover due to their 

availability and low cost (Andersen, Bussler, Chaney, Pope, & Byrnes, 2003). 

        

The reclamation practices resulting from SMCRA led to reclaimed sites that were unconducive 

to reestablishment of the native forest communities.  The compacted soil that had the benefit of 

limiting soil erosion and preventing landslides also made it difficult for tree roots to grow, which 

restricted their access to water and oxygen.  Moreover, the grasses planted by mine operators 

also directly competed for the resources necessary for native trees to grow including water, 

mineral nutrients, and light (Zipper, 2011).  Mine sites reclaimed using these methods generally 

remain in a grassland state for decades (Zipper, 2011; Palmer, et al., 2010; Wickham, et al., 



2013).  Consequently, attempts at reforestation were largely abandoned due to an observed lack 

of success with planting trees at these sites (Zipper, 2011). 

 

The Appalachian Regional Reforestation Initiative (ARRI) works on reforesting sites that have 

been damaged by mining by planting native tree species and creating some of the initial 

environmental conditions necessary for their growth such that  forested native forest ecosystems 

can develop with little management intervention (Angel, Davis, Burger, Graves, & Zipper, 

2005). Using decades worth of reforestation research on reclaimed coal mine sites, ARRI 

developed the Forestry Reclamation Approach (FRA) as a set of guidelines to be used in order to 

reestablish productive forests on reclaimed minelands. While it is not feasible to replant each 

individual plant species that made up the original native vegetation, the FRA focuses on 

reestablishing the soil properties and conditions suitable for tree growth thus allowing the native 

vegetation to recolonize through natural dispersal. The FRA is a five-step process that involves 

ripping non-compacted topsoil so the roots of trees can grow, while making sure to minimize 

competition from the herbaceous ground cover. Then the FRA instructs that reforestation efforts 

focus on properly planting two types of trees, early successional species to ensure wildlife and 

soil stability, along with commercially valuable crop trees. (Zipper, 2011).  

 

A tree species with great economic and ecological value that has not been a part of ARRI’s 

reforestation efforts is the shortleaf pine (Pinus echinata). Pines are beneficial for planting on 

reclaimed mine sites because they are considered pioneer species that regenerate quickly on bare 

disturbed sites with lots of open sunlight and minimal competition (Davis, Burger, Rathfon, 

Zipper, & Miller, 2012).  Also because they grow faster than hardwoods, the shortleaf pines 

produce a shaded understory with a thick pine needle topsoil layer that can prevent encroachment 

of non-native species (Lister, Burger, and Patterson, 2004). Shortleaf pines have not been a 

predominant reclamation species in the past, but since they are native to the region and provide 

important ecological and economic benefits, they seem to be an ideal species for the reclamation 

of coal mined land in Kentucky. 

 

P. echinata  is native to the mountains in eastern Kentucky. Shortleaf pines grow best on sandy 

or silty loam soils with a precipitation range of 45-55 inches of rain per year (Lawson, 1990). 

They grow best in an elevation range of approximately 600-1500 in the southern Appalachian 

Mountains, are considered relatively shade-intolerant, and prefer soils with low pH and low 

calcium content (Lawson, 1990).  Shortleaf pines are also a fire-tolerant species.  They have a 

thick bark that insulates the tree from higher temperature burns and do not contain as many 

flammable resins as other species (Clabo & Clatterbuck, 2005).  These characteristics protect the 

trunk from fire damage and allow new branches to sprout after fire disturbance (Clabo & 

Clatterbuck, 2005). Fire also improves the seedbed conditions promoting regeneration and 

increasing survival. Shortleaf pines need relatively bare mineral soil in order to sprout because 

they don’t have enough energy themselves to break through all the leaf litter and ground cover to 

reach the soil (Clabo & Clatterbuck, 2005).  Periodic burning maintains these clearer seedbed 

conditions and kills off competition increasing regeneration and survival of the shortleaf pines. 

 

Shortleaf pines are important to the Appalachian Mountains because of the great ecological, 

economic, and cultural benefits they provide. Ecologically they provide habitat to a great 

diversity of wildlife. Shortleaf pine ecosystems typically occur as mixtures with hardwoods. 



Some mixtures are dominated by hardwoods whereas others have a roughly 1:1 ratio. Quercus 

alba (white oak) and Quercus rubra (northern red oak) are found in native shortleaf pine-

hardwood mixtures (Bragg, 2013). These pine-hardwood ecosystems have high within-stand 

diversity with the presence of canopy gaps and more variety in food supply, supporting a greater 

diversity of wildlife species (Wigley, 1986). Additionally shortleaf pine ecosystems are often 

characterized by fire disturbance and the resulting succession.  These various stages of 

succession support greater wildlife diversity as they provide more variation in niches (Masters, 

2007).  Economically, shortleaf pines are a main source of timber in the Appalachian Mountains. 

In part because they are so widely dispersed, shortleaf and loblolly pine are predominant species 

in the timber industry (Baker, Cain, Guldin, Murphy, & Shelton, 1996).   These pine ecosystems 

also provide a suite of ecosystem services including carbon sequestration, water quality 

protection, soil stability, and recreation.  

 

Historically shortleaf pines ecosystems have flourished across the Appalachians but more 

recently they have been transitioning into hardwood forests for a variety of reasons. First, fire 

suppression in recent decades has altered soils such that they are no longer bare and the seedbed 

is not ideal for shortleaf pines regeneration (Clabo & Clatterbuck, 2005).  Second, outbreaks of 

the southern pine beetle have been responsible for the deaths of pines on over a million acres in 

Appalachia  (Cook, 1987).  Additionally land use changes and the overharvesting of shortleaf 

pines for the timber industry have added to their decline (Guyette, Muzika, & Voelker 2006). 

               

Before shortleaf pine reforestation on reclaimed coal mines in Appalachia can proceed, it would 

be prudent to consider how climate change might alter the suitability of potential restoration 

sites. According to climate models, the Appalachian region in eastern Kentucky is going to 

become more arid and the average temperature is going to increase in the next few decades 

(McKenney-Easterling, DeWalle, Iverson, Prasad, & Buda, 2000). In addition to the direct 

impacts the climate will have on the growth and survival of tree species, there are likely to be 

ubiquitous indirect impacts of species interactions with pests, pathogens and pollinators. As the 

temperatures rise, pathogens and pests with a narrow niche that tree species in this area are not 

immune to can move in and harm the population (Dukes et al., 2009). In a changing environment 

due to temperature fluctuations, inconsistent precipitation and an increase in atmospheric carbon 

dioxide (McKenney-Easterling et al., 2000), shortleaf pines, though native, may not be the 

species best equipped to flourish. This creates a need to assess the shortleaf pine’s potential in 

comparison to pines that are projected to move into the area, particularly the loblolly pine. The 

loblolly pine is projected to move north as far as the eastern Kentucky region. The loblolly pine 

has been successful in previous reclamation studies, so it would be a valuable comparison to 

make with the shortleaf pine to see how the shortleaf fares in the face of climate change 

(Woodbury, Weinstein, & Laurence, 1998). 

 

Objectives and Hypothesis 

 

Our primary objective is to determine if reclaimed coal mine sites in eastern Kentucky are 

conducive for the restoration of shortleaf and loblolly pine forests by examining the growth and 

survival of planted saplings. We will be monitoring their growth and survival in two different 

species mixture types, a monoculture of only pine versus a polyculture of hardwoods and pines.   

 



We hypothesize that tree growth (diameter at breast height and tree height), and forest 

productivity (basal area) will increase over time for planted loblolly and shortleaf pines, but at 

different rates in the monoculture and polyculture treatments. Given that climate models predict 

that the loblolly pine will be better suited to this geographic region, we hypothesize that growth 

of shortleaf pine will eventually decrease relative to loblolly pine (McNulty, 1996). Percent 

survival will only decrease over time, but we predict that the loblolly plots will have a smaller 

decrease in percent survival over time than the shortleaf plots. This means that we hypothesis 

that the survival of loblolly pines over time will be better than that of the shortleaf pines due to 

the projected adaptive potential to climate change.  

 

With respect to the species mixture treatment, we hypothesize that pine basal area, DBH, and 

height will differ over time in a hardwood mixture than in monoculture. Though percent survival 

will only decrease over time, we expect there to be fewer deaths in the hardwood mixture 

because intraspecific competition is always greater than interspecific competition (Fredericksen 

& Zedaker, 1995; Lhotka & Loewenstein, 2011).  This means that the pines will compete more 

closely for nutrients than a mixture of different species with slightly more varied nutrient needs. 

Along these same lines, we predict that basal area, DBH, and height of pines will be greater in 

hardwood mixtures for the first 5 years because of decreased intraspecific competition. However, 

as time goes on, the hardwood trees are likely to shade out the pines such that the basal area, 

DBH, and height of the pines will be lower in the polyculture as opposed to the monoculture.  

 

 

Methods 

 

Study Location 

 

The study site is within Robinson Forest, which is located in the Appalachian Mountains of 

eastern Kentucky. Specifically, it is located on the Cumberland Plateau and covers 14,800 acres 

of land, which makes it the largest intact forest in the eastern Kentucky coalfield. (Robinson, 

2012). The mild climate ranges from around 18 C to30 C (Climate, 2014). The topography is 

characterized by steep valleys and winding ridges, and the elevation varies from 244 to 426 m 

across this rugged landscape. Streams run through the forest segmenting it into the named 

branches and forks that form watersheds (Phillippi & Boebinger, 1986). Annual precipitation is 

44 in/yr with most of that precipitation falling during the spring (Climate, 2014). The steep 

slopes are well drained, with ridgetops slightly more dry and deep slope soils slightly more wet 

(Phillippi & Boebinger, 1986). Overall, the soil tends to be acidic and nutrient poor, which 

supports the growth of pines, oaks and hickories (Carpenter & Rumsey, 1976). Most of the 

valuable timber had been collected prior to the 1920s and there has only been selective 

harvesting thereafter (Phillippi & Boebinger, 1986).  

 

Perhaps most important to our particular study, the coal mining industry has been prevalent in 

the surrounding area. Mining operations have been encroaching on Robinson Forest boundaries 

over the years, and our particular study area is located on the border of the forest near mining 

operations (Fig 1 and 2).  Our 3.2-acre study area is part of a valley fill, has a triangular shape, 

and bordered by conifers on two of three sides that were planted during reclamation and grasses 

on the third side.  



 

 

 

Fig. 1. A Google Earth image of the current state of ongoing mining operations (i.e., grey shaded 

areas to the south) in the area surrounding Robinson Forest. Our study area is indicated by the 

red square within Panel B. (Google, 2016)  
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Fig. 2. Aerial view of 3.2-acre study. The state of the mining operations in Panel A date to 2009. 

The red border in Panel A shows the boundaries of Robinson Forest. (Robinson, n.d.) The area 

encompassed by the green border in Panel B is the location of our study area.  
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Experimental Design 

 

Our 3.2 acre reforestation site was prepared approximately two months prior to plantings using 

the Forestry Reclamation Approah (FRA) A bulldozer pulled two large ripping shanks,across the 

entire study area once in a vertical direction and next in a horizontal direction. This method of 

ripping formed a cross-like  checkerboard pattern that produced 8 ft spacing between ripping 

lanes. Plantings were not done in the middle of our study site because standing water was 

prevalent, which is not conducive for pine sapling growth and survival. 

 

Our experiment includes two factors, each with two treatment levels. The pine type factor 

treatment levels are loblolly and shortleaf whereas the forest type treatment levels are pine 

monoculture and pine-hardwood mixture. The pine-hardwood mixture is approximately a 1:1 

ratio of pine to hardwood.  We chose three oak species to plant in our mixtures Quercus alba 

(white oak), Quercus rubra (northern red oak) and Quercus prinus (chestnut oak), which were 

planted in an equal ratio to each other as well. Red and white oaks are common components of 

natural shortleaf pine ecosystems but chestnut oaks are not. We included chestnut oaks because 

the environmental conditions at our site were conducive for its growth/survival and because it 

has been shown to grow well on reclaimed mine sites (McQuilkin, 1990). All three oak species 

have similar native ranges, seem to grow under a wide variety of soil and climatic conditions 

with generally the same annual temperature and precipitation ranges, are all classified as 

intermediate in tolerance to shade, and have been shown to grow well together in an equally 

mixed forest type (US Forest Service, 1990). 

 

We established six, 39 m x 31.7 m plots (Fig. 3) for our experiment arranged in a split plot 

design with the type of pine as the whole-plot factor.  Therefore, one of the two pine species was 

randomly assigned to three of the six whole plots. Within each whole plot there were two 22 m x 

12.2 m split plots (Fig. 4) that were randomly assigned to either pine monoculture or pine-

hardwood mixture. The arrangement and placement of the split-plots created a 5-m buffer 

between the whole plot and the interior split plot as well as a 5-m buffer between the two split 

plots (Fig. 4). Split-plot designs such as this one are advantageous when a similar “background” 

(whole-plot factor) level is required across treatment levels (McGee, 2005). In this study, the 

pine treatment of interest constitutes the “background,” necessary for creating a contiguous, 

consistent forest type across each whole plot. Contiguous, consistent forest type combats edge 

effects and emulates standard surrounding forest type. Buffer zones are included to increase 

these effects, keeping our split-plots nested within the background forest type at the cost of split-

plot size.  

 

All trees were planted with approximately 2.44 m by 2.44 m spacing, which corresponded to 

thedistance between each ripping lane created by the bulldozer. Therefore, each split plot 

contained 45 trees.  In the pine monoculture split plots all 45 trees were one of the two species of 

pine whereas in the pine-hardwood mixture split plots 22 trees were hardwood and 23 were pine. 

That means 7 of each hardwood (white oak, northern red oak, and chestnut oak) with a randomly 

chosen one for the 22nd hardwood. All of the trees planted in the space of the whole plot that 

was not designated as a split plot (i.e., the buffer zone) were planted with the pine species 

assigned to the whole plot, so the buffer within each whole plot contained 118 pines. Thus for 



each of the six replicate plots there were a total of 186 pines (either shortleaf or loblolly) and 22 

hardwoods. 

 

We randomized the placement of whole plots within the study area andthe planting order of 

hardwood species. To create placement order of whole plots within the study area, each plot was 

first given a unique number between 1 and 6. In python, a list containing these numbers was then 

generated and randomized using the random.shuffle method from the built-in python random 

library. This method retains the same number and type of components as needed, but randomizes 

their order within the list. A similar technique was used to randomize the planting order within 

hardwood subplots, first creating a non-random list with correct number and types of component 

trees followed by randomization using random.shuffle. Because each hardwood plot had 8-7-7 

breakdown of hardwood types, another method, random.randrange, was used to generate a 

random integer between 1 and 3 which was then used to decide which hardwood type would 

have a count of 8.  

 

              

 

Fig. 3. The layout of our 3.2-acre study site including its border and the locations of the six 

whole plots. The white areas within the boundary are nonexperimental, and generally avoid the 

saturated center of the study area. The figure was generated using ArcMap with provided GPS 

coordinates.  



  
Fig. 4. Dimensions and structure of each whole plot, including the spacing of plantings 

(intersection of rip lines), their associated split plots, and buffer between each whole plot.  

 

Planting Methods 

 

Our saplings were sourced from Morgan County Nursery and were transported in batches of 

approximately 100 in brown paper bags. The bags protected the seedlings from dessication 

during transport. We maintained their moisture throughout the plantings by dipping the roots in 

Terra-Sorb, covering the roots with peat moss, and then placing them in buckets. We made sure 

to only remove the saplings from the bucket as they were being planted and discarded any dry, 

damaged, or moldy saplings. 

 

When planting the saplings, we overviewed the plot for all of the cross sections of the ripping. At 

the intersection of the ripping, we dug a hole that was roughly 10 in deep and 5 in wide 

(Forestry, 2009). To get these dimensions, we drove Jim-Gem® KBC bars into the ground and, 

with a back and forth like motion of the dibbler, created a V-shaped hole (Planting, n.d). We did 

this continuously until we reached the desired depth and width. These measurements ensure the 

sapling can be placed in the hole without being deformed or cause roots to furrow-up. Once the 

hole was excavated, we took a sapling from our bucket. The sapling depended on the delineation 

provided in the Plot Randomization section. We took the sapling and placed it in the hole 



completely, and slowly lifted until it reached a height where the roots were straight, and fully 

extended. Additionally, the root collar, which is the transition between the tree-stem and the 

root-stem, was completely below the surface (Fig. 5) (Forestry, 2009). We then took the dibbler 

and drove it into the ground about two inches away from the original hole. Then we pusheed the 

handle forward, thereby packing the soil into the hole where the sapling was placed to prevent air 

pockets. We then firmly pushed the soil near the surface down from above with the soles of our 

shoes.  

 
Fig. 5.  This image displays the possible ways a sapling may be planted. The image on the far 

right depicts the way in which we described our approach in the paragraph above (Judd, 2013). 

 

Soil Tests 

 

For the soil chemical tests, two subsample soil collections were randomly taken from every split 

plot.  The soil samples were taken with a small gardening shovel.  The sample collected was 

about three inches deep and wide.    Each soil sample was put in its own Ziploc bag and analyzed 

separately.  The two subsamples were averaged together to give a single split plot value. 

 

Soil pH and electrical conductivity were found by taking a 10 g sample and putting it in a plastic 

tube with 10 ml of water.  The mixture was shaken for a full minute and then allowed to stand 

for 30 min.  After this time, the probe (YSI model 30 for conductivity, a pH probe for pH), was 

inserted into the tube until the probe was completely submerged but not touching the soil that 

settled to the bottom.  After each sample was analyzed, the probe was rinsed with deionized 

water. 

 

Soil compaction was measured with a penetrometer.  The penetrometer was inserted five 

centimeters into the ground using constant pressure and the reading was recorded in psi.  There 

were five penetrometer samples taken per split plot, and these were averaged together to give a 

single replicate split plot value. 

 



Soil phosphate, nitrate, ammonia, and organic carbon was analyzed off site by Dr. Barton with 

the University of Kentucky. Two soil samples were collected from each of the subplots and these 

were then sent to the UK College of Agriculture Regulatory Services Laboratory and analyzed 

for the presence of sand, silt, clay and textural class by way of the micropipette method (Miller 

& Miller, 1987). In order to determine pH, a 10cm
3
 mixture of soil and 10ml of water was 

analyzed; furthermore buffer pH was determined by adding 10ml of Sikora buffer to this mixture 

(Sikora, 2006). The ammonium acetate method was used to determine exchangeable bases and 

cation exchanges, and the U.S. Department of Agriculture Classification System was used to 

classify spoil texture data (Brady & Weil, 1999). 

 

Furthermore, carbon and nitrogen contents were determined for all samples by using dry 

combustion with a LECO CHN 2000 analyzer at the UK Department of Forestry soils 

Laboratory (Leco Corp. – St. Joseph, MI, USA). A .2000g sample of soil was placed in a tin foil 

capsule and combusted within a resistance furnaces at 950
o 
C using O2 as a carrier gas and the 

resulting gases of this action were equilibrated in a ballast chamber and CO2 and H2O levels 

were detected through infrared detection. In order to determine N2 a thermal conductivity 

detector was used following nitrogen oxide level reductions and the removal of CO2 and H2O 

from the sample. Statistical validity was ensured by using calibration curves on a daily basis with 

a LECO standard (EDTA- C10H16N2O8- LECO Corp.), with an EDTA sample running every ten 

samples.  A Dupont 951 Thermogravimetric Analyzer was used with a platinum pan sample 

holder to conduct a thermogravimetric analysis for organic carbon characterization, and a 

Thermal Analyst 2000 TA Instrument was used to determine mass changes along incremental 

temperature increases following instructions detailed in Maharaj (2006). Colorimetric analysis 

was used to evaluate nitrate (NO3
-
-N) and ammonium (NH4

+
-N) levels with a Bran+Luebbe 

Autoanalyzer (Bran+Luebbe, Analyzer Division, Germany) and continuous-flow multi-test 

methods were used for NO3
-
-N and NH4

+
-N (MT7/MT8 (EPA 353.2) and MT15/16 (EPA 350.1), 

respectively). Additionally electrical conductivity was evaluated at the UK Department of 

Forestry soils laboratory by testing a slurry of 10cm
3
 of soil and 30 ml of water. Lastly, a 

thermogravimetric method with convective oven-drying was used to determine the moisture 

content in the soil samples.  

 

Plant measurements 

 

To initiate our study, we measured the height and diameter at the root collar for every planted 

seedling .  The height was measured with a meterstick to the nearest centimeter and the root 

collar diameter was measured with a measuring caliper to the nearest millimeter. Tree growth 

and survival will be measured annually, as is common in similar studies (Wilson-Kokes et al., 

2013). Future researchers will measure the diameter at breast height (DBH) of all trees across all 

species by measuring the circumference of each tree trunk with measuring tape and calculating 

diameter, or by measuring diameter directly with DBH tape or calipers. This will be done to the 

nearest half centimeter as our equipment permits. DBH and height are both measurements of 

size, and we may translate those measures into growth by looking at the rate of change of size for 

each tree and the average of all trees. 

 

In addition to these measures of growth future researchers will also measure tree density by basal 

area. Basal area may be calculated using DBH and the following equation: 



 
 

(Basal, n.d.). They will then estimate survival by comparing the number of saplings of each 

species we planted to the number of live trees of that species that remain at each measurement 

period. This will provide a percent survival of each tree species from the initial number. 

 

Results 

Initial Soil Conditions 

To characterize initial soil conditions at our site we used the five subsample compaction 

measurements and two subsample soil samples to create box plots to show the mean, standard 

error, and range of soil compaction, conductivity, and pH. Of the six whole-plots, plot four 

exhibited lower compaction, higher conductivity, and higher pH than other plots (Fig. 6). Plot 

five appeared to also have a high conductivity but lower pH. We also used the replicate 

measurements of these soil characteristics to test for treatment level and interactive effects of 

pine species and forest type in order to determine if there were any initial experimental biases 

(i.e., one treatment level had higher/lower initial values over the other). There were no 

significant differences in pH or conductivity between pine species or between forest types, nor 

was there a significant interactive effect between these factors (Fig. 7 B and C; p>0.05). For 

compaction, however, there was a significant interactive effect of pine species and forest type (p 

= 0.028), which indicated that compaction was significantly greater for our shortleaf 

monoculture plots compared to all other treatments (Fig. 7A). 

Initial Tree Dimensions 

To characterize initial tree size at our sites we computed basic descriptive statistics from all tree 

measurements and created five box plots (one per tree species) to show the mean, standard error, 

and range of tree diameter (Fig. 8) and height (Fig. 9). Tree diameter ranged from about 0.2 cm 

to 1.0 cm for all tree species but the mean diameter for each species was fairly consistent across 

plots; varying only by approximately 0.1 cm (Fig. 8). Tree heights were also variable. All species 

seemed to have a minimum size of 10 cm to 15 cm but the maximum size differed by species 

with chestnut and red oaks having the largest maximum heights (50 cm – 60 cm) while the 

maximum heights of the two pine species and white oaks were smaller (~ 40 cm) (Fig. 9). 

Similar to height, the mean diameter for each species was fairly consistent across plots; varying 

only by only a few centimeters (Fig. 9). Just like with soil characteristics, we examined potential 

initial experimental biases in tree height and diameter by testing for treatment level and 

interactive effects of pine species and forest type. For tree height, there were no significant 

interaction, however, there was a significant main effect of forest type (p = 0.027) with both 

shortleaf and loblolly pines being taller in the monoculture plots (Fig. 10A). Therefore, there is a 

potential initial experimental bias with respect to tree height in the forest type treatment. The 

difference in heights, however, is only 1.5 cm (loblolly) to 2.5 cm (shortleaf) so this may not be 

biologically meaningful. For tree diameter, although there was no significant interactive effect 

between pine species and forest type there was a significant main effect of pine species (p = 

0.015) with loblolly pines being approximately 0.06 cm taller than and shortleaf pines (Fig. 

10B). Although this indicates a potential initial experimental bias with respect to tree species this 

is a very small difference in tree diameter and may not be biologically meaningful. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6. Soil characteristics among plots for (A) soil compaction, (B) conductivity, and (C) pH. In 

each graph, black circles are the mean, and error bars are for standard error. Open circles are the 

upper and lower limits of the ranges.  
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Fig. 7. A comparison of soil characteristics between polyculture and monoculture splitplots for 

shortleaf and loblolly pines (n=12). Panel A compares compaction measurements, Panel B 

compares conductivity measurements, and Panel C compares pH measurements.  
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Fig. 8.  Tree diameter statistics for (A) shortleaf pine, (B) loblolly pine, (C) white oak, (D) 

chestnut oak, and (E) red oak. diameter. Bolded center line is the median, the top and bottom 

lines of the box are the upper and lower quartiles, and the outer lines are the minimum and 

maximum values. 
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Fig. 9. Tree height statistics for (A) shortleaf pine, (B) loblolly pine, (C) white oak, (D) chestnut 

oak, and (E) red oak. diameter. Bolded center line is the median, the top and bottom lines of the 

box are the upper and lower quartiles, and the outer lines are the minimum and maximum values.  
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Fig. 10.  A comparison of tree measurements between polyculture and monoculture splitplots for 

shortleaf and loblolly pines (n=12). Panel A compares diameter while Panel B compares height. 
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Appendix 

Appendix A: Split-plot ANOVAs for initial soil conditions 

SAS Output 

The SAS System  

The PRINT Procedure 

Data Set WORK.PINE_REFOREST_PH 

Obs Plotnum tree_species forest_type ph_val 

1 1 SL MONO 7.500 

2 1 SL POLY 7.485 

3 2 LL MONO 7.495 

4 2 LL POLY 7.480 

5 3 SL MONO 7.710 

6 3 SL POLY 7.750 

7 4 SL MONO 8.145 

8 4 SL POLY 8.015 

9 5 LL MONO 7.445 

10 5 LL POLY 7.280 

11 6 LL MONO 8.300 

12 6 LL POLY 7.595 

 
The SAS System  

The GLM Procedure 



The GLM Procedure 

Data 

Class Levels 

Class Level Information 

Class Levels Values 

Plotnum 6 1 2 3 4 5 6 

tree_species 2 LL SL 

forest_type 2 MONO POLY 

Number of Observations 

Number of Observations Read 12 

Number of Observations Used 12 

 
The SAS System  

The GLM Procedure 

  

Dependent Variable: ph_val 

Analysis of Variance 

ph_val 

Overall ANOVA 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 7 0.94639167 0.13519881 3.88 0.1038 

Error 4 0.13922500 0.03480625     



Corrected Total 11 1.08561667       

Fit Statistics 

R-Square Coeff Var Root MSE ph_val Mean 

0.871755 2.428169 0.186564 7.683333 

Type I Model ANOVA 

Source DF Type I SS Mean Square F Value Pr > F 

tree_species 1 0.08500833 0.08500833 2.44 0.1931 

Plotnum*tree_species 4 0.72900833 0.18225208 5.24 0.0689 

forest_type 1 0.08167500 0.08167500 2.35 0.2003 

tree_spec*forest_typ 1 0.05070000 0.05070000 1.46 0.2940 

Type III Model ANOVA 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 0.08500833 0.08500833 2.44 0.1931 

Plotnum*tree_species 4 0.72900833 0.18225208 5.24 0.0689 

forest_type 1 0.08167500 0.08167500 2.35 0.2003 

tree_spec*forest_typ 1 0.05070000 0.05070000 1.46 0.2940 

Type III Tests with Error = Type III Plotnum*tree_species SS 

Tests of Hypotheses Using the Type III MS for Plotnum*tree_species as an Error Term 

Source DF Type III SS Mean Square F Value Pr > F 



tree_species 1 0.08500833 0.08500833 0.47 0.5321 

 
The SAS System  

The PRINT Procedure 

Data Set WORK.PINE_REFOREST_CONDUCTIVITY 

Obs Plotnum tree_species forest_type conduct 

1 1 SL MONO 220 

2 1 SL POLY 195 

3 2 LL MONO 190 

4 2 LL POLY 215 

5 3 SL MONO 240 

6 3 SL POLY 225 

7 4 SL MONO 350 

8 4 SL POLY 510 

9 5 LL MONO 415 

10 5 LL POLY 300 

11 6 LL MONO 280 

12 6 LL POLY 250 

 
The SAS System  

The GLM Procedure 



The GLM Procedure 

Data 

Class Levels 

Class Level Information 

Class Levels Values 

Plotnum 6 1 2 3 4 5 6 

tree_species 2 LL SL 

forest_type 2 MONO POLY 

Number of Observations 

Number of Observations Read 12 

Number of Observations Used 12 

 
The SAS System  

The GLM Procedure 

  

Dependent Variable: conduct 

Analysis of Variance 

conduct 

Overall ANOVA 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 7 89225.0000 12746.4286 3.23 0.1372 

Error 4 15800.0000 3950.0000     



Corrected Total 11 105025.0000       

Fit Statistics 

R-Square Coeff Var Root MSE conduct Mean 

0.849560 22.24744 62.84903 282.5000 

Type I Model ANOVA 

Source DF Type I SS Mean Square F Value Pr > F 

tree_species 1 675.00000 675.00000 0.17 0.7005 

Plotnum*tree_species 4 83750.00000 20937.50000 5.30 0.0676 

forest_type 1 0.00000 0.00000 0.00 1.0000 

tree_spec*forest_typ 1 4800.00000 4800.00000 1.22 0.3322 

Type III Model ANOVA 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 675.00000 675.00000 0.17 0.7005 

Plotnum*tree_species 4 83750.00000 20937.50000 5.30 0.0676 

forest_type 1 0.00000 0.00000 0.00 1.0000 

tree_spec*forest_typ 1 4800.00000 4800.00000 1.22 0.3322 

Type III Tests with Error = Type III Plotnum*tree_species SS 

Tests of Hypotheses Using the Type III MS for Plotnum*tree_species as an Error Term 

Source DF Type III SS Mean Square F Value Pr > F 



tree_species 1 675.0000000 675.0000000 0.03 0.8662 

 
The SAS System  

The PRINT Procedure 

Data Set WORK.PINE_REFOREST_COMPACTION 

Obs Plotnum tree_species forest_type compaction 

1 1 SL MONO 59.0 

2 1 SL POLY 73.0 

3 2 LL MONO 56.0 

4 2 LL POLY 92.0 

5 3 SL MONO 85.0 

6 3 SL POLY 71.0 

7 4 SL MONO 35.0 

8 4 SL POLY 34.0 

9 5 LL MONO 55.0 

10 5 LL POLY 96.0 

11 6 LL MONO 75.5 

12 6 LL POLY 97.5 

 
The SAS System  

The GLM Procedure 



The GLM Procedure 

Data 

Class Levels 

Class Level Information 

Class Levels Values 

Plotnum 6 1 2 3 4 5 6 

tree_species 2 LL SL 

forest_type 2 MONO POLY 

Number of Observations 

Number of Observations Read 12 

Number of Observations Used 12 

 
The SAS System  

The GLM Procedure 

  

Dependent Variable: compaction 

Analysis of Variance 

compaction 

Overall ANOVA 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 7 4941.083333 705.869048 9.63 0.0225 

Error 4 293.333333 73.333333     



Corrected Total 11 5234.416667       

Fit Statistics 

R-Square Coeff Var Root MSE compaction Mean 

0.943961 12.39588 8.563488 69.08333 

Type I Model ANOVA 

Source DF Type I SS Mean Square F Value Pr > F 

tree_species 1 1102.083333 1102.083333 15.03 0.0179 

Plotnum*tree_species 4 2205.333333 551.333333 7.52 0.0381 

forest_type 1 800.333333 800.333333 10.91 0.0298 

tree_spec*forest_typ 1 833.333333 833.333333 11.36 0.0280 

Type III Model ANOVA 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 1102.083333 1102.083333 15.03 0.0179 

Plotnum*tree_species 4 2205.333333 551.333333 7.52 0.0381 

forest_type 1 800.333333 800.333333 10.91 0.0298 

tree_spec*forest_typ 1 833.333333 833.333333 11.36 0.0280 

Type III Tests with Error = Type III Plotnum*tree_species SS 

Tests of Hypotheses Using the Type III MS for Plotnum*tree_species as an Error Term 

Source DF Type III SS Mean Square F Value Pr > F 



tree_species 1 1102.083333 1102.083333 2.00 0.2303 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Appendix B: Split-plot ANOVAs for initial tree dimensions 

SAS Output 

The SAS System  

The PRINT Procedure 

Data Set WORK.PINE_REFOREST_DIAMETER 

Obs plotnum tree_species forest_type diameter 

1 1 SL Mono 0.55652 

2 1 SL Poly 0.42000 

3 2 LL Mono 0.49130 

4 2 LL Poly 0.40000 

5 3 SL Mono 0.45455 

6 3 SL Poly 0.52308 



7 4 SL Mono 0.53636 

8 4 SL Poly 0.53333 

9 5 LL Mono 0.46957 

10 5 LL Poly 0.35714 

11 6 LL Mono 0.43478 

12 6 LL Poly 0.46000 

 
The SAS System  

The GLM Procedure 

The GLM Procedure 

Data 

Class Levels 

Class Level Information 

Class Levels Values 

plotnum 6 1 2 3 4 5 6 

tree_species 2 LL SL 

forest_type 2 Mono Poly 

Number of Observations 

Number of Observations Read 12 

Number of Observations Used 12 

 
The SAS System  



The GLM Procedure 

  

Dependent Variable: diameter 

Analysis of Variance 

diameter 

Overall ANOVA 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 7 0.02456139 0.00350877 0.86 0.5972 

Error 4 0.01632596 0.00408149     

Corrected Total 11 0.04088735       

Fit Statistics 

R-Square Coeff Var Root MSE diameter Mean 

0.600709 13.60099 0.063887 0.469720 

Type I Model ANOVA 

Source DF Type I SS Mean Square F Value Pr > F 

tree_species 1 0.01407990 0.01407990 3.45 0.1368 

plotnum*tree_species 4 0.00432991 0.00108248 0.27 0.8866 

forest_type 1 0.00518876 0.00518876 1.27 0.3226 

tree_spec*forest_typ 1 0.00096282 0.00096282 0.24 0.6526 



Type III Model ANOVA 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 0.01407990 0.01407990 3.45 0.1368 

plotnum*tree_species 4 0.00432991 0.00108248 0.27 0.8866 

forest_type 1 0.00518876 0.00518876 1.27 0.3226 

tree_spec*forest_typ 1 0.00096282 0.00096282 0.24 0.6526 

Type III Tests with Error = Type III plotnum*tree_species SS 

Tests of Hypotheses Using the Type III MS for plotnum*tree_species as an Error Term 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 0.01407990 0.01407990 13.01 0.0226 

 
The SAS System  

The PRINT Procedure 

Data Set WORK.PINE_REFOREST_HEIGHT 

Obs Plotnum tree_species forest_type height 

1 1 SL MONO 28.0435 

2 1 SL POLY 23.8000 

3 2 LL MONO 27.8696 

4 2 LL POLY 24.4500 

5 3 SL MONO 25.1364 

6 3 SL POLY 24.6923 



7 4 SL MONO 25.0000 

8 4 SL POLY 24.2222 

9 5 LL MONO 26.1739 

10 5 LL POLY 22.2857 

11 6 LL MONO 25.5652 

12 6 LL POLY 25.5500 

 
The SAS System  

The GLM Procedure 

The GLM Procedure 

Data 

Class Levels 

Class Level Information 

Class Levels Values 

Plotnum 6 1 2 3 4 5 6 

tree_species 2 LL SL 

forest_type 2 MONO POLY 

Number of Observations 

Number of Observations Read 12 

Number of Observations Used 12 

 
The SAS System  



The GLM Procedure 

  

Dependent Variable: height 

Analysis of Variance 

height 

Overall ANOVA 

Source DF Sum of Squares Mean Square F Value Pr > F 

Model 7 19.78266086 2.82609441 1.27 0.4314 

Error 4 8.89455127 2.22363782     

Corrected Total 11 28.67721213       

Fit Statistics 

R-Square Coeff Var Root MSE height Mean 

0.689839 5.909810 1.491187 25.23240 

Type I Model ANOVA 

Source DF Type I SS Mean Square F Value Pr > F 

tree_species 1 0.08334000 0.08334000 0.04 0.8559 

Plotnum*tree_species 4 5.78335487 1.44583872 0.65 0.6566 

forest_type 1 13.62838474 13.62838474 6.13 0.0685 

tree_spec*forest_typ 1 0.28758125 0.28758125 0.13 0.7373 



Type III Model ANOVA 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 0.08334000 0.08334000 0.04 0.8559 

Plotnum*tree_species 4 5.78335487 1.44583872 0.65 0.6566 

forest_type 1 13.62838474 13.62838474 6.13 0.0685 

tree_spec*forest_typ 1 0.28758125 0.28758125 0.13 0.7373 

Type III Tests with Error = Type III Plotnum*tree_species SS 

Tests of Hypotheses Using the Type III MS for Plotnum*tree_species as an Error Term 

Source DF Type III SS Mean Square F Value Pr > F 

tree_species 1 0.08334000 0.08334000 0.06 0.8221 

 


