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ABSTRACT 

The present state of forestry post mining land uses has prompted concern among 

researchers, landowners, and the public.  Surface mines reclaimed to forests under the 

provision of the Surface Mining Control and Reclamation Act (SMCRA) may not 

achieve site productivity levels required by the law.  Anecdotal evidence suggests that 

many pre-law reforested mined sites are growing productive forests.  The purpose of this 

study was to characterize these forests and the mine soils in which they are growing, and 

use them to benchmark forest development on mined land.  Using 14 mined and 8 non-

mined sites in the midwestern and eastern coalfields research to address the following 

objectives was undertaken: (i) characterize the development, composition, and diversity 

of woody species on pre-SMCRA, forested surface mined land; (ii) estimate forest and 

site productivity on surface mined land and determine the soil and site properties most 

influencing forest growth; (iii) estimate projected rotation-age timber product value; (iv) 

quantify current carbon sequestration pools associated with the developing woody plant 

biomass, the forest floor, and developing soil medium; (v) compare the diversity, forest 

and site productivity, commercial value, and carbon capture of reclaimed mined sites to 

that of regional non-mined forest systems. 

Species richness between non-mined and mined sites was about the same within 

each region with 14 to 15 tree species in the canopy.  Canopy richness of eastern mined 

sites was less than that on midwestern mined sites (12 species compared to 17 species, 

respectively).  Species richness of the understory and woody ground layer were similar 

between sites planted to pines versus hardwoods.  White pine (Pinus strobus) 

monocultures, planted on many sites in the eastern region, caused species unevenness 

throughout all forest strata.  Midwestern mined sites and eastern sites planted to 

hardwoods closely approximated non-mined sites in commercial species composition.  

Planted species represented the majority of canopy layer dominance and abundance (82% 

relative dominance and 56% relative abundance).  Site productivity between non-mined 

sites and 12 of the 14 mined sites was similar.  Regression analysis identified the five 

most influential soil properties affecting site quality, which included soil profile base 

saturation, total coarse fragments, total available water, C horizon total porosity, and soil 

profile electrical conductivity.  These five properties explained 52 % of the variation in 
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tree growth.  Forest productivity of these mined sites was equal to or greater than that of 

non-mined forests, ranging between 3.3 m3ha-1yr-1 and 12.1 m3ha-1yr-1.  Management 

activities such as planting pine and valuable hardwood species increased the stumpage 

value of forests on reclaimed mine sites.  Rotation-age stumpage values on mined study 

sites ranged between $3,064 ha-1 and $19,528 ha-1 and were commonly greater than 

stumpage values on non-mined reference sites.  After 20 to 55 years, total site carbon 

levels on mined study sites averaged 217 Mg ha-1, while total carbon amounts on natural 

sites averaged 285 Mg ha-1.  The amounts of carbon captured within the plant biomass 

and litter layer were the same on mined and natural sites.  However, the soil carbon 

content of mined sites averaged 39 % lower than natural soils.  The amount of carbon 

captured across mined sites was largely a function of forest stand age.  Pre-SMCRA 

forests growing on mined sites with productivity levels similar to non-mined sites are 

capable of developing forest attributes comparable to or greater than those found on non-

mined land within a period of 60 years, the length of a commercial hardwood rotation.  

These mature forests can serve as benchmarks for forest development on mined lands 

being reclaimed under current state and federal regulations. 

 

Keywords: strip mine reforestation, surface mined land reclamation, species richness and 

evenness, sawtimber, pulpwood, site quality, carbon capture 



 iii 

ACKNOWLEDGEMENTS 

My sincere thanks goes to my parents, Raymond and Sharon, whose love, 

upbringing, teaching, and support gave me the motivation and the right set of “tools” to 

undertake this adventure.  They opened the door to the great outdoors.  Thanks to my 

brother, Andrew who seemed to be going through the same challenges as I did and was 

very useful as a motivator and at times an ear to tell my frustrations.  I am also indebted 

to Stephanie whose strength and support during the project lasted from start to finish.  

Though, I think I have rewarded her with more knowledge of reforestation and forest 

soils than she cares to admit. 

Further thanks are extended to my major professor, Dr. James Burger for the 

careful and insightful guidance throughout the duration of this extensive project.  I also 

would like to thank my committee, Dr. Richard Oderwald, Dr. Shepard Zedaker, and Dr. 

Carl Zipper.  Their advice and time were well appreciated.  I would like to thank the 

Powell River Project for the funding to conduct the project and Dr. Burkhart for giving 

me the opportunity to study at Virginia Tech. 

This project could not have been accomplished without the help of a large body of 

people.  My thanks to those that helped Dr. Burger and I locate research sites including 

C. Ashby, A. Boyer, F. Brenner, D. Burger, B. Gray, R. Gullic, T. Probert, J. Skousen, J. 

Vimmerstdedt, and D. Williamson.  I would also like to thank G. Colker and R. Talbert 

for signing on and letting me drag them all over the eastern half of the U.S. and back in 

one summer.  Hopefully, their backs have recovered from the uncountable hours spent 

helping me dig soil pits.  Also thanks goes to those who helped me in the lab with soil 

sample processing and testing: D. Mitchem, M. Spinney, and J. Boswell, and to the 

secretaries who taught me the ropes of the department, K. Hollandsworth and S. Snow. 

A final thanks goes to the forest soils group, especially A. Scott, M. Cerchiaro, 

and Yi-Jun Xu who helped me in a number of ways, and graduate students in the 

department, especially the Popescu family.  Thanks to all of the graduate students that 

became my friends enriching the experience and my life. 

 



 iv 

DEDICATION 

 

In loving memory of my grandparents: 
 

Frank A. Thomas 
November 12, 1909 – November 9, 2000 

 
and 

 
Francis H. Thomas 

February 12, 1911 – July 1, 2001 
 

 



 v 

TABLE OF CONTENTS 

 

ABSTRACT......................................................................................................................... i 

DEDICATION ................................................................................................................... iv 

TABLE OF CONTENTS.................................................................................................... v 

LIST OF TABLES .............................................................................................................. x 

LIST OF FIGURES..........................................................................................................xiii 

CHAPTER I. RATIONALE AND OBJECTIVES ............................................................. 1 

CHAPTER II. LITERATURE REVIEW............................................................................ 6 

History of Trees Used in Surface Mine Reclamation ...................................................... 6 

General Mining History Prior to 1977.......................................................................... 6 

The Extent of Tree Planting.......................................................................................... 8 

The Biology and Techniques of Tree Reforestation on Surface Mined Land ............... 14 

Research and Operational Experiences: Tree Survival and Growth .......................... 14 

Site Preparation .......................................................................................................... 31 

Selection of Tree Growth Media and Overburden Types ....................................... 31 

Grading.................................................................................................................... 35 

Ground Cover.......................................................................................................... 41 

Nurse Tree Selection ............................................................................................... 44 

Establishment Methods ........................................................................................... 48 

Soil/Spoil Effects ........................................................................................................... 51 

Slope, Aspect, Topography, Erosion, and Moisture................................................... 51 

Spoil Nutrients and Fertilization................................................................................. 56 

Soil/Spoil Acidity ....................................................................................................... 61 

Woody Species Diversity and Forest Succession .......................................................... 65 

Woody Species Succession on Abandoned and Non-Forested Minelands ................ 65 

Woody Species Invasion on Reforested Mined Sites................................................. 67 

Species Invasion and Dispersal Mechanisms on Stripmines...................................... 70 

Wind and Air Dissemination................................................................................... 70 

Animal Dispersal..................................................................................................... 71 

Natural Soil Seed Pools and Debris ........................................................................ 72 



 vi 

Distribution of Plant Communities............................................................................. 75 

Edge Effects ............................................................................................................ 75 

Patch Dynamics....................................................................................................... 76 

Sequences of Succession Based on Time and Condition ........................................... 77 

Successional Trends on Mined Land and Their Observance to Natural Patterns ...... 78 

Mined Land Quality and Productivity ........................................................................... 80 

Mined Land Productivity and its Relation to Soil Properties..................................... 80 

Assessments of Soil Quality on Mined Land .......................................................... 80 

Testing of Relationships Between Tree Growth and Minesoil Properties .............. 82 

Spoil Weathering and Comparison to Other Soils ..................................................... 85 

Growth, Yield, and Value Information .......................................................................... 88 

Carbon Sequestration ..................................................................................................... 91 

General Carbon Sequestration Information................................................................ 91 

Carbon Sequestered on Surface Mined Land ............................................................. 92 

 

CHAPTER III.  METHODS ............................................................................................. 96 

Site Locations and Layout ............................................................................................. 96 

Site Selection ............................................................................................................... 100 

Woody Species Diversity and Stand Composition ...................................................... 101 

Site Productivity........................................................................................................... 102 

Forest Productivity and Commercial Value................................................................. 103 

Site Carbon Capture..................................................................................................... 104 

Field Collection and Laboratory Analysis of Soil Chemical and Physical Properties 105 

Study Design and Statistical Analysis ......................................................................... 106 

 

CHAPTER IV. WOODY SPECIES DIVERSITY ON MINED LAND ........................ 108 

Abstract ........................................................................................................................ 108 

Introduction.................................................................................................................. 110 

Methods........................................................................................................................ 111 

Site Selection and Layout ......................................................................................... 111 

Woody Species Diversity and Stand Composition................................................... 114 



 vii 

Data Analysis............................................................................................................ 115 

Results and Discussion ................................................................................................ 115 

Woody Species Diversity ......................................................................................... 115 

Evenness ................................................................................................................... 122 

Species Density, Dominance, and Succession............................................................. 126 

Canopy Layer ........................................................................................................... 126 

Understory ................................................................................................................ 129 

Woody Ground Layer............................................................................................... 134 

Commercial Species Composition............................................................................... 137 

Canopy Layer ........................................................................................................... 137 

Understory ................................................................................................................ 140 

Woody Ground Layer............................................................................................... 142 

Site Dominance and Abundance of Planted Species ................................................... 143 

Conclusions.................................................................................................................. 148 

 

CHAPTER V.  FOREST SOIL PRODUCTIVITY OF MINED LAND IN THE 

MIDWESTERN AND EASTERN COALFIELD REGIONS........................................ 150 

Abstract ........................................................................................................................ 150 

Introduction.................................................................................................................. 151 

Methods........................................................................................................................ 154 

Results and Discussion ................................................................................................ 160 

Mined Site Characterization and Productivity ......................................................... 160 

Mine Soil Properties and Site Productivity .............................................................. 162 

Regression Model.................................................................................................. 162 

Standardized Coefficients ..................................................................................... 165 

Mine Soil Properties Influencing Tree Growth ........................................................ 168 

Base Saturation...................................................................................................... 168 

Coarse Fragments.................................................................................................. 171 

Available Water Holding Capacity ....................................................................... 171 

Total Porosity ........................................................................................................ 172 

Soluble Salts.......................................................................................................... 173 



 viii 

Mine Soil Variables Not Important in this Study.................................................. 174 

Conclusions.................................................................................................................. 175 

 

CHAPTER VI. FOREST PRODUCTIVITY AND COMMERCIAL VALUE OF PRE-

LAW RECLAIMED MINED LAND IN THE EASTERN UNITED STATES............. 177 

Abstract ........................................................................................................................ 177 

Introduction.................................................................................................................. 178 

Methods........................................................................................................................ 180 

Site Selection and Layout ......................................................................................... 180 

Stand Measurements and Calculations ..................................................................... 182 

Results.......................................................................................................................... 185 

Forest Productivity ................................................................................................... 185 

Product Value ........................................................................................................... 187 

Discussion .................................................................................................................... 187 

Forest Productivity ................................................................................................... 187 

Conifer Forest Productivity and Value..................................................................... 189 

Hardwood Forest Productivity and Value ................................................................ 190 

Conclusions.................................................................................................................. 195 

 

CHAPTER VII.  CARBON SEQUESTRATION OF REFORESTED MINED LAND IN 

THE EASTERN US........................................................................................................ 197 

Abstract ........................................................................................................................ 197 

Introduction.................................................................................................................. 198 

Methods........................................................................................................................ 199 

Site Selection and Layout ......................................................................................... 199 

Site Carbon Capture Calculations............................................................................. 204 

Results and Discussion ................................................................................................ 205 

Total Carbon............................................................................................................. 205 

Tree Carbon .............................................................................................................. 206 

Litter Layer Carbon .................................................................................................. 210 

Soil Carbon............................................................................................................... 211 



 ix 

Conclusions.................................................................................................................. 214 

 

CHAPTER VIII.  SUMMARY AND RECOMMENDATIONS.................................... 215 

Summary...................................................................................................................... 215 

Recommendations........................................................................................................ 217 

 

LITERATURE CITED ................................................................................................... 219 

APPENDICIES ............................................................................................................... 240 

Appendix A: Minesoil Properties ................................................................................ 241 

Appendix B: Forest Amenities..................................................................................... 245 

Appendix C: Site Maps................................................................................................ 248 

Appendix D: Soil Descriptions .................................................................................... 271 

Appendix E: Tree Diameter, Height, Volume and Weight Equations......................... 294 

 

VITA ............................................................................................................................... 299 

 



 x 

LIST OF TABLES 

CHAPTER II.  LITERATURE REVIEW 

Table 1: Strippable coal reserves by sate…………………………………………………6 

Table 2: List of species planted in Indiana (Medvick, 1973)……………………………11 

Table 3: Ten-year survival and growth data from Hart and Byrnes (1960)..……………16 

Table 4: Tree survival and height growth from Czapowskyj and McQuilkin (1966)…...17 

Table 5: Survival of tree species under three types of cover (Deitschman, 1950a)……..20 

Table 6: Survival of tree species under black locust and shortleaf pine covers (17 years) 

(Ashby et al., 1966)……………………………………………………………………...20 

Table 7: Survival of tree species under black locust and shortleaf pine (30 years) (Ashby 

and Kolar, 1977)…………………………………………………………………………21 

Table 8: 10-year tree performance under b. locust and alone (Boyce and Merz, 1959)...22 

Table 9: 10-year performance of trees planted with and without alder (Plass, 1977)…...23 

Table 10: 4 and 18-year survival and growth of species on graded sites (Plass, 1975; 

Wade et al. 1985)………………………………………………………………………...24 

Table 11: 5-yr and 11-yr of trees alone and with black locust (DenUyl, 1955; 1962)…..25 

Table 12: Survival and growth of planted species (Larson and Vimmerstedt, 1976) ……27 

Table 13: Air and spoil temperature on Pennsylvania spoil (Bramble and Ashley, 1955) 

……………………………………………………………………………………………56 

Table 14:Tree species present at given distances from a forest edge (Riley, 1975)……..71 

Table 15: Carbon levels in 6 forest regions of the U.S. (Birdsey, 1992)……………….91 

Table 16: Forest floor carbon accumulation by species and parent material or species and 

exposure class (adapted from Vimmerstedt et al., 1989)………………………………94 

 



 xi 

CHAPTER III. METHODS 

 
Table 1: Location, description, and age of study sites…………………………………...98 

 

Table 2: Contact list used for location of study sites…………………………………...100 

 
CHAPTER IV.  WOODY SPECIES DIVERSITY ON MINED LAND 
 
Table 1: Location, description, and age of study sites………………………………….112 

 

Table 2: Combined list of all woody species found on the study sites…………………117 

 

Table 2: (continued): Combined list of all woody species found on the study sites… ..118 

 

Table 3: Increasing richness values for non-mined and mined sites in the central and 
eastern coalfields……………………………………………………………………….120 
 

Table 4: Species dominance (% of m2 ha-1) of the canopy layer on mined study sites in 
the midwestern and eastern coal regions………………………………………………145 
 

Table 5: Species abundance (% of stems ha-1) of the canopy layer on mined study sites in 
the midwestern and eastern coal regions………………………………………………146 
 

Table 6:Total abundance and dominance for non-mined sites in the midwestern and 
eastern regions…………………………………………………………………….……148 
 

CHAPTER V.  FOREST SOIL PRODUCTIVITY OF MINED LAND IN THE 
MIDWESTERN AND EASTERN COALFIELD REGIONS 
 

Table 1: Location, description, age and site quality of study sites. ……………………156 

 

Table:2: Soil and site properties hypothesized to influence site productivity. ………...159 

 

Table 3: Standardized coefficients for the independent variables in the regression model. 

…………………………………………………………………………………….…….165 

 



 xii 

Table 4: Selected soil properties for 22 study sites. ……………………………………170 

 
CHAPTER VI. FOREST PRODUCTIVITY AND COMMERCIAL VALUE ON 
PRE-LAW RECLAIMED MINED LAND IN THE EASTERN U.S. 
 
Table 1: Description of mined and non-mined sites in the Midwestern and eastern 
coalfield regions……………………………………..………………………………….181 
 
Table 2: Projected amounts and value of sawtimber and pulpwood produced on mined 
land in the midwestern and eastern coalfield regions  …………………………………192 
 
Table 2: (Continued)……………………………………………………………………193 
 
Table 2: (Continued)……………………………………………………………………194 
 
CHAPTER VI.  CARBON SEQUESTRATION OF REFORESTED MINED LAND 
IN THE EASTERN U.S.  
 
Table 1: Description of study sites including dominant canopy species, and stand age at 
time of measurement. …………………………………………………………………..202 
 

Table 2: Carbon sequestered by ecosystem component on mined and non-mined site in 
the midwestern and eastern coalfields. ………………………………………………...208 

 



 xiii 

LIST OF FIGURES 
 

CHAPTER III. METHODS 

Figure 1: Location of study sites in the midwestern and Appalachian coalfields regions 
…………..………………………………………………………………………………..97 
 
Figure 2: Plot layout and location………………………………………………………..99 
 

CHAPTER IV. WOODY SPECIES DIVERSITY ON MINED LAND 
 
Figure 1: General location of study sites in the midwestern and Appalachian coalfields 
………………………………………………………………………………………… 111 
 
Figure 2: Diagram of site layout depicting 20 by 20 m grid, plot and subplot arrangement 
………………………………………………………………………………………….113 
 
Figure 3: Woody species richness comparisons………………………………………..119 
 
Figure 4: Canopy layer woody species richness as a function of age for hardwood (Part 
A) and Pine (Part B) mined sites across both midwestern and eastern coal fields……..122 
 
Figure 5: Comparison of species evenness for non-mined and mined study sites in the 
midwestern and eastern coal regions by canopy layer…………………………………123 
 
Figure 6: Canopy layer species abundance and dominance on non-mined and mined study 
sites in the midwestern and eastern coal regions……………………………………….127 
 
Figure 7: Understory species abundance on non-mined study sites in the midwestern and 
eastern coal regions…………………………………………………………………….131 
 
Figure 8: Woody groundlayer species abundance on non-mined and mined study sites in 
the midwestern and eastern coal regions……………………………………………….133 
 
Figure 9: Canopy layer commercial species abundance and dominance on non-mined and 
mined study sites in the midwestern and eastern coal regions…………………………136 
 
Figure 10:Understory commercial species abundance on non-mined and mined study sites 
in the midwestern and eastern coal regions…………………………………………….139 
 
Figure 11:Woody ground layer commercial species abundance on non-mined and mined 
study sites in the midwestern and eastern coal regions…………………………………141 
 
 



 xiv 

CHAPTER V.  FOREST SOIL PRODUCTIVITY OF MINED LAND IN THE 
MIDWESTERN AND EASTERN COALFIELD REGIONS 
 
Figure 1: General location of study sites in the midwestern and Appalachian coalfields 

…………………………………………………………………………………………..154 

 

Figure 2: Typical site and plot layout used at each study site. ………………………...157 

 

Figure 3: Relative productivity of non-mined (zero baseline) and mined sites in the 

midwestern and eastern coalfields. …………………………………………………….161 

 

Figure 4: Distribution of site index as a function of five selected mine soil properties 

across 14 mined study sites. Fig. 4F shows the non-transformed, general functions for the 

soil properties that are non-linear with site index. ……………………………………..164 

 

Figure 5: Predicted site index over a range of profile AWHC as a function of mined site 

base saturation, C horizon total porosity, electrical conductivity, and coarse fragments. 

…………………………………………………………………………………………..167 

 
CHAPTER VI. FOREST PRODUCTIVITY AND COMMERCIAL VALUE ON 
PRE-LAW RECLAIMED MINED LAND IN THE EASTERN U.S. 
 
Figure 1: General location of study sites in the midwestern and Appalachian coalfields   
………………………………………………………………………………………… 180 
 
Figure 2: Diagram of site layout depicting 20 by 20 m grid, plot and subplot arrangement 
………………………………………………………………………………………… 182 
 
Figure 3: Comparison of forest productivity between non-mined and mined sites in the 
midwestern and eastern mining regions………………………………………………. 184 
 
Figure 4: Comparison of forest value between non-mined and mined sites in the 
midwestern and eastern mining regions………………………………………………. 186 
 
CHAPTER VI.  CARBON SEQUESTRATION OF REFORESTED MINED LAND 
IN THE EASTERN U.S.  
 
Figure 1: General location of study sites in the midwestern and Appalachian coalfields. 
………………………………………………………………………………………….201 



 xv 

 
Figure 2: Typical site layout and plot diagram used at each study site. ……………….203 
 
Figure 2: Total carbon sequestered on mined study sites separated into forest system 
components. ……………………………………………………………………………209 
 
Figure 3: Total carbon accumulation of mined sites and predicted return to average non-
mined levels. …………………………………………………………………………...213 
 



 1

CHAPTER I. RATIONALE AND OBJECTIVES 

 

Coal is mined in the United States to meet transportation, industrial, and power 

generation demands.  Stripmining for coal began in the 1940’s, long before the U.S. 

Congress passed the Surface Mining Control and Reclamation Act (SMCRA) of 1977.  

Large amounts of forestland were disturbed in the process of mining to meet those needs.  

Prior to passage of federal legislation regulating mining and reclamation, several states 

concerned with the impact of mining passed laws governing the reclamation of surface 

mines.  Furthermore, severe mining disturbance prompted coal operators, landowners, 

and surrounding communities to revegetate surface mines and rejuvenate the post-mining 

landscape.   

Most surface mines were reclaimed by tree planting.  Forests on these early 

mines, established decades ago, are now maturing to valuable, productive, and diverse 

forests (Ashby, 1991; Pope, 1989).  However, on some sites post-mining conditions 

prevented the successful establishment of planted trees.  Still other sites were abandoned 

after mining, leaving environmental problems including erosion, degraded water quality, 

toxic spoils, uneven landscapes, acid drainage, highwalls, and subsidence. 

SMCRA was enacted to address human safety, land productivity, and 

environmental problems that occurred during and after surface mining.  Re-grading to 

approximate contour, prescribed overburden placement, erosion control, and treatment of 

acid mine drainage have alleviated most pre-SMCRA environmental problems, but land 

productivity problems still remain (Ashby, 1991; Davidson et al., 1983).  While 

addressing environmental problems, post-mining landscapes were created that were 

unproductive for forestland uses (Burger, 1999).  Post-law reclamation emphasized water 

quality and erosion control at the expense of site productivity and reforestation (Boyce, 

1999).  Prior to the enactment of SMCRA, poor tree growth, when it occurred, was a 

result of adverse mine soil chemical factors.  After SMCRA, biotic conditions, as well as 

physical and chemical conditions limited forest growth on mined land (Davidson et al., 

1983).   

One of the few direct comparisons of forest growth on surface mines reclaimed 

according to the new regulations was done by Torbert et al. (2000). Torbert reported 
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eleven-year test planting results for three pine species planted on a pre-SMCRA and a 

post-SMCRA reclaimed mined site in the Appalachian region.  Trees on the pre-SMCRA 

mined site were planted on the flat bench that remained after contour coal extraction.  On 

the post-SMCRA site, trees were planted on the portion regraded to “approximate 

original contour.”  The heights and diameters of all three pine species were greater on the 

pre-SMCRA mined site than the post-SMCRA mined site.  In Illinois, Ashby and Kolar 

(1998) reported similar results.  Tree species were tested on non-mined sites, sites that 

were mined and left un-graded, and mined sites that were graded and topsoiled.  After 13 

years, tree height and stem quality were greater on non-graded mined sites than all other 

sites, including the non-mined sites.  Tree heights on topsoiled sites were the lowest. 

Burger et al. (1996) maintained that the decline in mined-land reforestation was 

due to improper interpretation and enforcement of SMCRA in three areas. The first 

focuses on interpretation of the SMCRA requirement for replacing mined land to an 

“equal or higher value,” and the disjunct between short-term and long-term goals set forth 

by the law.  Traditionally, pre-SMCRA reclamation of surface mines throughout the 

midwestern and eastern coal provinces meant planting trees.  After implementation of 

SMCRA, with its emphasis on the short-term goals of erosion control and protection of 

water quality, many mined areas were reclaimed to grasslands (Burger et al., 1996).  

Davidson et al. (1983) reported findings by Reising who observed in 1982 that only 21% 

of the forested areas being surface mined in Illinois were being returned to forests.  

Conversion of forests to “higher value” uses was stretched to include unmanaged 

hayland/pasture and wildlife plantings (Beam, 1999; Torbert, 1995; Andrews, 1992; 

Plass, 1988).  According to Boyce (1999), interpretation of SMCRA “pitted quick ground 

cover and water quality against reforestation, water quality prevailed.”  Therefore, 

reclamation goals are focused on short-term objectives without considering long-term 

land value and productivity (Long, 1999).  The landowner commonly has long-term 

objectives for the property, involving both economic returns and biological stability, but 

often coal operators understandably do not have a long-term interest in the land.  Their 

objective is to extract coal, reclaim the site, and achieve bond release.  However, many 

operators are not aware that lower grading intensities required for tree establishment will 

also save them time, labor, and capital (Probert, 1999). 
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The inclusion in the regulations of hayland/pastureland and wildlife plantings as 

viable post mining land uses provided coal operators with a low cost and reliable 

reclamation option that ensured return of their performance bonds.  Unfortunately, after 

bond release, sites were often abandoned from these designated uses and over long 

periods of time are invaded by native pioneer tree species (Torbert, 1995; Grandt, 1984).  

Using hayland/pasture and wildlife plantings as a post mining land use where forests 

once were and could be again is a land-use conversion and not reclamation (Morton, 

1999).  When hayland/pasturelands are abandoned, the long period of natural succession, 

combined with invasion of low value forest species means that landowners will miss new 

opportunities created by the forest products industry (Burger, 1996). 

Reclamation to achieve these post-mining land uses commonly consists of 

seeding exotic grasses, legumes, forage, and shrub species not native to the region.  These 

exotic species compete fiercely with native tree and herb species further prolonging 

natural succession and the development of a more diverse biological community (Ashby, 

1987).  When trees are planted concurrently with aggressive ground covers, tree growth 

is severely limited by shoot die back (Andersen et al., 1989). 

The second misinterpretation of SMCRA in the federal regulations relates to a 

lack of concrete criteria for meeting a “productivity” standard when forestry post mining 

land uses are designated (Ashby, 1991).  This oversight in the law allows degraded forest 

site productivity.  Improperly constructed mine soils on sites permitted for tree planting 

has led to many reforestation failures after SMCRA was passed (Ashby and Kolar, 1998).  

Current regulations allow the coal operator to choose the rock overburden returned to the 

mine surface, as long as it will provide equal or greater productivity than the original soil.  

Research has shown that the type of overburden suitable for hayland/pasture and wildlife 

habitat is not the best choice for future commercial forestry land uses (Torbert, 1995).  

Overburden selected for placement on the surface should be chosen for the target plant 

community and the specified post mining land use (Boyce, 1999). 

Furthermore, the forestry post mining land use lacks a productivity standard for 

judging forest reclamation success.  The forestry standard commonly used as a criterion 

for bond release is a stocking standard.  Although many current plantings may meet 

stocking and survival standards, their potential long-term growth is unknown and not 
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addressed in the regulations (Davidson et al., 1983).  Within the midwestern coal region, 

where post mining land uses such as prime farmland are specified, the sites original 

productivity is used as a standard for bond release.  If the site produced 500 bushels ha-1 

of corn (Zea mays L.) before mining, than the site must produce that much or more after 

reclamation.  SMCRA regulations should also include a productivity standard to ensure 

that forestry post mining land uses are restored to pre-mining productivity.  

The third misinterpretation resulted from the perception that reclaimed sites must 

be graded using multiple passes by a large bulldozer to reduce erosion, increase slope 

stability, and facilitate successful herbaceous cover from hydroseeding.  This pavement-

like condition quickly became the norm in mine reclamation throughout the midwestern 

and eastern coalfields.  On sites designated for forestry, excessive traffic during 

reclamation results in a poor rooting medium, soil compaction, and increased erosion 

resulting from slow infiltration and overland flow of water.  The third misinterpretation, 

in combination with the previous two, directly impacts the survival and growth of planted 

trees (Torbert, 1995; Andrews, 1992; Ashby, 1987; Ashby, 1984; Ponder, 1983; Burger, 

1980; Byrnes et al., 1980).  These negative impacts were identified as early as the 1950’s 

but are ignored by current regulations (Davidson et al., 1983).  Compaction of suitable 

growing media is clearly a limitation to successful tree establishment (Williamson, 1999).  

Yet highly compacted mine soils has become the norm in current reclamation practices 

(Boyce, 1999). 

In order to accomplish successful reforestation it is clear that better planning and 

reclamation design during the permit process is needed and the benefits of reforestation 

options that are suitable for a landowner’s specific land type should be understood.  In 

order to develop better reclamation procedures and guidelines for development of a 

productive forest post mining land use, forest development on mined lands must be better 

understood.  Trees planted since the enactment of SMCRA are either too young, or 

confounded by the problems discussed above to provide an appropriate measure of 

uninhibited forest development on mined land.  However, midwestern and eastern sites 

mined and re-vegetated under pre-law conditions currently support forests across a wide 

range of environmental conditions (Burger et al., 1998; Andrews, 1992; Plass, 1982).  

Based on the anecdotal evidence of successful growth, mature forests on older reclaimed 
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mined sites might be used to understand the potential productivity of mined land 

reclaimed for forestry. 

Accordingly, my goal was to measure forest productivity and other forest 

attributes on pre-SMCRA reforested surface mines to gain an understanding of how 

forests develop on mined lands.  Furthermore, I believe that comparisons of forest 

productivity and value between non-mined and mined land may serve as a benchmark for 

developing better SMCRA standards for forestry.  Reclamation managers are in the 

unique situation of being able to influence the future development of reclaimed sites.  A 

better understanding of the reclamation process, mine land site factors, and the 

relationship between forest and site productivity will increase the quality of reclamation 

and the productivity of restored forests. 

 

To meet these goals, my specific objectives were:  

1) Characterize the development, composition and diversity of woody species on 

pre-SMCRA forested surface mined land. 

2) Estimate forest and site productivity on surface mined land and determine 

the soil and site properties most influential to forest growth. 

3) Estimate projected rotation-age timber product value. 

4) Quantify current carbon sequestration pools associated with the developing 

woody plant biomass, the forest floor, and the developing soil medium. 

5) Compare the diversity, forest and site productivity, commercial value, and 

carbon capture of reclaimed mined sites to that of non-mined forest systems 

in the region. 
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CHAPTER II. LITERATURE REVIEW 

 

History of Trees Used in Surface Mine Reclamation 

General Mining History Prior to 1977 

 

The expanses of land underlain with strippable coal reserves in the eastern and 

midwestern coal producing regions are commonly divided into three belts (Appalachian, 

eastern interior, western interior).  Each belt is composed of numerous coal seams (Pope, 

1989).  Plass and Powell (1988) examined the coal reserves on a state-by-state basis 

(Table 1).  Within each state, commercial forestland covers different amounts of coal 

reserves (Table 1).  In West Virginia, Virginia, Western Kentucky, and Pennsylvania 

more than 60% of the land underlain with coal reserves are covered with commercial 

forests (Plass and Powell, 1989).  In other states (Illinois, Indiana), coal reserves and 

commercial forests occupy lower amounts of the same land (11 and 17%). 

Table 1: Strippable coal reserves by state.† 

Coal was discovered in 

Virginia in 1701 (Kentucky Coal 

Council, 2001), and small-scale 

commercial mine operations 

started as early as the mid 1700’s 

(Sites, 1995).  The earliest record 

of large scale commercial mining 

in the eastern US was in 

Pennsylvania around 1821 

(Mickalitis and Kutz, 1949).  

Other states soon followed.  The 

first commercial coal operation in 

West Virginia started in 1834.  

By 1843, coal was being shipped from West Virginia to Baltimore, MD (WV Coal 

Mining, 2001).  Mechanized mining started in Indiana by 1911. Before this date, mining 

was done by hand or with animals (DenUyl, 1955).  Mining in Ohio started in 1915.  

†Adapted from Plass and Powell, (1988) 
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While large quantities of coal were not mined in Virginia and West Virginia until after 

1940 (Tyner et al., 1948; Potter et al., 1951). Mining began in Illinois and Kentucky 

between the start of mining in Indiana, and that of Virginia and West Virginia.  Illinois 

likely started large-scale mining activity before Kentucky. 

The rate of coal extraction and amount of land disturbance varied in each state 

during the early 1900’s. Coal removal rates continued to vary through the middle of the 

20th century due to changes in mining technique and the lack of a system for wide scale 

tracking of coal extraction.  By 1917, annual coal production in Pennsylvania was 

171,074,411 tons.  In the year 1945, 130,696,854 tons of coal were produced, and by 

1949, around 10,926 ha had been disturbed in the state by the removal of coal from both 

the bituminous and anthracite regions (Mickalitis and Kutz, 1949).   

Much of Ohio’s coal mining occurs in the southern and eastern portions of the 

state.  By 1944, mining had disturbed just over 7,203 ha (Chapman, 1944).  Figures 

released in 1949 indicated a mined area that had doubled to over 14,407 ha (Limstrom 

and Mertz, 1949).  The Ohio Department of Natural Resources indicated that strip mining 

disturbed 103,993 ha in 27 counties from 1914 to 1969 (Paton et al., 1970).  Of those 

areas disturbed, 72,309 were reclaimed under the state law governing mining.   

West Virginia strip mining had impacted 12,141 ha in the state by 1947 (Tyner et 

al., 1948); more than one-half of the counties in West Virginia had some mining activity 

in them by 1950 and strip-mine permits covered another 12,624 ha.  Potter et al. (1951) 

estimated the area disturbed by mining activity might have increased to 20,235 ha by the 

early 1950’s.  By 1962, disturbed areas had increased to 28,329 ha.  Only a small portion 

of the land disturbed was being reclaimed with forest vegetation (Brown, 1962). 

Coal is extracted from three principle areas of Virginia (Triassic basin, valley 

region, and southwestern region).  Of the three coal producing regions, the southwestern 

region is the largest (3937 km2) producing 85% of the state’s coal (Sites, 1995).  Reports 

of the area disturbed by mining in Virginia vary depending on the dates covered and 

mining type included.  Brown and Branson (1980) report that 38,000 ha of land were 

disturbed by surface and contour mining between 1966 and 1976.  This estimate is 

slightly larger than the one by Daniels and Zipper (1997), who reported 32,376 ha of 
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disturbance since the early 1940’s.  More recently, Holl and Cairns (1994) reported that 

surface mining had disturbed roughly 50,000 ha between 1977 and 1994.   

The first Virginia reclamation law was passed in 1966 giving rise to the Virginia 

Division of Mined Land Reclamation (DMLR) two years later (Brown and Branson, 

1980).  The presence of the DMLR increased the land area being reclaimed in the state.  

In 1966, only 31% of the land mined was reclaimed.  The year after the start of DMLR 

69% of the lands mined were reclaimed.  Of the 38,000 ha disturbed between 1966 and 

1976, 54% or 20,430 ha were reclaimed (Brown and Branson, 1980).  The Virginia Coal 

Surface Mining Control Reclamation Act was passed in 1979 adding further depth and 

responsibility to the DMLR (DMLR, 2001).  Unfortunately, by that time tree planting had 

already started to decline.  In Indiana, surface mining disturbed over 38,142 ha by 1968.  

By 1969, over 24,300 ha of land had been disturbed by surface mining in eastern 

Kentucky.   

The Extent of Tree Planting 

Tree planting occurred throughout the eastern and midwestern coalfields starting 

as early as the turn of the 19th century.  Many mining companies, citizen groups, city, 

state, and government agencies were concerned about the land disturbed by mining 

activity.  Large scale planting guides such as the one published by Limstrom in 1948 

included early research results and planting recommendations for the states of Arkansas, 

Illinois, Indiana, Iowa, Kansas, Kentucky, Missouri, Ohio, and Pennsylvania.  His report 

included estimates of mined area within each state and descriptions of the current (mid-

1940’s) conditions of strip-mined lands.  

In Pennsylvania, tree planting and reclamation was initiated when the Bituminous 

Coal Open Pit Conservation Act was enacted in 1945. Before passage of the law, the state 

did not require the reclamation or reforestation of surface mined sites.  The BCOPC Act 

contained specific requirements for reclamation, however, little documentation was 

required (Davidson, 1981; Mickalitis and Kutz, 1949).  This act was amended six times 

between the years 1945 and 1963 (Research Committee on Coal Mine Spoil Revegetation 

in Pennsylvania, 1965).  The major amendments included new planting regulations, 

improve species supply, tree seedling quality standards, highwall stability, and backfill 

and grading requirements (Research Committee on Coal Mine Spoil Revegetation in 
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Pennsylvania, 1965).  Though some large scale planting did occur in the early 1920’s and 

30’s, tree planting on mined land generally did not occur until the 1940’s (Mickalitis and 

Kutz, 1949).  Bramble (1952) noted that Pennsylvania had a unique problem when 

attempting to revegetate the state’s surface-mined land.  At this time much of the 24,282 

ha disturbed was very variable in size and scattered throughout the state.  Nonetheless, 

within the first year, coal operators planted over 2,000 ha to trees and shrubs.  1950 saw 

planting on another 2,400 ha with 5-6 million trees (Bramble, 1952).  Frank (1964) 

estimated that coal mining had disturbed 45,326 ha in the anthracite region by 1960.  

Seventy six percent of this disturbance was due to strip-mining.  Frank (1964) estimated 

that it would take around 19 million trees to cover the area on 2x2 m spacing.  By 1963, 

53,783 ha of land stripped for coal had been reclaimed to trees, shrubs, grasses and 

legumes (Research Committee on Coal Mine Spoil Revegetation in Pennsylvania, 1965).   

Tree planting in Illinois began in the 1920’s (Kolar 1985; Sandusky 1980).  In the 

spring of 1920, around 9,000 mixed pines and hardwoods were planted near Danville, 

Illinois.  Tree planting on a large scale began in the 1930’s and continued into the mid-

1940s (Sandusky, 1980).  In the 1930’s, miners and foresters planted over 50 million 

trees seedlings (Evilsizer, 1980).  In 1938, the Illinois Division of Forestry and six coal 

companies combined to plant over a quarter million tree seedlings on surface-mined land. 

Around the same time, the Illinois Coal Strippers Association and the Illinois 

Division of Forestry agreed to reforest the equivalent to the area stripped annually.  This 

agreement amounted to seven million trees planted between the years of 1941-1945 

(Sandusky 1980; Ashby et al., 1978).  However, this time period marked the height of 

tree planting in Illinois because of an increased interest in use of mined land for pasture 

(Ashby et al., 1978).  Tree planting dwindled through the 1950’s and 1960’s.  Even so, 

the late 1950’s saw more than 4,856 ha of mined-land reclaimed to forest cover by the 

establishment of plantations.  

Up to this point, tree planting included hardwood species mixes and conifers.  

Around 1955, there was an increased interest in the use of hardwoods for reclamation 

(Evilsizer, 1980).  Illinois’s first state reclamation law, the Open Cut Land Reclamation 

Act (OCLR), was passed in 1961 (Sandusky, 1980; Ashby et al, 1978).  The law did not 

include a grading requirement.  It had a minimum tree stocking of 1,680 trees ha-1, and 
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bond release could occur after ten years regardless of reclamation success (Sandusky, 

1980).  Prior to the passage of OCLR, Illinois coal companies had planted over 

15,800,000 trees on roughly 8,498 ha of mined land (Ashby et al., 1978).  The 1961 Open 

Cut Land Reclamation Act, the 1968 Surface-Mined Land Reclamation Act, and the 1971 

Surface-Mined Land Conservation and Reclamation Act, all increased the interest in 

pastureland as the major reclamation technique in Illinois (Sandusky, 1980; Ashby et al, 

1978). 

In 1954 the Kentucky state legislature passed a law making reclamation on 

surface mines mandatory (Plass and Powell, 1988).  Prior to 1954 many of the coal 

companies practiced tree planting voluntarily.  Forest reclamation research started in 

Kentucky in the 1940’s.  Researchers were initially focused on identifying tree species 

suitable for reclaiming sites in the Kentucky coal belts.  Boyce and Merz (1959) 

developed one such study in 1948.  The study resulted in the planting of 16,425 

commercially viable hardwood and softwood seedlings in Western Kentucky.
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Table 2: List of species planted in Indiana (Medvick, 1973).

Time Period Planted 19--Species

66-6961-6556-6051-5546-5041-4536-4031-3526-30

Conifers

xxxxxxBaldcypress

xCorsican P.

xxxxxxxxxJack P.

xxLoblolly P.

xxxxxxPitch P.

xxxxxxxxRed P.

xxxxScotch P.

xxxxShortleaf P.

xxxxxxVirginia P.

xxxxxxxxWhite P.

xS. C. Oak

xxxxxxxN.R. Oak

Cork Oak

xxC. Oak

xxxS. Maple

xxxxxMaple

xxxxxxxxB. Locust

A. Elm

xxF. Dogwood

xP. Cottonwood

xxxxxxE. Cottonwood

xxxxxC. Chestnut

xY. Birch

xxR. Birch

xxxxW. Ash

xxxG. Ash

xAilanthus

xxxE. Alder

Hardwoods

xxN.W. Cedar

xxW. Spruce

xxxN. Spruce

xJ. Larch

xE. Larch
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Some of the earliest records of tree planting on mine spoils occurred in Indiana.  

The earliest record of successful tree planting on mined lands was the planting of fruit 

trees in Clay County in 1918.  Though other organized plantings may have occurred 

earlier, the first afforestation programs on Indiana mine soils occurred in the mid-to-late 

1920’s (Medvick, 1980; Medvick, 1973; DenUyl, 1955).  Much of the early planting 

programs were by coal companies concerned with post mining land use (DenUyl, 1955).  

In 1926, the Enos Coal Company planted 1,400 Plains cottonwood (Populus deltoides 

var. monilifera) in Pike County, Indiana (Medvick, 1973).  By 1930, concern over land 

use resulted in nine large Indiana coal mining companies to commit to planting trees for 

reclamation on their mines.   

Many of the mines during this time were restored for multiple uses.  Mines were 

turned into parks that included areas for camping, hiking, fishing, hunting and swimming 

(Deitschman and Lane, 1952).  Medvick (1973) produced a very comprehensive, 

historical review of reclamation by the Indiana Coal Producers Association and Indiana 

Coal Association from 1918-1969.  His publication shows the various species planted in 

five-year intervals during this time period (Table 2).  The Indiana State Division of 

Forestry provided seedlings for the two coal associations.  In 1939, the coal association 

companies requested an increase in the number of pines provided by the State.  However, 

the associations had established their own conservation department in 1940, because 

Indiana state nurseries could not meet the Association’s demand for species types or 

quantity.  The conservation department also began to purchase trees from private 

nurseries and adjacent state nurseries.  Species included in plantings during this time 

were northern white cedar (Chamaecyparis thyoides L.), red pine (Pinus resinosa Ait.), 

Norway spruce (Picea abies L.), loblolly pine (Pinus taeda L.), Virginia pine (Pinus 

virginiana Mill.), shortleaf pine (Pinus echinata Mill.), and white spruce (Picea glauca 

Moench.) (Medvick, 1973).   

In 1941, a state law was enacted that required miners to revegetate surfaced mined 

sites. Since 1942, the Indiana Coal Association planted around 30 million trees (DenUyl, 

1955).  In 1948, 2,750,000 seedlings were planted by coal striping companies and 

independent planters planted 2,500,000 seedlings (Mickalitis, 1949).  Around 1944, the 

coal associations planting efforts turned more exclusively to commercial hardwoods 
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species.  Species planted in 1944 included: cottonwood (Populus deltoides Bartr. Ex. 

Marsh. var. deltoides), sycamore (Platanus occidentalis L.), silver maple (Acer 

saccharinum L.), sweetgum (Liquidambar styraciflua L.), yellow-poplar (Liriodendron 

tulipifera L.), and black locust (Robinia pseudoacacia L.).  After 1956, the planting of 

black locust was discontinued because of decline caused by locust borer attack.  Between 

1959 and 1961, Medvick (1973) discovered a stock of black walnut (Juglans nigra L.) 

adequate for planting on mined sites. 

Reforestation of stripped land in Ohio started during the 1920’s, around the same 

time reforestation started in other states of the region (Chapman, 1944).  Other land 

disturbances (ore, gravel and minerals) were reclaimed with trees as early as 1900 (Patton 

et al., 1970).  A survey in 1946 and 1947 showed that about 2,832 ha had been 

successfully planted to forest cover (Chapman, 1944).  From 1941-1945 the Ohio 

reclamation committee had planted 2,477,400 trees (Paton et al., 1970).  Between 1946 

and 1969 the Ohio Reclamation Association and its members planted 59,737,857 trees on 

67,233 acres of land within Ohio’s mining belt.  Paton et al. (1970) lists 35 different 

species of trees including 22 hardwoods and 13 pines for planting in Ohio. 

West Virginia state legislation requiring the reclamation of stripped areas was 

passed in 1937 (Plass and Powell, 1988), but little organized planting was done before the 

late 1940’s (Potter et al., 1951).  Another bill, passed in 1945, required grading in 

agricultural areas, and the planting of trees, shrubs, grasses and vines according to 

specific landowner objectives.  Early plantings were small and not well publicized.  They 

were mostly small species trials by landowners, coal companies, and the State 

Agricultural Experiment Station (Potter et al., 1951). 

Organized, large scale tree planting started in 1968 with the creation to the 

Virginia Division of Mine Land Reclamation (Brown, 1980).  Prior to 1968, coal 

operators, the VDOF, and the SCS planted trees on mined land in Virginia.  In 1968, 

1000 trees were planted.  This number increased to 4 million per year in 1975.  Noted 

decreases in the number of trees planted occurred after its maximum in 1975. A result of 

increased regulation, poor coal prices, and the dawn of the hayland/pastureland PMLU 

(Brown, 1980).  From 1975 to 1980, reforestation on mined land in Virginia received 

additional aid from the Abandoned Lands Reclamation Project with the Tennessee Valley 
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Authority.  This project planted an additional 3,350, 000 trees and shrubs on mine lands 

in the state. In total 12,168,088 trees were planted on Virginia mine soils between 1966 

and 1977 (Brown, 1980). 

 

The Biology and Techniques of Tree Reforestation on Surface Mined Land 

Research and Operational Experiences: Tree Survival and Growth 

 

Forest reclamation research in Pennsylvania started about the same time as the 

passage of the Bituminous Coal Open Pit Conservation Act in 1945.  Much of the 

research and reclamation efforts were divided between the bituminous and anthracite coal 

regions.  Early research efforts focused on identifying tree species that were useful on 

mine spoil in the state.  This was accomplished by observation of mined sites that had 

been invaded by trees species, observation of early random plantings, and testing of 

native and exotic tree species in species trials. 

Mickalitis and Kutz (1949) developed a species-planting list for stripped areas in 

the bituminous coal region.  They assimilated information from tree plantings started in 

the early 1920’s, 30’s and 40’s.  The guide included coniferous species such as Japanese 

(Larix kaempferi Carr.) and European larches (Larix decidua Mill.), Norway and white 

spruces, pitch (Pinus rigida mill.), red, shortleaf, white (Pinus strobus L.), Banks (Pinus 

banksiana Lamb.), Austrian (Pinus nigra Arnold.), Scots pines (Pinus sylvestris L.), and 

Douglas fir (Pseudotsuga menziesii Mirb.).  Hardwood species included red (Quercus 

rubra L.) and white oak (Quercus alba L.), black locust, white ash (Fraxinus americana 

L.), tulip poplar, sugar maple (Acer saccharum Marsh.), black walnut, red maple (Acer 

rubra L.), and Asiatic chestnut (Castanea spp.). 

The Pennsylvania Department of Fish and Waters started an experimental 

planting on anthracite coal spoil in 1944 and 1945.  24,700 seedlings and tree transplants, 

including both hardwoods and softwoods, were planted in ten blocks.  The department of 

Fish and Waters also broadcast-seeded two, 0.025 ha plots (Mickalitis and Kutz, 1949).  

Mickalitis and Kutz (1949) measured these plantings in 1946, after 1 yr of survival and 

developed a preferred species list for the anthracite coal region.  This report included 

survival rates for many of the conifers and a few hardwoods.  Overall survival for conifer 
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species included Japanese and European larches (41%), and Norway (66%) and white 

spruces, pitch (37%) red (74%) white (81%) Jack (52%) Austrian and Scots (74%) pines, 

and Douglas fir.  Hardwoods included red (70%), and white oak, black locust (61%), 

white ash, tulip poplar, black birch (Betula lenta L.), red maple, poplars (Populus spp.) 

and Asiatic chestnut.   

In 1965 the Soil Conservation Service published a guide for revegetating mine 

spoils of Pennsylvania.  The guide discussed species for reclamation of mine spoils, 

including trees, shrubs, and grasses.  This guide was based on planting experiments 

beginning in the 1930’s and included input from other agencies (Miles et al., 1973).  

Miles et al. (1973) also reported reclamation results in relation to a spoil classification 

system developed in 1961.  At that time, black locust was considered the best site 

stabilizer, although it was subject to pest attack.  Species found successful on a wide 

range of spoils were speckled (Alnus rugosa Spreng.) and European black alder (Alnus 

glutinosa L.), European and Japanese larch, red oak, Virginia pine, and baldcypress 

(Taxodium distichum L.).   

Other small scale experiments were designed to identify species suitable for 

planting on mine spoil.  In 1946 and 1947, Bramble (1952) established 22 plots testing 16 

different tree species on various sites throughout the bituminous coal region.  He selected 

test species based on a survey of 10- to 24-yr old plantings throughout the state.  Bramble 

(1952) also installed plantings on four different spoil types and reported 5-yr survival.  

On strongly acid spoil types, he found adequate to good survival (> 40%) using pitch 

pine, Banks pine, white pine, white ash, and red oak.  On less acid spoils, trees with 

adequate to good survival included red pine, Scots pine, Virginia pine, Douglas fir, 

Norway spruce, white spruce, eastern larch (Larix laricina K. Koch.), Japanese larch, 

green ash (Fraxinus pennsylvanica Marsh.), black locust, and black cherry (Prunus 

serotina Ehrh.).  

Hart and Byrnes (1960) reported the 10 year results of tree planting experiments 

that were initiated from 1946 to 1949 by the Pennsylvania State University School of 

Forestry in association with Bramble (1952).  Data from Hart and Byrnes (1960) are 

summarized in Table 3.  The 10 year survival results indicated that hardwoods had 

survived better than softwoods.  Hardwoods such as black locust, red oak, green ash, and 
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white ash had average survival rates greater that 60%.  Scots pine was the only softwood 

with an average survival greater than 60%.  Hart and Byrnes (1960) also examined 10 yr 

growth.  Hybrid poplar, black locust, and red oak attained an annual height growth of 30 

cm or greater during the last five years of growth.  Though lower in survival, Japanese 

larch, banks pine, Scots pine, pitch pine, and red pine all matched the height growth of 

the four hardwoods above during the second half of the 10 yr growing period (Hart and 

Byrnes, 1960).   

In 1983, Schuster and Hutnik (1983) examined the 35 yr results of Bramble’s 

plantings.  Of the original 22 plantings, 10 had survived re-mining and were re-measured.  

Similar to the 10 yr results, growth and survival of the hardwoods was greater than the 

conifers.  Hybrid poplar and red oak continued to show good survival (60 and 66 % 

respectively).  Species such as green and white ash continued to show good survival rates 

but refused to grow (Schuster and Hutnik, 1983).  After 35 yr, red pine was the most 

successful conifer species.  White pine, Japanese larch, and Douglas fir were the only 

other conifers to have both good survival and growth.  However, the results for these 

species were sporadic.  Scots pine, the species with the best survival after 10 years, 

suffered 70 % mortality between the 10 yr and 35 yr measurements. 

Table 3: Ten-year survival and growth data from Hart and Byrnes (1960). 

367.12.5Pitch Pine

387.13.2Banks Pine

499.14.7Japanese Larch

496.42.1Red Pine

60+5.62.6Scotch Pine

60+6.92.6Red Oak

60+10.47Black Locust

60+13.79.5Hybrid Poplar

%cmmeters

SurvivalDBHHeightSpecies
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As the results of early species trials were reported, more specialized experiments 

were developed building on knowledge from earlier plantings.  Frank (1964) reported on 

a survey of the anthracite region, which located and observed the condition of mined 

areas for primarily aesthetic purposes.  His choices of planted species, based on aesthetic 

quality, were black locust and larch (for their fast growth), and conifers (for their year-

round foliage).  Czapowskyj, (1970) published a survey of the anthracite region modeled 

after the report by Hart and Byrnes (1960) for the bituminous coal region.  Seven-year 

tree survival, vigor, and height growth was measured for four species across 198 plots 

and four spoil types (Table 4).  The results of the survey indicated that black locust was 

the best in overall performance regardless of spoil type.  Red pine performed best out of 

the conifers, followed by Jack pine.  Japanese and European larch rated third, with good 

to very good performance on some sites.  Norway and white spruce survived adequately 

in most situations but grew slowly (Czapowskyj, 1970; Czapowskyj and McQuilkin, 

1966).  

Table 4: Tree survival and height growth from Czapowskyj and McQuilkin (1966).  

Davidson (1977) established a ponderosa pine seed source trial in 1969 on 

bituminous coal spoil.  Davidson (1979) also tested select species of trees and shrubs on 

low pH bituminous coal spoil in 1964.  In 1973, Aharrah and Hartman reported 

measurements taken on a 20-year-old pine plantation in Clarion County, within the 

bituminous region.  Growth measurements were taken on red pine planted on unprepared 

mine spoil banks and an adjacent old field.  Survival on the spoil was greater than the old 

70.757White Spruce

70.858Norway Spruce

71.947European Larch

71.868Japanese larch

71.562Jack Pine

71.266Red Pine

129.159Black Locust

yearsmeters%

Ave. Yrs. of GrowthHeight GrowthSurvivalSpecies

70.757White Spruce

70.858Norway Spruce
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field (91 to 77%).  However, the old-field site proved better for red pine height growth 

(6.3 m) and yearly volume increment (3000 cm3 tree-1yr-1).  Though pine on the spoil did 

not perform as well as on the old field, growth rates were similar to plantings reported in 

the literature (Aharrah and Hartman, 1973).  

In 1959, the Research Committee on Coal Mine Spoil Revegetation in 

Pennsylvania was formed to coordinate mine reclamation research efforts within the 

state.  The committee included government agencies, industrial coal companies, and 

landowners.  In 1965, the committee published the Guide for Revegetating Bituminous 

Strip-Mine Spoils in Pennsylvania.  The guide combined the knowledge of the agencies 

and companies that had been practicing reclamation in Pennsylvania since its beginning.  

The guide acted as a technical tool for reclamation of strip mines to forest, agriculture, 

wildlife, recreation, and multiple uses.  As with other general reclamation guides, this 

guide included classification of typical state spoils and revegetation planning.  The guide 

suggested using conifers over hardwoods, with the exception of black locust, European 

alder, and hybrid poplar because of poor historical performance of hardwoods on 

Pennsylvania spoils.  The most reliable species across the widest spectrum of spoil 

conditions was red pine, followed by Scots pine, Jack pine (Pinus banksiana Lamb.), 

pitch pine, white pine, Austrian pine and Japanese larch.  The guide reports that Japanese 

larch is capable of producing more than 6.99 m3 ha-1 yr-1, and that hybrid poplar can 

produce pulp and sawtimber in 18 yr.  Planting techniques and aesthetic considerations 

were also discussed.  In 1971, the guide was revised to include suggestions for reforesting 

sites with acid toxicity.  White (Betula papyrifera Marsh.) and gray birch (Betula 

populifolia Masrh.) and specific seed sources of ponderosa pine (Pinus ponderosa Dougl. 

ex Laws.) were mixed with red pine on acid sites.  The revised guide also discusses 

compatible ground cover for tree planting (Addendum, 1971). 

In Illinois, results from pre-1940 plantings heightened awareness about surface 

mine reforestation, increasing the number of species trials and other reclamation 

experiments.  In 1947, the Forest Service’s Central Experiment Station developed a large 

tree planting experiment to determine suitable tree species for planting on Illinois spoil 

(Ashby, 1996; Ashby et al., 1978).  Plots testing both hardwood and softwood species 

were placed in each county of the state with mining activity.  Ashby (1996) re-measured 
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10 plots that still existed in three counties of southern Illinois 47 yr after establishment.  

County to county results were variable.  Height growth of planted pines, sweetgum 

(Liquidambar styraciflua L.), ash, and silver maples were greatest on very acid sites.  

After 47 years, hardwood height growth ranged from 13 m to 28 m.  Pine height growth 

ranged from 21 to 27 m.  With minimal compaction and proper species to site matching, 

southern Illinois mined sites would provide good commercial production of white, red 

and shumard oaks (Quercus shumardii Buckl.), silver maple, black walnut, sweetgum, 

and tulip poplar (Ashby, 1996). 

Also in 1947, Deitschman (1950a) tested commercial hardwoods for differences 

in growth and survival under a shortleaf pine, black locust overstory, and no overstory.  

This experiment was initiated because of the growing concern over the longevity of black 

locust and shortleaf pine (Ashby et al., 1978).  The three-year survival results are located 

in Table 5.  Black walnut (seed and seedling), silver maple, and tulip poplar had the 

highest survival rates beneath black locust. Sweetgum and ash had higher survival rates 

beneath shortleaf pine.   

Ashby et al. (1966) revisited these sites and reported changes 17 years after the 

black locust and shortleaf pine were underplanted (Table 6).  There were fewer trees 

surviving under the black locust but these trees were growing better, having 2 m2 of total 

basal area as opposed to 0.5 m2 under the shortleaf pine.  The remaining black locust 

canopy was in poor condition, a result of sunscald and locust borer.  It had 319 fewer 

trees per hectare than the shortleaf pine after 27 years of growth (Ashby et al., 1966). 
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Table 5: Survival of tree species under three types of cover (Deitschman, 1950a). 

Table 6: Survival of tree species under black locust and shortleaf pine covers (17 
years) (Ashby et al., 1966). 

------------- Cover Type -------------

0.90.50.8Sweetgum

1.70.40.5Yellow Poplar

1.50.50.8Silver Maple

1.50.30.4B. Walnut (seedling)

1.20.30.3B.  Walnut (seed)

-------------------- m --------------------

After 3 yrsAfter 3 yrsAfter 3 yrs

HeightHeightHeight

959786Ash

528274Sweetgum
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827035Silver Maple

978468B. Walnut (seedling)

816568B.  Walnut (seed)

------------- % Survival -------------

Black LocustShortleaf PineNoneSpecies

------------- Cover Type -------------

0.90.50.8Sweetgum

1.70.40.5Yellow Poplar

1.50.50.8Silver Maple

1.50.30.4B. Walnut (seedling)

1.20.30.3B.  Walnut (seed)

-------------------- m --------------------

After 3 yrsAfter 3 yrsAfter 3 yrs
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816568B.  Walnut (seed)
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---------- Cover Type ----------
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4563Yellow Poplar
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4767B. Walnut (seedling)
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---------- % Survival ----------
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Ashby and Kolar (1977) reported on the same study 30-years after underplanting.  

The original locust planting had an average survival of 6 % and held 2.21 m2 in basal 

area.  The understory was a mixture of dense herbaceous species.  The shortleaf pine 

planting also had survival rates of 6 % and held only 0.78 m2 in basal area.  The 

understory of the pine stand was a combination of Japanese honeysuckle (Lonicera 

japonica Thunb.) and poison ivy (Toxicodendron radicans L.).  Underplanted seedling 

species represented 3.77 m2 of basal area under the locust and 3.34 m2 under the pine.  

Survival data are located in Table 7.  Though originally planted, ash survival rates were 

not reported having only one or two individuals left on the plots.  Total basal area on 

these sites compared favorably with forests of mid level site productivity throughout 

southern Illinois (Ashby and Kolar, 1977). 

Table 7: Survival of tree species under black locust and shortleaf pine (30 years) 
(Ashby and Kolar, 1977).  

In another study, Deitschman (1950b) tested for differences in the growth of tree 

species on graded and ungraded mine spoils.  These tests may have been in conjunction 

with the 1947 plantings by the Forest Service Central Experiment Station.  The three-year 

results showed little survival differences between the graded and ungraded spoils.  The 

average survival (%) by species (ungraded/graded) was: ash (86/87), black locust (92/97), 

sweetgum (74/52), loblolly pine (73/18), Eastern red cedar (79/77), and shortleaf pine 

(52/27).  Four out of the six tested species had greater three-year survivals on the 

ungraded sites.  However, the author noted that rabbit injury on ungraded sites affected 

---------- Cover Type ----------

563Sweetgum

2364Yellow Poplar

243Silver Maple

2244B. Walnut (seedling)

4252B.  Walnut (seed)

% Survival

Black LocustShortleaf PineSpecies

---------- Cover Type ----------

563Sweetgum

2364Yellow Poplar

243Silver Maple

2244B. Walnut (seedling)

4252B.  Walnut (seed)

% Survival

Black LocustShortleaf PineSpecies
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ash and sweetgum.  On graded sites all species planted (except black locust) were 

affected by rabbit injury (Deitschman, 1950b). 

Using observations from early plantings and the statewide planting experiment of 

1940, a planting guide was developed in 1959 for tree species that survived and grew 

well on Illinois coal spoil (Boyce, 1959).  This planting guide was based on different 

mine spoil types generated from five different mining districts.  Spoils in each district had 

different characteristics, so species recommendations for each district varied.  This 

planting guide was developed in conjunction with the University of Illinois Agricultural 

Experiment Station, the Forest Service’s Central Experiment Station and the many 

mining associations on Illinois (Limstrom and Deitschman, 1951; Boyce, 1959).   

Reforestation efforts started somewhat later in Kentucky than in other states.  

However, they had the advantage of the results from other states’ early plantings.  Some 

of the earlier research in Kentucky involved trials of trees planted under black locust.  

Part of the Boyce and Merz (1959) experiment included hardwoods planted with and 

without black locust cover.  The ten-year data showed mixed results when hardwood 

species were planted under varying black locust densities compared to open plantings 

(Table 8). 

Table 8: 10-year tree performance under b. locust and alone (Boyce and Merz, 
1959).  

Commercially-valuable tree species were planted with and without European 

alder to test the value of alder as a nurse tree on surface mines.  Dale (1963) measured 

trees after three growing seasons.  Plass (1977) revisited the same alder sites to collect 

 Survival Height Growth 
Species under b. locust planted alone under b. locust planted alone 

 ---------- % ---------- ---------- m ---------- 
Black Walnut 25 22 6.3 4.9 
Sugar Maple 28 22 6.3 6.1 

Northern Red Oak 24 10 5.3 4.6 
White Oak 24 10 5.3 4.6 

Yellow Poplar 2 24 5.5 7.0 
American Sycamore 0 41 0 8.5 

Loblolly Pine - 28 - 7.3 
Shortleaf Pine - 25 - 4.0 

Pitch Pine - 25 - 4.9 
Virginia Pine - 27 - 4.3 
Bald Cypress - 34 - 4.9 
Black Locust - 50 - 12.2 
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growth and survival data for the fifth and tenth growing seasons.  After ten growing 

seasons, all the trees were taller when interplanted with alder (Table 9).

Table 9: 10-year performance of trees planted with and without alder (Plass, 1977). 

Seven pine species were seeded on spoil types from different Kentucky coal belts 

to examine direct seeding mine spoils (Plass, 1974).  Early survival rates were not 

affected by spoil texture.  White pine had the best overall survival on both coarse (89 %) 

and fine material (95 %).  Survival rates of other species were: loblolly pine (82% coarse, 

65% fine), longleaf pine (80%, 78%), pitch pine (70%, 58%), red pine (65%, 40%), 

shortleaf pine (73%, 64%), and Virginia pine (70%, 54%).  Plass (1975) reported on a 

second direct seeding experiment, which included site protection and less emphasis on 

commercially valuable species.  Two graded sites were established in 1965.  Survival and 

height of 14 commercial tree species are presented in Table 10.  

 Survival Height 
Species under Alder Alone under Alder Alone 
 ---------- % ---------- ---------- m ---------- 
American Sycamore 30 53 9.1 4.9 
Sweetgum 47 65 6.6 4.7 
White Ash 85 92 3.4 2.3 
Cottonwood 48 40 6.7 5.2 
Yellow Poplar 48 67 4.3 2.5 
Virginia Pine 93 92 6.6 5.1 
Shortleaf Pine 73 75 7.1 5.7 
Loblolly Pine 35 42 6.3 5.7 
Pitch Pine 87 93 5.7 4.7 
White Pine 83 78 4.5 3.0 
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Table 10: 4 and 18-year survival and growth of species on graded sites (Plass, 1975; 
Wade et al. 1985).  

In Indiana, reforestation research began with experiments to identify tree species 

suitable for different spoil types within the state.  In 1949, Purdue University and the 

Indiana Coal Association embarked on an extensive experiment testing 10 commonly 

planted hardwood species.  The experiment monitored the growth of each species for 4 

years drawing conclusions about the effectiveness of each species (DenUyl, 1955).  Nine 

of the species (ailanthus (Ailanthus altissima Mill.), green ash, cottonwood, red maple, 

black locust, silver maple, tulip poplar, sycamore, and black walnut) were planted in pure 

stands and in mixtures with black locust (Table 11).  A tenth species, sweetgum, was 

planted only in pure stands.  Black locust had the highest survival (74 %) and was taller 

than 6.1 m after 11 growing seasons.  Tulip poplar had the lowest survival (24 %).  

Almost all of the species had individuals with dbh greater than 7.6 cm, but results varied 

by species.  Cottonwood had 69% of its stems greater than 7.6 cm dbh, while black 

walnut had only 9% above this size. 

 ---------- 4-yr ---------- ---------- 18-yr ---------- 
Species survival height survival height dbh 
 % m % m cm 

White Birch 26 2.6    
Yellow Birch 40 1.2 2 5.7 7.4 
Sweet Birch 40 1.2 27 7.6 5.8 
Pin Oak 41 1.2 40 7.3 8.6 
Scarlet Oak 85 1.1 - - - 
Sawtooth Oak 33 1.0 - - - 
Japanese Black Pine 6 0.8 - - - 
White Cedar 40 0.7 - - - 
Bur Oak 28 0.7 15 5.4 5.6 
Austrian Pine 17 0.5 15 7.8 11.9 
Littleleaf Linden 42 0.5 23 2.6 2.3 
Blackgum 10 0.5 6 3.7 2.5 
Cucumbertree 1 0.2 - - - 
Fraser Fir 3 0.2 - - - 
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Table 11: 5-yr and 11-yr of trees alone and with black locust (DenUyl, 1955; 1962). 

In the early 1950’s, the Central Forest Experiment Station developed a 

comprehensive study on coal mining and reclamation.  The project incorporated the 

sampling of previously restored stands and new experimental plantings.  New 

experimental plots tested the growth and survival of both conifers, hardwoods, and the 

use of nurse tree species.  This study resulted in a planting guide for both hardwood and 

conifer species on various spoil types and other specialized recommendations such as 

banks with low soil sized material and highly erosive banks (Deitschman and Lane, 

1952). 

Based on observations of the Indiana Coal Association’s reclamation efforts from 

1918 to 1964, Medvick (1973) made mixed species planting recommendations for spoil 

types in Indiana.  Species mixes included red oak (20%), tulip poplar (20%), sweetgum 

(20%), black walnut (20%), and a few minor species (Chinese chestnut 2.5% and ash 

17.5%) for non-acid/ non-sandy sites.  He suggested planting a mix of white, pitch, jack, 

and Virginia pines on all sandy sites in a 40, 20, 20, 20 percent mixture. Planting of pine 

species near roads as aesthetic barriers was also suggested 

Reclamation research in Ohio also started with surveys of previously planted 

sites.  Some early plantings involved concurrent establishment of cover crops and trees in 

harsh areas and planting of only commercial trees in others.  The effects of grading on 

tree growth, direct seeding, and mixed species plantings were also studied (Limstrom and 

Mertz, 1949).  Chapman (1944) used analysis of three major Ohio spoil classifications 

 -------------------- Survival -------------------- ---------- Height ---------- 
Species 5-yr alone 5-yr with b. locust Ave. after 11-yr 5-yr alone 5-yr with b. locust 
 -------------------- % -------------------- ---------- m ---------- 
      
Ailanthus 41 33 26 1.4 1.4 
Green Ash 82 88 66 1.5 2.0 
Cottonwood 67 51 57 1.9 2.1 
Red Maple 66 59 50 0.9 1.2 
Black Locust 83 - 74 4.6 - 
Silver Maple 73 83 51 1.6 2.1 
Tulip Poplar 29 49 24 0.6 1.5 
Sycamore 74 60 67 2.1 1.4 
Black Walnut 62 69 30 0.7 1.2 
Sweetgum 69 - 55 1.1 - 

 



 26

and planting studies started in 1937 by the Central States Forest Experiment Station to 

make planting recommendations.  Chapman reported that black locust performed best as 

a nurse tree.  Other hardwoods (tulip poplar, red oak, sycamore, and green ash) and pines 

(shortleaf and pitch) had acceptable survival rates, but all growth rates were considerably 

lower than locust.   

Limstrom and Mertz (1949) published a more extensive forest planting report that 

included results by the Central Forest Experiment Station.  The report included planting 

suggestions for 25 species of pine and hardwoods and descriptive information about spoil 

produced by the state’s major coal seams.  The commercial species most widely 

recommended were green ash, black locust, sycamore, bur oak (Quercus macrocarpa 

Michx.), and cottonwood (Limstrom and Mertz, 1949).  White ash, sweetgum, white oak, 

white pine, and soft maple were recommended for areas high in soil-sized material.  On 

slightly acid to calcareous spoils, eastern red cedar (Juniperus virginiana L.), black 

cherry, sugar maple, black walnut, and tulip poplar were recommended.  Jack, pitch, red, 

and, Virginia pines were most suitable on sandy spoils of high rock content.  Finally, red 

oak and chestnut oak (Quercus prinus L.) were suggested for moist spoils.   

Finn reported the ten-year results from the CFES plantings.  Pine species (white, 

red, shortleaf, jack, and pitch) had high survival on calcareous spoil but greater height 

growth on acid material.  Shortleaf pine performed best and white pine worst.  Ten-year 

survival numbers indicated that at least 902 trees ha-2 survived from all planted species.  

Overall, height growth averaged 0.3 m yr-1.  Again, black locust had the best survival and 

cover of the hardwood species tested, but Finn noted that locust borer reduced its 

potentially commercial value. 

Funk (1973) tested alder species from different European seed sources in 

southeastern Ohio.  Alder growth was best on wet sites.  Many alder seed sources were 

not commercially viable for sawtimber.  However, commercial uses including plywood 

and turnery were suggested (Funk, 1973).  The Central States Forest Experiment Station 

also started a multi-state experiment in the mid-1940’s to test the effects of grading on 

tree growth.  In 1946, two sites were planted in Ohio.  In 1947, one site was planted in 

Illinois and another was planted in Kansas.  Limstrom (1952) reported the results of tree 

survival and growth on un-graded spoil banks.  The planted species included black locust, 
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white ash, tulip poplar, and E. white pine in Ohio; green ash, sweetgum, loblolly pine, 

Eastern red cedar, shortleaf pine in Illinois, and Jack pine, Eastern red cedar, black locust, 

green ash, black cherry, Virginia pine, pitch pine, bur oak, sycamore, and shortleaf pine 

in Kansas. 

The early reforestation research of Ohio stripmines led to the development of a 

state-wide tree planting guide published by the Ohio Reclamation association in 1970 

(Paton et al., 1970).  The report serves as a guide for tree planting, site preparation, and 

species mixtures, to the proper handling of the planting stock.  The guide lists 19 species 

for use on Ohio mined sites, including 12 hardwoods, 7 conifers, and the spoil conditions 

ideal for their use (pH, drainage pattern, and texture class).  The guide also includes 

various planting regimes.  It recommends planting species of similar growth patterns in 

mixes: random mixtures, single row mixtures and multiple row mixtures.  Mixtures of 

two or more species increase the possibility of natural regeneration and resistance to 

disease (Patton et al., 1970.). 

In 1975 and 1976, Larson and Vimmerstedt, re-measured the remaining 1946-47 

plantings by the Central Forest Experiment Station to gather long-term growth 

information (30yr).  The averaged results of all 13 plantings are located in Table 12.  Of 

the planted seedlings, green ash and white ash had the highest average survival (> 50%) 

and good average height growth after 30 years.  Species surviving between 20-35% were 

white pine, black locust, osage orange (Maclura pomifera C. K. Schneid.), red pine, and 

tulip poplar.  Red and white oak had the lowest survival, 13 and 8%, respectively (Table 

12).  

Table 12: Survival and growth of planted species (Larson and Vimmerstedt, 1976). 

Species Survival Height 
 % m 

Green Ash 52 8 
White Ash 56 11 
White Pine 27 9 
Black Locust 23 9 
Osage Orange 39 6 
Red Pine 22 8 
Tulip Poplar 20 12 
Red Oak 13 10 
White Oak 8 9 
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Survival was greater for direct-seeded trees on southern aspects than on northern 

aspects.  However, bur oak was the only tested species that showed a preference for 

southern aspects.  When tulip poplar, red oak, and white oak, were planted with black 

locust, tulip poplar survived the best (20.4%, 5.8%, and 3.3%, respectively).  When the 

growth and survival of tulip poplar, white pine, black locust, and white ash were 

compared on unleveled, partially leveled, and totally leveled sites, white ash survived the 

best (>70%), especially on completely leveled and partially leveled sites.  Tulip poplar 

survival was the poorest on sites that received mechanical alteration (3%).  White pine 

and tulip poplar survived best when planted on ungraded spoils (30%, 29%).   

Zeleznik and Skousen (1996) re-measured three of the original Central Forest 

Experiment Station plantings, two on un-leveled spoil and one on leveled spoil 46 years 

after establishment.  Survival for white ash on the leveled site was 45% and on the un-

leveled site survival was 36.5%.  Tulip poplar survival on the leveled site averaged 3.3% 

and on un-leveled sites 26.7%.  White pine survival was 25.2% and 16.5% on leveled and 

un-leveled sites, respectively. 

In West Virginia, an early reclamation experiment surveyed ten plantings 

throughout the state.  This report recommended eight species for planting on spoils with a 

pH 4 or higher: red, pitch, Jack, and Virginia pines, black locust, tulip poplar, red maple, 

and sycamore (Potter et al., 1951).  Similarly, Brown (1962) surveyed 2- to 12-year-old 

plantings spread over 18 counties.  75% of the plantings resulted in successfully 

established stands (>60% survival).  On an individual species basis, when weighted by 

number of plantings, the species with the highest survival was black locust (69%), 

followed by red pine (71%), white pine (69%), Scotch pine (66%), Norway spruce 

(59%), red spruce (63%), Virginia pine (49%), tulip poplar (80%), European larch (67%), 

and shortleaf pine (51%) (Brown, 1962).   

In 1964, a watershed near Elkins, WV was chosen as a mine drainage pollution 

and reclamation demonstration area.  The U.S. Department of the Interior headed the 

project but other agencies (both federal and state) were involved.  A portion of the 

demonstration project included planting of tree mixes on steep banks.  One mix included 

black alder, cottonwood, tulip poplar, and white oak.  Another mix contained black alder, 

Scots, Virginia, shortleaf, and white pines.  Japanese larch was also planted in some 
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areas.  The Soil Conservation Service, and Forest Service evaluated the revegetation 

measures four months after the banks were planted.  Of the trees planted, black alder had 

the best survival (80-98%).  The rest of the hardwoods had an average survival of 50%, 

with cottonwood performance the best and tulip poplar the worst.  Survival of the pines 

was not evaluated on a species basis, but the overall survival ranged from 65 to 85% 

(Hill, 1973). 

Before 1980, organized tree planting in Virginia consisted of seeding benches 

with black locust and planting outslopes with three rows of white pine (Burger, personal 

communication, 2001).  Reforestation research in Virginia started in 1980 with a 

reforestation program by the Virginia Tech Forestry Department, sponsored by the 

Powell River Project.  Soon after, 15 tree species including five pines and ten hardwoods 

were planted on a mountain top removal site in Wise County, Virginia.  An herbicide 

treatment was also applied across the planted species.  After three years, black locust and 

black alder out-performed the other planted species (Torbert et al., 1985).  Black locust 

survival was greater than 89% and the species grew over 2 m.  Black alder survival was 

30% and height growth for the period was 1.6 m.  Other more site demanding species 

such as black walnut, red oak, tulip poplar, white ash, and Chinese chestnut performed 

poorly, especially in plots that received no weed control.  Cottonwood and sycamore 

performed very well on herbicided plots with survival and heights of 91.5% and 0.6 m 

respectively.  Of the pine species, survival and growth was greatest for loblolly and 

Virginia pine.  Other pine species (shortleaf, Scots, white) did not perform as well as 

loblolly and Virginia pines.  White pine survival was best on non-herbicided plots. 

A species trial was started in 1992 to test the survival and growth of potentially 

valuable hardwood species on surface mined land in the Appalachian region.  Three plots 

were established on a mountaintop removal site in southwestern Virginia.  The species 

established on each plot included: northern red oak, American sycamore, white ash, 

cottonwood, black walnut, white oak, and tulip poplar (only planted on two blocks) 

(Burger, 1999). Growth was measured after seven years.  Survival was the same among 

species.  Cottonwood outperformed the growth of all other species.  Of the other species, 

both red and white oaks and tulip poplar had the greatest height growth (average 1.8 m), 

ash and sycamore were lower (average 1.4 m), and black walnut was the lowest (0.8 m).  
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Red oak had the largest basal diameter (4.6 cm).  Tulip poplar, white oak, ash, and 

sycamore shared similar basal diameters (average 3.1 cm).  Black walnut had the smallest 

basal diameter, but it was similar to sycamore (averaged 2.0 cm).  The results suggest that 

commercial hardwoods can be used to reclaim mined sites in the Appalachian region 

(Burger, 1999).   

Most reforestation research done within individual states, was usually part of a 

larger project.  Results were often incorporated into larger experiments including region 

wide plantings to develop broad scale planting guides.  Limstrom (1948) published a 

planting guide that included recommendations for Arkansas, Illinois, Indiana, Iowa, 

Kansas, Kentucky, Missouri, Ohio, and Pennsylvania.  His report included estimates of 

mined areas in each state as well as estimates of their current (mid-1940) vegetation 

condition.  Limstrom (1948) discussed site factors inherent to different spoil types and 

their effect on tree planting.  He made tree-planting recommendations including species 

choices, spacing, direct seeding, and use of exotics.  Planting guides separate species 

based on spoil textures and rock type.  Sites for special consideration, such as toxic areas, 

leveled areas, and areas with dense ground cover are also addressed.  In 1960, Limstrom 

released an updated version of his 1948 report.  This publication supplemented the earlier 

findings with research from the next 15 years.  Limstrom (1960) also elaborated on the 

physical and chemical characteristics of spoil and their effects on reforestation efforts. 

The Soil Conservation Service (SCS) developed a plant performance guide in 

1978.  The guide evaluated SCS plantings started in 1946, and included every state in the 

eastern and midwestern coal region (SCS, 1978).  The report characterized surface mine 

spoil, and inventoried the success of planted species in “land resource areas”.  Much of 

the guide was devoted to the success of grasses, shrubs, legumes, and forbs, representing 

changes in reclamation views towards grassland-type reclamation.  However, the report 

did include recommendations for several commercial tree species.  Black locust and alder 

were considered the best, overall, despite black locust’s problem with borer attack.  Red 

oak, eastern cottonwood, tulip poplar, sweetgum, white ash, green ash, and silver maple 

were given good ratings on moderately acid sites within their natural range.  

Recommendations for conifers included: Japanese larch, European larch, Austrian pine, 

red pine, loblolly pine, and Scots pine on moderately acid sites within their native ranges.  
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Two pines recommended for wider planting because of their tolerance for acid spoils 

were white pine and Virginia pine (SCS, 1978). 

Vogel (1981) developed a comprehensive guide for revegetation of mined sites in 

the eastern US.  His guide synthesized a majority of reclamation research up to that point.  

The guide described the spoil of the major coal mining regions, soils derived from them, 

and their impacts on developing vegetation.  The guide included an extensive section of 

species for use on mined lands, including descriptions of over 85 grasses, forbs, trees and 

shrubs.  Other sections included information on procedures for vegetation establishment 

such as planting, fertilization, and amendments.   

The guide also described selection of vegetation for different post mining 

objectives.  For pulpwood production, Vogel suggested that plantings include one fast 

growing crop such as shortleaf pine, loblolly pine, longleaf pine, hybrid poplar, 

cottonwood, sycamore, or aspen (Populus tremuloides Michx.).  Management of these 

sites included control of competing vegetation, fertilization, thinning, and pest 

management.  Pulpwood can also be generated during intermediate operations on sites 

established for timber production.  Certain timber species such as pine should be planted 

in monocultures, or at most two species.  Herbaceous vegetation and shrubs could be 

included for site protection but should be limited to a maximum 25 % of the total 

planting.  Mixing planting types, such as tree blocks, and rows, shrub plots and 

herbaceous areas, across a landscape may be used to increase habitat diversity (Vogel, 

1981). 

 

Site Preparation 

Selection of Tree Growth Media and Overburden Types 

 

One of the most important factors influencing tree growth is the overburden type 

returned to the surface after mining.  Except for climate, overburden type controls the 

majority of the other conditions that planted or invading vegetation must establish and 

grow in.  For this reason, Illinois was divided into districts or regions according to its 

common overburden types (Boyce and Neebe, 1959).  District I included loess, glacial till 

and calcareous shale that weathered to a soil with poor internal drainage due to high fine 
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earth content.  The pH of spoils in this district ranged from 7.7 to 8.3.  District II included 

mostly glacial till with a pH of 7.7 to 8.3.  District III parent material included well-

drained glacial till and calcareous shale.  District IV was composed of loessal silt, glacial 

till, and shale of variable acidity (3.0 to 8.0).  Finally, District V was designated as 

calcareous clays and shaly loams of variable pH (Boyce and Neebe, 1959). 

Rock type and percentage of pH coverage were used to separate spoil types of the 

Pennsylvania bituminous region (Research Committee, 1965).  Group A spoils were 

weak to moderately acid limestone.  Spoils in group B included moderately acid shale 

and sandstones.  However, in the anthracite region of Pennsylvania, Czapowskyj (1970) 

divided spoils up into four groups: black carbonaceous shale (I), gray to yellow shale (II), 

sandstone and conglomerate (III), and glacial till with surface deposits (IV). Group IV 

was the most widespread surface spoil material (Czapowskyj, 1970). 

Limstrom (1960) described the rock types commonly found in the surface spoil of 

the central states.  Weathering limestone usually resulted in soil with good chemical 

reactivity and a high level of productivity.  However, limestone weathers rapidly, and if 

placed alone on the surface, it produced a compact, plastic soil.  Limstrom recommended 

the use of limestone if it could be mixed with sandstone or another hard spoil that would 

enhance the surface structure.  Sandstone spoil had variable reactivity; cementing agents 

often determining its character.  Mine soils with a high sand component had a high 

infiltration capacity and a low water holding capacity.  They were generally acid to very 

acid.  Shale also varied in composition, acidity and weathering, commonly taking on the 

properties of rock layers adjacent to them.  Shale found near coal seams is very acid, 

while those near limestone are basic.  Shale soils were usually clayey but less plastic and 

better aerated than limestone derived soils.  Loess contains good physical and chemical 

properties for plant growth.  Loess material at the surface of a spoil bank is highly 

productive but easily erodable.  Glacial till was variable in composition and needed 

careful attention.  Alluvium was very productive but rarely available because mining 

generally did not occur in valley bottoms (Limstrom, 1960).  

Limstrom and others note that plant growth in mine spoil can be similar to areas 

with eroded topsoil.  However, when soil is mixed with spoil bank surfaces, site 

productivity and biologic activity is enhanced (Torbert, 1995; Limstrom, 1960).  During 
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pre SMCRA mining, soil was commonly buried, especially in areas where it was too 

shallow to economically recover with a separate stripping procedure.  Furthermore, there 

was no economic justification for coal operations to remove, stockpile and replace the 

original surface soil.  If a soil substitute is used for the growth media, Bramble (1952) 

noted that it must have at least 20% soil-size particles for trees to survive.  Daniels and 

Zipper (1997) exclude excessively stony shale that contain greater than 80% stone for 

any type of plant growth.  In general, most types of weathered rock strata contain 20 to 

40% soil-sized fragments after blasting (Daniels and Zipper, 1997).  Plass and Vogel 

(1973) found that spoils from 10 coal seams produced an average of 37.2 % (<2-mm) soil 

sized material after mining and reclamation. 

Each rock type carries and passes important characteristics of pH, structure, 

texture, weathering, amount of soil material and erodability to the soil that develops 

(Limstrom, 1960).  In many cases, the mining process mixes overburden types producing 

a heterogeneous spoil surface for planting.  DenUyl (1955) noted that overburdens in 

Indiana are usually a mixture of glacial till, loess, limestone, thin-bedded shale and thick-

bedded shale.  Each rock type weathers differently.  DenUyl (1955) suggested the 

planting of fresh banks be deferred depending on the rock make up.  Sandy spoils 

weather and settles rapidly allowing planting in one to two years.  Silty shale and loams 

weather quickly to soils with good water holding capacity and good internal drainage.  

They are also plantable in one to two years.  Clay spoils weather to soils with poor 

drainage and aeration and it is recommended that planting take place after three to five 

years.  Tall, steep banks of shale are very un-stable and planting should be postponed 

four to five years (DenYul, 1955).  In general the more original soil or rapid soil forming 

material replaced on bank tops the better (Limstrom and Merz, 1949).  In Pennsylvania, 

Hart and Byrnes (1960) reported that spoils used for experimental plantings were thick-

bedded shale, yellow brown in color, and included sandstone and thin carbonaceous 

shale.  Spoils weathered rapidly, had a pH between 4.0 and 5.5, and a compact 

consistency.  For these spoils, rapid weathering takes place within the first few years but 

diminishes over time.  In West Virginia, Potter et al. (1951) noticed that most of the 

overburden returned to the surface was composed of sandstone and shale.  Spoils higher 
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in clay content weathered to soils with higher bulk densities.  However, the weathering of 

shale and sandstones also resulted in a decrease in permeability (Potter et al., 1951).   

Early surface overburden research focused on the material placed at the surface 

following mining.  Understanding the types of spoil and their changes during weathering 

increased the knowledge of soils that resulted.  Later research focused on controlling the 

type of rock returned to the surface.  SMCRA allows for selection of a topsoil substitute 

material if “the resulting soil medium is equal to, or more suitable for sustaining 

vegetation than the existing topsoil, and the resulting soil medium is the best available in 

the permit area to support revegetation” (Section 816.22).  Torbert (1995) compared tree 

growth across a gradient of spoil mixtures from pure sandstone to pure siltstone.  These 

spoils are common for contour mines in the Appalachian region. He concluded that the 

best surface spoil for loblolly/pitch pine hybrids was brown oxidized sandstone (Torbert, 

1995; Burger and Torbert, 1992).   

Daniels and Zipper (1997) recommended analyzing the types of rock strata during 

the mine planning phase and setting aside the most suitable type for the reclamation 

objectives set aside.  Ideal rock mixes include sandstone, shale and original topsoil 

material (Daniels and Zipper, 1995).  In the Appalachian region, Burger and Torbert 

(1992) recommend returning at least four feet of non-compacted, sandy loam textured 

mine spoil with a pH range of 4.5 to 5.5 for optimum tree growth.  They also suggested 

mixing in any original topsoil that is available.  The mixing of available surface soils 

increases the fine earth fraction and returns organic matter, nutrients, flora, fauna, and 

seed pools to the site (Vogel, 1981).  Now common practice in the central states, topsoil 

and subsoil from the underlying rock are removed and returned to the surface after 

mining.  Avoiding excessive compaction of topsoil, sub soil, or underlying overburden is 

the most important factor in topsoil replacement for both crop and tree growth (Daniels 

and Zipper, 1997).   

Careful analysis of the rock strata before mining is important for the proper 

selection of spoil for the surface of reclaimed mines.  Knowing the rock layer needed for 

reclamation will allow better planning by engineers and operators, potentially reducing 

stripping and stockpiling costs (Smith and Sobek, 1978).  Past research has demonstrated 

that a mixture of spoil types may be a useful for reducing harmful soil properties. The 
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rock mix used should contain a large proportion of oxidized, partially weathered material 

found underneath the original soil matrix. This rock type will weather quickly and 

contain less harmful material such as pyrite or free heavy metals that might be found in 

lower pH, unoxidized layers deeper in the rock profile.  Use of the rock layer directly 

under the soil matrix allows for its removal and storage with the topsoil on the surface.  

Retention of shallow surface soils will provide the reclaimed site with an improved 

growth medium having a higher fine earth fraction, native seed pools, and 

microbiological communities making the site better for reclamation.   

 

Grading 

 

Grading of reclaimed surface mines has proven to have significant impacts on tree 

growth.  Daniels and Zipper (1997) and White (1980) considered spoil compaction from 

grading the most significant factor influencing long-term plant success on reclaimed sites.  

However, as early as the 1960’s, states included grading requirements in their regulations 

(Limstrom, 1960). Currently all states carry a grading requirement under SMCRA.   

Grading was first used to improve the aesthetics of mined sites and later to 

facilitate revegetation of agricultural crops using hydro-seeding and machine planting 

(Limstrom, 1960).  The influence of grading varies by revegetation species, minesite 

conditions, mine soil characteristics (soil texture, consistency and coarse fragment 

content), and grading intensity (Limstrom, 1960; Limstrom and Merz, 1949).  Grading of 

wet soils may create pavement-like surface conditions, which prevent root penetration.  

Excessive grading of dry spoil may also create hard surfaces that increase runoff (Vogel, 

1981).  Grading effects are also dependent on spoil characteristics. Grading of fine 

textured spoils increased compaction levels; however, grading of coarse textured and 

rocky soils aided tree growth by collecting soil-sized material and reducing excessive 

voids (Vogel, 1981). 

Limstrom (1960) described two general types of grading, including three sub-

categories.  Smooth grading creates a level surface, removing large rocks, residual plant 

material and debris.  Smooth grading is the most expensive, requiring the greatest number 

of passes and develops the highest compaction and erosion levels.  Smooth grading is 
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most commonly associated with future land uses such as agriculture and development.  

Rough grading does not remove large obstructions, requires fewer passes, is less costly, 

and produces lower compaction and erosion levels.  Limstrom (1960) also included three 

sub categories of grading within the two main categories.  Complete grading requires the 

grading machinery to entirely traverse the surface, producing the highest compaction, 

erosion, and cost.  Terrace grading produces two or more levels on the site.  This method 

has intermediate impacts and cost.  Strike-off grading levels the tops of ridges left from 

the mining operation.  Strike-off grading is the least intensive, and it is primarily used to 

facilitate future site access (Limstrom, 1960). 

Torbert (1995) described three modern grading techniques that account for 

changes in reclamation practices.  First, steep slopes are graded to increase stability and 

to meet “approximate original contour” requirements of SMCRA.  Torbert (1995) 

considered AOC grading the least detrimental to site quality.  The second grading 

technique is used on level areas where spoil is trucked in, dumped in piles, and leveled 

with a bulldozer.  This method increases compaction because of the number of passes 

that are required to level the site.  The third type of grading is called “tracking in.”  This 

method is used before seeding of sites occurs.  A tracked vehicle traverses the entire site 

leaving tracks for the seed to catch.  This type of grading increases the already high levels 

of compaction from the other methods of grading (Torbert, 1995).   

Many experiments and observations testing tree growth on mined sites were 

developed to test the effect of grading.  Potter et al. (1951) noted that complete grading 

resulted in 25% less natural vegetation establishment.  He also reported that sites partially 

graded had similar amounts of vegetation as non-graded areas.  Non-graded areas 

provided a rougher surface for lodging seeds, looser rooting media, higher levels of 

moisture in the upper few inches, and lower surface temperatures than graded areas 

(Potter et al., 1951).   

Three-year tree survival on graded and ungraded spoils in southern Illinois 

produced mixed results.  The survival of ash, black locust, and eastern red cedar were not 

different between graded and ungraded spoils, while sweetgum, loblolly pine and 

shortleaf pine grew better on ungraded spoil.  The height growth of all species, with the 

exception of black locust, was better on ungraded spoils (Deitschman, 1950a).  Limstrom 
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(1960) reported that after ten years, white pine grew to 0.7 m on graded areas and to 2.0 

m on ungraded areas.  In an experiment in Virginia with several hardwood species, 

Burger and Torbert (1990) found survival averaged 42% on graded areas and 70% on 

ungraded areas.  They attributed lower survival on graded areas to high spoil strength, 

limited water holding capacity, and poor tree planting performance. 

Torbert (1995) reported a study of three grading intensities on third year tree 

growth.  Survival rates for loblolly pine across all three treatments was around 50%.  

Sycamore had a 64% survival rate on intensively graded areas and survival averaged 92% 

on both moderate grading and intensive grading with ripping.  Tulip poplar and 

sweetgum survival rates were 66% and 75%, respectively across all three treatments.  

White pine survived poorly across all treatments.  White pine’s best survival was 17 % on 

the moderately graded sites.   

Six years later, the effects of grading were more discernable (Burger, 1999a). 

Loblolly pine survival was 50% on ripped sites, 30% on moderately graded sites and 20% 

on intensively graded sites.  On intensively graded plots, Sycamore survival was around 

50%. Sycamore survival on moderately graded sites had dropped to 50% by the ninth 

year. On intensively graded sites with ripping, survival remained high (greater than 83%).  

Third and nine-year survival results for tulip poplar were the same for ripped plots.  

However, moderately graded sites had dropped to 25% survival and intensively graded 

sites were close to 0% survival.  Sweetgum survival decreased on ripped sites to 63% and 

to 39% and 32% on moderately and intensively graded sites, respectively (Burger, 

1999a). The effect of grading on height growth over nine years was harder to discern.  

Except for loblolly pine, the height growth of each species on intensively graded and 

moderately graded sites were similar. Loblolly pine heights were greatest on the 

moderately graded sites (3 m).  Sycamore height growth was greatest on ripped sites (3.1 

m).  Tulip poplar was slightly taller on the ripped sites, but the height growth across all 

three treatments ranged from 1.8 to 1.4 m.  White pine performed poorly after nine years, 

averaging less than 12% survival and 1.2 m in height growth. White pine did not survive 

on intensively graded sites.  

Zeleznik and Skousen (1996) compared 46 years of growth for three species 

planted on leveled and un-leveled sites in Ohio.  Average survival and height growth for 
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white ash, tulip poplar, and white pine was 24.7 % and 16.7 m on leveled sites and 26.4 

% and 20.8 m on un-leveled site.  White ash had the best survival and growth on leveled 

sites (46.6% survival, 18.6 m). White ash survival and growth on non-leveled sites was 

40% and 18.5 m.  Tulip poplar had 3.3% survival and 14.8 m of height growth on leveled 

sites, and 20.7% survival and 22.2 m height growth on un-leveled sites.  White pine had 

better survivals on leveled sites (25.2% leveled, and 18.5% un-leveled) but grew taller on 

un-leveled sites (16.7m leveled, 21.7 m un-leveled).   

Ashby and Kolar (1998) reported the thirteen-year results of hardwoods planted 

on stripmine banks representing pre and post-SMCRA conditions.  Both pre- and Post-

SMCRA sites were composed of mixed overburden.  Pre-SMCRA sites were un-leveled 

and post-SMCRA sites were either graded to approximate original contour or graded and 

topsoiled.  An old-field site was used as a control.  Results indicated that heights were 

greater on ungraded plots.  The dbh of trees on the ungraded sites were greater that those 

grown on the control site.  Tree heights were lowest on the topsoiled site.  Tree form was 

the best on non-graded sites.  Oak species commonly had the highest survival rates across 

all treatments during the thirteen-year period (Ashby and Kolar, 1998). 

The compaction levels created during grading are the result of alterations in site 

characteristics.  Two of the most important characteristics are spoil texture and 

consistence.  Limstrom and Merz (1949) found that shale, and massive sandstone had a 

low percentage of loose consistency that resulted in minor impacts from grading.  

However, on clayey, limestone spoils, black locust height growth was 0.5 meter lower.  

Increased grading on clay spoils resulted in decreased tree growth (Boyce and Neebe, 

1959).  Greater compaction levels existed on spoils high in clay. Finn (1958) found the 

height growth of planted white pine, white ash, black locust, and tulip poplar was 

retarded on graded sites.  The negative impacts of grading increased as the trees aged.  

Survival for these species varied by site depending on the soil texture and coarse 

fragment content (Finn, 1958).  Larson and Vimmerstedt (1983) reinforced Finn’s 

observations reporting that the same white pine and tulip poplar, 30 years later, still 

showed the negative impacts of compaction.  The effects of grading were less evident on 

sandstone than shale.  Planted white ash had the best survival on graded and partially 

graded sites.   
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Larson et al. (1993) tested white pine and green ash trees in spoils that were 

topsoiled and graded (current standard), topsoiled, graded and then ripped, and just 

leveled gray cast overburden.  Plots were also seeded with grass and legume treatments at 

different times of the season.  Performance of the tree species on un-seeded plots was 

similar to seeded plots.  Early survival results indicated that ash seedling survival 

averaged 96% across all treatments.  Average survival for the pines across all treatments 

was 36%. Pine survival rates on cast overburden plots were 6%.  The cast overburden in 

which the pines were planted had a pH of 7.9, indicating potential nutrient problems for 

pine, which are better acclimated to acid spoils.  The average green ash height growth for 

the first two years was 9 cm. White pine growth averaged only 1 cm for the same time 

period.  Control of competing vegetation had only nominal effects likely due to higher 

than average rainfall during the studies growing seasons (Larson et al., 1993).  The 

authors concluded that above average rainfall confounded normal relationships, 

especially the effect of competing herbaceous species and compaction.  However, root 

expansion may not be sufficient for these trees to have encountered differences in 

compaction across the treatments.  

Akala and Lai (1999) compared the biomass growth between Ohio reforested sites 

and pasture sites under graded and non-graded reclaimed conditions.  Graded forest sites 

contained 80 to 100 Mg ha-1 of biomass 25 yr after reclamation. The pasture sites, also 25 

yr after reclamation, contained 7 to 8 Mg ha-1 of biomass.  Under non-graded conditions 

forest sites contained 75 to120 Mg ha-1 of biomass and the pasture sites contained 5 to 6 

Mg ha-1 of biomass, both 30 yr after reclamation (Akala and Lai, 1999).  

While finding adequate levels of plant available water is a problem on some un-

graded sites, on graded sites repeated traffic may cause traffic pans, perching water in the 

rooting zone causing saturated and hypoxic conditions (Daniels and Zipper, 1997).  These 

traffic pans were found to limit growth because of increased erosion during wet periods 

and droughty conditions during dry periods (Torbert et al., 1994).  Burger and Johnson 

(1997) reported that grading and compaction limited rooting depth and increased 

droughty conditions, reducing a tree’s ability to utilize site resources.  Grading also has 

an effect on the water storage of mine spoils, increasing moisture extremes on mined sites 

(Ashby, 1987; Ponder, 1983; Limstrom, 1960).  In 1959, Boyce and Neebe reported that 
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flood intolerant species had reduced survival and growth for at least 10 years after 

planting.  They concluded that grading produced unequal settling on sites that resulted in 

pooled water and drowned trees.  On graded clay banks drought conditions resulted from 

increased bulk density, lowered infiltration rates, lowered saturated hydraulic 

conductivity, and lower macropore space (Limstrom, 1960).  Grading also increased 

sheet and rill erosion rates, and the puddling and crusting of the surface (Limstrom, 

1960). 

In only rare cases has grading had a positive effect on tree height growth.  In the 

anthracite region of Pennsylvania grading produced significant increases in growth and 

survival (Czapowskyj, 1970).  Tree heights were twice as great on graded spoil as 

ungraded spoil.  Czapowskyj noted that this result might be attributed to the low 

precipitation during the experiment and the very coarse spoil texture.  Grading the rough 

spoil may have increased the water holding capacity of the spoil, reducing the moisture 

stress of the dry season, allowing trees to grow better.  On an experiment in Ohio, white 

ash survived and grew better on graded spoils (Zelenik and Skousen, 1996). Even after 46 

years, its growth continued to be greater on the leveled sites in this study. 

Re-grading of older, abandoned mined lands may also change spoil acidities. 

Grading may remove less toxic material suitable for plant growth and expose fresh toxic 

material.  However, the opposite can also occur.  On a study located in Illinois, Boyce 

and Neebe (1959) reported that grading changed the soil acidity by mixing surface 

material.  Ungraded material had an average pH less than 4, while graded spoils averaged 

6.4.  This led to a difference in species survival. 

With the effect of grading and compaction now well known, researchers have 

devised methods to avoid creating compacted conditions.  Ashby (1996, 1978) suggested 

changing grading techniques on the midwestern coalfields where many open mines are 

dug by dragline.  Ashby reported that dragline leveling does not affect spoil properties as 

significantly as tractor grading.  This could help to reduce compaction.  Ashby (1996) 

reported good growth of various hardwood species on a site partially leveled by dragline 

in southern Illinois.  Indorante, (1981) showed that dragline grading produced lower bulk 

densities in relation to tractor grading. 
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Burger and Torbert (1992) suggested grading guidelines for Virginia that may be 

applicable in other states in the eastern coal regions.  These guidelines have the goal of 

maximizing site quality for forest tree growth.  On flat sites, grading should be done with 

a small bulldozer, minimizing the number of passes after the spoil has been end dumped.  

Tracking in should not be used on flat areas, slopes less than 20 % or slopes less than 100 

feet in length.  Moffat and Roberts (1988) studied the use of ridge and furrow topography 

on disturbed sites with high water tables.  Compaction resulting from construction of the 

growth media negatively impacted tree growth.  They suggested the reduction of heavy 

traffic during construction of the ridges.  This would remove the need for ripping before 

planting.  Moffat and Roberts (1998) suggested using dump trucks to lay the growth 

media and shape the ridge with an excavator positioned adjacent to the bank.  

Time is also a factor for reducing site compaction.  Zeleznik and Skousen (1996) 

reported little difference in bulk densities between similar sites that had been graded and 

not graded 46 years ago.  They hypothesize that 46 years of freeze thaw cycles, root 

penetration, and organic matter inputs have reduced the effects of grading. 

Since grading produces extremes in conditions that can vary over the site, 

designing a planting plan is often difficult.  On non-compacted spoil banks where soil 

properties may vary, the climatic effects can be estimated more assuredly by the normal 

relationships of aspect, slope, and texture.  Compacted sites seem to result in soil 

properties that fluctuate between soil extremes, increasing water problems and enhancing 

competition from other vegetation.  Minimizing compaction of the growth material 

results in better growth and survival for most planted species.  Reductions in compaction 

are readily achieved by reducing the number of passes by heavy machinery and rubber-

tired vehicles. 

 

Ground Cover 

 

The use of ground cover to stabilize site conditions, reduce erosion, and 

ameliorate negative site characteristics has been the interest of surface mine reclamation 

since the passage of SMCRA.  Past research in forest reclamation noted that ground 

cover is a balancing act. If the ground cover used is too sparse, erosion problems occur.  
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If the ground cover is too vigorous, it excessively competes with trees for light, nutrients 

and water.  Limstrom and Merz (1949) reported that moderate ground cover protected 

trees from wind exposure, accelerated soil formation, reduced erosion, and increased 

organic matter and soil nitrogen.  In dense cover, they found up to 16% tree mortality due 

to competition and release was required during the first two years. Dense cover also 

facilitates seedling herbivory.  Conversely, with only light cover, tree losses to 

competition and herbivory were negligible. 

Boyce and Neebe (1959) noted that a dense ground cover of sweet clover 

(Melilotus officinalis) killed the trees planted in it.  On sites with dense cover, tree 

survival rates were: ash (71%), red cedar (52%), and black walnut, black locust, Virginia 

pine, loblolly pine, osage orange between 34 to 29%.  Tulip poplar and cottonwood were 

planted but did not survive.  Groundcover plantings on sparsely vegetated sites actually 

helped survival and growth by reducing surface temperatures and increasing organic 

matter.  Black locust and ash had 83% survival, while sweetgum, black walnut, osage 

orange, pitch pine, and red cedar survived 60 to 70%.  They concluded that dense 

groundcover had a greater effect on early survival than height growth (Boyce and Neebe, 

1959).  On acid banks, ground cover was found beneficial to tree growth (Limstrom and 

Merz, 1949). 

Limstrom (1960) categorized two types of cover.  Ground cover includes all 

grass, weeds, shrubs, and trees.  Crown cover is limited to larger trees.  On strip mines, 

heavy cover completely shaded 50 % or more of the tree seedlings during the first year.  

Light cover shaded less than 50% for the first year.  Limstrom also included three strip 

mine crown cover classes, light (<10%), moderate (10 –75%), and heavy (> 75%).  He 

noted that second year survival of trees in light cover was 61% for 17 different tree 

species. In heavy cover, survival averaged 27%. 

Finn (1958) tested red pine, white pine, green ash and tulip poplar in plots seeded 

to yellow clover, plots with a mixture of sericea lespedeza (Lespedeza cuneata (Dumont) 

G. Don) and orchard grass (Dactylis glomerata), and control plots.  Results were 

generally inconclusive because of the sporadic growth of the seeded species.  The author 

did note that height growth of white ash and other species growing in dense patches of 

lespedeza was retarded.  Larson and Vimmerstedt (1983) observed green ash, tulip 
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poplar, white pine, and red pine on Finn’s (1958) ground cover test after 30 years.  Where 

the trees grew well, the ground cover had faded to patches.  Green ash survived best in 

sweet clover.  Red pine had the highest survival in the orchard grass/lespedeza mix.  

White pine and tulip poplar performed best when planted without cover.  From this 

experiment, Larson and Vimmerstedt (1983) also concluded that groundcover was not 

related to diameter or height growth. 

Tree compatible ground covers are designed for quick site stabilization and the 

uninhibited development of planted trees.  Vogel (1981) suggested that concurrent 

establishment of ground covers and tree planting was the best option for the eastern US, 

though success of concurrent establishment is strongly influenced by the amount of 

rainfall during the initial growing seasons.  Seeding of low growing legumes is better for 

tree planting than grasses (Vogel, 1981). 

Torbert (1995) made several recommendations for tree compatible ground cover 

based on his research.  Tree compatible species must rapidly germinate to provide good 

initial cover, be tolerant of mine soil conditions, and include both grasses and legumes for 

nitrogen fixation.  Burger and Torbert (1992) suggest grasses and legumes be slow 

growing, sprawling, tolerant of acid and infertile spoils.  Burger and Torbert (1992) 

recommend adopting a design of initial floristics, which includes a mix of both annual 

and perennial grasses and legumes.  The annual grasses provide quick initial cover the 

first year.  The annual mixture should include cool and warm season grasses to provide 

adequate cover throughout the year.  This mix can be altered to include higher amounts of 

cool season grasses if the site is in a cooler region and vice versa.  The perennial grasses 

should be slow growing, taking over the second year.  The legumes should become lush 

the third year and have given the planted trees time to become established.  The legumes, 

which help to fix nitrogen and input organic matter, will be slowly shaded out as the trees 

grow (Burger and Torbert, 1992).   

Vogel (1981) discussed tree seeding mixtures for different seasons.  For early 

spring, seeding mixes should include, oats, barley, wheat, or rye.  For late spring to early 

summer, sorghum (Sorgham vulgare), pearl millet (Pennisetum glaucum L.), and 

Japanese millet (Echinochloa crusgalli spp. Utilis) are suggested.  In late summer and 

fall, wheat, rye, annual rye grass (Lolium multiflorum Lam.), and hairy vetch (Vicia 
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villosa Roth.) are suggested, though herbicides may need to be applied the following 

spring when trees are planted (Vogel, 1981).   

Torbert et al. (1995) evaluated conventional post-SMCRA ground cover and tree 

compatible groundcovers on the establishment of white pine.  The tree compatible ground 

cover produced similar site coverage as the conventional cover during the first five years.  

Tree establishment was unaffected by the ground cover treatments. This was likely due to 

the acidic nature of the spoils, which prevented the development of the clover that was 

seeded in the conventional treatments (Torbert et al., 1995). 

Tree compatible ground cover recommendations suggest species for rapid initial 

cover and non-inhibiting to tree survival and growth.  Low seeding rates of weeping 

lovegrass (Eragrostis curvla Schrad. Nees var curvula) is recommended for slopes with 

pHs as low as 4.0. Other annual grasses used are foxtail millet (setaria italica L. Beavis) 

and rye grass. Suggested perennial grasses include ryegrass, red top (Agrostis alba L.), 

and on steep slopes, orchard grass (Dactylis glomerata L.).  For pH as low as 5.0, 

birdsfoot treefoil (Lotus corniculatus L.) is suggested (Burger and Torbert, 1992; 

Addendum, 1971).  Kobe lespedeza (Kummerowia striata (Thumb.) Schindl.) is another 

legume suitable for use besides birdsfoot treefoil.  Species to avoid include K-31 tall 

fescue (Festuca arundinacea Schreb.) and all clovers except ladino clover.  If there is 

concern over aggressive ground covers interfering with tree seedling establishment, non-

seeded strips may be left along the contour for tree planting (Davidson et al., 1983).  

These strips give the trees time to establish themselves.  In the following year, as 

herbaceous species invade the strips, trees will have already acclimated and be more 

competitive.  Herbicides can also be used to defoliate strips or protect seedlings and may 

be needed for 1 to 2 years afterwards with especially competitive herbaceous species 

(Davidson et al., 1983). 

 

Nurse Tree Selection 

 

Nurse trees have been used to enhance tree productivity by increasing soil organic 

matter, adding nitrogen, and improving other soil physical properties.  Under current 

regulations, nurse trees help to achieve minimum stocking requirements and proper levels 
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of ground cover for bond release. Suggestions for nurse trees and shrubs include black 

locust, autumn olive (Eleagnus umbellate Thumb.), European black alder, bristly locust 

(Robinia hispida L.), red bud (Cercis canadensis L.), and bicolor lespedeza (Lespedeza 

bicolor Turcz. Var. japonica nakai) (Burger and Torbert, 1992).  Burger and Torbert 

(1992) also recommend that shrubs and other small sized legumes be used to provide 

long-term ground cover and further enhance N inputs into the soil.  Vogel (1981) 

recommends that nurse trees not make up more than ¼ to 1/3 of a tree species mix. 

Historically, black locust has been widely planted in pure plantings, tree mixtures, 

and as a nurse tree.  Black locust was widely used because of its rapid site stabilization, 

high survival, rapid height growth, wide range of planting conditions, and ability to fix 

nitrogen (Medvick, 1973; Limstrom, 1960; Deitschman and Lane, 1952).  Black locust 

almost universally failed in pure plantings because of locust borer attack that devastated 

stands before grew to a size suitable for mine timbers and posts (Ashby, 1978; 

Deitschman and Lane, 1952).  Once infested, borer damage may destroy a black locust 

stand in 8-12 years (Potter et al., 1951).   

Black locust was first recommended as a nurse tree for its use on old-field sites 

where it proved to be effective (Limstrom, 1960).  Black locust was found to moderate 

site characteristics for other hardwoods and it encouraged good form in other hardwoods 

(DenUyl, 1962; DenUyl, 1955; Potter et al., 1951; Limstrom 1948).  However, black 

locust is not suggested as a nurse tree for most species of pine (Boyce and Neebe, 1959; 

Limstrom, 1948; Medvick, 1973).  Its prolific branching and thorns often damage the 

terminal leader of pine (Burger and Torbert, 1992).  Pines may also have problems under 

the shade produced by this fast-growing species.  Torbert et al. (1995) found eight year 

old planted white pine overtopped and suppressed by hydroseeded black locust. 

Experience and testing showed that locust could be used as a nurse tree in 

simultaneous plantings of different hardwood mixtures and for underplanting hardwoods 

after the hardwoods were established (Deitschman and Lane, 1952).  The amount of 

black locust for use in planting mixes has been experimented with extensively.  Early 

planting recommendations suggested black locust at proportions as high as 75% 

(Limstrom, 1948).  Potter et al. (1951) recommended that black locust make up 50% of 

strip mine plantations in West Virginia.  However, further experimentation revealed that 
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locust’s rapid early growth overtops and shades out all but the most tolerant hardwood 

species (Ashby, 1978; Limstrom, 1960; DenUyl, 1955; Deitschman and Lane, 1952; 

Limstrom, 1948).  Later, the percentage of black locust planted was reduced to less than 

50% and included a thinning of the locust at 6 to 8 years if borer attacks were low 

(Limstrom, 1960).  Both Ashby (1978) and Boyce and Neebe (1959) recommended that 

locust be planted at less than 25% density in hardwood mixtures. 

Planting experiments also contained valuable information about the species that 

would grow well with black locust.  Limstrom (1960) recommended that red oak, 

chestnut oak, tulip poplar, black walnut, sweetgum, green ash, white ash and sugar maple 

be used in plantings with black locust.  Cottonwood and sycamore were deemed not 

suitable (Limstrom, 1960; Boyce and Neebe, 1959).  Ashby et al. (1966) found greater 

growth of trees under black locust due to increased nitrogen levels (Ashby et al., 1966).  

In another experiment, tulip poplar survived better than red or white oak in plantings with 

black locust (Larson and Vimmerstedt, 1979).  Boyce and Merz (1959) cautioned that 

sycamore and tulip poplar survival was less than 20% when black locust planting density 

was greater than 50%.  Remarkably, oaks survived well even at black locust density of 

75%. 

Loblolly pine was interplanted with either black locust or black alder to test their 

effects on the pine’s growth.  After nine years, loblolly pine heights averaged 5.5 meters 

(Burger, 1999). However, tree height, soil nitrogen, and tree nitrogen content were 

similar to those in the control plots.  Pines planted in the nurse tree plots tended to have 

lower diameters and live crown ratios indicating potential competition with nurse trees. 

Successful hardwood underplanting in black locust is related to various stand 

factors (Limstrom and Merz, 1949).  As in simultaneous plantings, very intolerant species 

should not be used (Deitschman and Lane, 1952).  Timing the break up of the locust 

overstory due to borer attack is important.  If the break up occurs within eleven years 

after underplanting, trees will be successful.  If not, intolerants such as sweetgum, tulip 

poplar and cottonwood will fail (Limstrom, 1960).  In 1952, Deitschman and Lane 

recommended underplanting ash, sweetgum, tulip poplar, and black walnut.  If 

underplanting occurs after the locust canopy has opened, a dense understory will out 

compete trees (Boyce and Neebe, 1959).  The dense understory was found to develop 
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from 5 to 10 years after opening the locust canopy.  Experiments showed that white ash 

can sustain itself in the dense understory, but tulip poplar and white pine cannot 

(Limstrom and Merz, 1949).  Therefore, planting is recommended during the start of the 

locust borer attack.  At this time, tulip poplar, black walnut, sugar maple, osage orange 

have all been successfully underplanted.  Twelve years after proper underplanting, Boyce 

and Neebe (1959) found that tulip poplar and black walnut were greater than 30 feet tall. 

Other problems noted with underplanting studies with black locust were its ability 

to basal sprout, rodent herbivory of under planted trees, and the high cost of the 

underplanting operation (Ashby, 1978; Limstrom, 1960; Boyce and Neebe, 1959; Finn, 

1958; Limstrom and Merz, 1949).  Ashby (1996) reported the 47-year results of 

underplanting hardwoods in 10-year-old shortleaf pine and black locust.  By 1955-1965, 

both of the overstories were gone and the hardwood survival was better under pine than 

the locust.  In another experiment, tulip poplar was planted under 15-year-old black 

locust in 1954.  The black locust canopy was completely gone 22 years later and tulip 

poplar was growing well (Ashby, 1978). 

Finn (1958) tested tulip poplar, white ash, and white pine for underplanting in a 5-

year-old decadent black locust stand in Ohio.  Failure of the white pine occurred the year 

of underplanting (75 % mortality).  The white ash was the only tree species surviving in 

adequate numbers (30%) five years later.  The white ash grew twice as fast under the 

black locust as it did on plantings in reference stands located on open banks and old fields 

(Finn, 1958).  Tulip poplar had failed by the fifth year.  High mortality resulted from 

browse and competition from herbaceous species.  Re-measurement of these plantings 

showed that tulip poplar had recovered and grown somewhat better than surviving red 

and white oak (Larson and Vimmerstedt, 1983). Species growth comparisons within 

different densities of planted hardwoods and black locust were made.  Survival of tulip 

poplar was greatest in a 1:3 (hwd:locust) ratio. However tulip poplar grew best when 

planted alone. Black locust seemed to do best when planted in mixtures (Larson and 

Vimmerstedt, 1983). Unfortunately, the 1983 results were confounded due to 

measurement of plantings not included in the original study and re-mining of some 

original study sites. 
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Another experimental nurse tree used on stripmines is European black alder.  

Plass (1977) indicated that European black alder has rapid height growth (7-9 meters in 

10 years), and will increase site organic matter and N.  He found that hardwoods and 

pines planted on a 2x2 meter spacing with European black alder, (sycamore, sweetgum, 

ash and white pine) showed increased growth.  Cottonwood and loblolly pine died 

between 5 to 10 years after they were planted with the alder. Virginia pine survived but 

was suppressed. 

A mixture of nurse trees less than 25% of the total mix will provide nitrogen 

accumulation, protection from exposure, and crop tree form enhancement.  Black locust 

may be a good choice for interplanting with hardwoods if it is not planted adjacent to 

shade intolerant species. Black locust can be underplanted if the timing is right.  Trees 

should be planted as the locust canopy breaks up, but before a dense herbaceous cover 

becomes established and out competes them.  Evidence from the literature suggests that 

black alder may be a better nurse tree for conifer plantings.  However, neither species is 

suitable for planting on pH less than 3.5 (Burger and Torbert, 1992; Davidson, 1979).  

For very acid conditions, Burger and Torbert (1992) recommend planting bristly locust. 

 

Establishment Methods 

 

The re-establishment of trees on mined sites falls into three different categories.  

Traditional seedling planting, direct seeding, and more recently, hydroseeding have been 

used depending on site conditions and species diversity.  Machine planting has been used 

on graded sites, but the rocky nature of mined sites limits its success. 

Historically, hand planting has been the most common tree establishment method 

during mined land reclamation (Research Committee, 1965; Potter et al., 1951).  Hand 

planting is still the recommended method of planting pines (Burger and Torbert, 1995).  

However, hand planting has proven ineffective in compact, stony spoils (Torbert, 1995; 

Potter et al, 1951).  Limstrom (1948) outlined different hand-planting methods for use on 

surface mined lands.  The bar-slit method is recommended for loose non-compacted spoil 

of sandy or loamy texture.  It is not recommended on heavy clay or stony textures.  The 

side-hole method may be used on spoils where the bar-slit method is found ineffective 
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(Limstrom, 1948).  Limstrom and Merz (1949) tested the above methods on clay-

limestone and shaly loam spoils.  After two years, trees planted by the different methods 

produced similar growth results.  Larson and Vimmerstedt (1983) tested the survival of 

tulip poplar and white pine using the bar-slit, side-hole and center-hole methods.  

Survivals of the two species were not different among planting methods. 

Limstrom (1960) also discussed the use of machine planting.  Machine planting is 

more efficient than hand planting but is severely limited to areas with small amounts of 

rock on the surface and slopes of less than 25% (Research Committee, 1965; Limstrom, 

1960).  This often limits the use of machine planting to heavily graded areas where 

planting success is limited by compaction.  Also, machine planting is not economically 

viable on areas less than 2 to 3 acres (Research Committee, 1965) making it a poor 

choice for small contour mine sites. 

Direct seeding is another method of tree establishment, which provides a lower-

cost means of tree establishment (Potter et al., 1951). Direct seeding was thought to be 

most effective by simulating invasion of natural systems on exposed mineral soil 

(Limstrom and Merz 1949).  However, research has shown that direct seeding is limited 

to heavy seeded species (Limstrom, 1948) and produces highly variable results (Vogel, 

1981).  Failures commonly occur with lighter seed due to erosion, seed predation, 

excessive heat and drought (Research Committee, 1965; Limstrom, 1960; Finn, 1958; 

Potter et al, 1951; Limstrom and Merz, 1949; Limstrom, 1948).  Plass (1974) 

recommended avoiding direct seeding fine textured spoils because surface crusting can 

interfere with seedling emergence. 

Limited success was reported with direct seeding of black locust in Pennsylvania 

(Research Committee, 1965) and with black walnut, longleaf and loblolly pines in other 

areas (Ashby, 1996; Plass, 1974; Boyce and Merz, 1959).  Vogel (1981) suggests using 

direct seeding of pines in southern states such as Alabama and Tennessee.  Limstrom and 

Merz (1949) reported that only 14% of their experimental plots produced established 

trees.  Stand establishment failures were correlated with poor germination rates (as low as 

7%), but poor seed preparation was also blamed for failures with such species as black 

cherry.  Germination and survival was best on limestone clay spoils than on acid shale 
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spoils. Aspect did not play a significant role in germination according to Limstrom and 

Merz (1949). 

Finn (1958) reported direct seeding results for 8 hardwoods and 5 conifers on 

spoil banks in Ohio.  Four species failed to germinate in the field (Eastern red cedar, 

black cherry, white ash, and white oak).  Bur oak and black walnut had the highest 

survival rates (52% and 29 % respectively), and all others survived less than 20% of the 

time.  After thirty years, bur oak and black walnut still had the highest survival rates 

(37.2 % and 17.2%, respectively) (Larson and Vimmerstedt, 1983).  Each species 

survived better on south aspects.  Bur oak survived best on calcareous spoils, and black 

walnut survived worst on acid spoils, regardless of aspect. 

Two experiments showed potential for direct seeded trees if the trees finally 

become established.  Ashby (1996) compared the growth and survival of seeded black 

walnut to planted black walnut seedlings.  After 47 years noticeable differences in height 

and diameter growth were not apparent.  Boyce and Merz (1959) also noticed that black 

walnut seed grew as well or better than planted seedlings. 

The most recent advance in establishment methods is hydroseeding.  Burger and 

Torbert (1992) recommend hydroseeding as an option for establishing nurse trees.  This 

method reduces operational expenses but is not recommended for the establishment of 

commercial tree species because of poor control over tree spacing and distribution 

(Torbert et al., 1995).  This method is applicable for wildlife plantings, hayland/ 

pastureland and ground cover establishment.  Hydroseeding is also useful on steep slopes 

where hand planting or mechanical planting is not possible.  Good results have been 

demonstrated with small seeded species such as black locust, Virginia pine, red pine, and 

Scots pine (Research Committee on Coal Mine Spoil Revegetation in Pennsylvania, 

1971). 

During the planting phase, different patterns and mixtures of tree species may be 

used to meet reclamation goals. Vogel (1981) discussed four types of species mixtures 

used on strip mines in the eastern US.  Random mixtures include those that have no 

arrangement of planted species.  Single row mixtures require one species to be planted 

per row.  Adjacent rows are made up of different species.  Multiple row mixtures include 

species planted in two or more adjacent rows.  Finally, block or group mixtures involve 
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the planting of one species in a block with different species making up adjacent blocks.  

According to Vogel (1981), nurse trees should be uniformly spaced throughout plantings. 

Pine species should be planted in monocultures or blocks using no less than five rows per 

block.  Pine species may be randomly mixed if they have similar growth rates.  The 

mixing of hardwoods and pines was not recommended, though mixes of blocks of pine 

and hardwoods may be desirable and functional for increasing diversity.  Intolerant 

hardwoods may be spaced in alternate rows with shade tolerant pines producing a quick 

crop of pulpwood followed by a pine-dominated canopy when hardwoods are harvested.  

Hardwoods such as cottonwood, sycamore, and hybrid poplar should be planted in pure 

stands or block mixtures. Other hardwoods can be planted in mixtures (Vogel, 1981). 

Hand planting seems most applicable for planting the diverse conditions on 

surface mined sites.  This is especially true for commercial forestry post mining land uses 

where tree spacing is important.  Hand planting allows a knowledgeable planter to choose 

planting location (eg. maximizing shelter on exposed sites) and species for certain site 

conditions (eg. hydrophilic species in poorly drained bottoms).  Mechanical planting is of 

low value because of the site conditions required for their use.  If direct seeding is used, it 

should be only for heavy seeded species such as black walnut and large acorn oaks that 

are able to withstand the harsh environment of surface mines.  Hydro-seeding is most 

applicable for establishment of initial tree-compatible ground covers and non-commercial 

nurse species. 

Tailoring species mixes and planting design is also important for maximizing 

usable space, providing the highest diversity and success on mined sites. Species mixes 

can be chosen to fit certain site conditions and management objectives. Planting 

arrangements can maximize tree growth on the most productive space and facilitate later 

intermediate operations and future harvesting operations. 

 

Soil/Spoil Effects 

Slope, Aspect, Topography, Erosion, and Moisture 

Mined site conditions are critical to plant community development.  Open pit 

mining commonly creates spoil bank conditions similar to areas with natural variation in 

aspect and topography (Deitschman and Lane, 1952; Limstrom and Merz, 1949).  Slope 
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position influences spoil moisture levels, soil depth, exposure to light and wind, extremes 

in temperature, and degree of erosion (Limstrom, 1960; Deitschman and Lane, 1952). 

Early researchers divided open pit landscapes into categories based on slope 

aspect, and topography.  Limstrom and Merz (1949) divided reclaimed mined sites into 

four broad categories according to slope position.  Northern and Eastern slopes, Southern 

and Western slopes, ridge tops, and bottoms.  Limstrom (1960) divided sites into upper 

slopes (ridge tops and the upper two thirds of slopes) and lower slopes (the lower one 

third of the slope and bottoms).  If the relief of the site was less than 4.5 meters, 

Limstrom (1960) considered the whole site to be lower slope. 

Limstrom (1960) observed that the effects of topography, slope, and aspect on 

moisture is the most important factor for tree growth on mined sites.  Moisture is one of 

the most important factors in plant community establishment on mined land (Bramble 

and Ashley, 1955; Croxton, 1928) and its relation to slope and aspect will mask other 

limiting conditions until alleviated (Limstrom, 1960). 

The best moisture conditions exist on lower slopes, creating conditions for 

optimum plant survival and growth.  Croxton (1928) noted the presence of thriving plant 

communities in moist areas such as drainages, the bottom of slopes, and around pond 

edges.  Plants existed there when steep slopes and ridges remained barren.  The 

vegetation spreads from wet areas to the rest of the site (Croxton, 1920).  Haynes (1983) 

noted 73 % of invading tree species were found on lower slopes and inter-bank valleys.  

Hart and Byrnes (1960) found that height growth of almost all tested species was better 

on lower slopes.  They attributed this to deeper soil and favorable climatic conditions on 

lower slopes.  Trees n lower slope measured by Deitschman and Lane (1952) were taller 

than trees on upper slopes.  Limstrom and Merz (1949) reported variable growth of black 

locust depending on slope position, moisture, and growing season. Black locust grew an 

average of 2.6 m on ridge tops, 3.3 m on slopes and 3.4 m in bottoms.  Finn (1958) found 

slightly taller planted hardwoods and pines on the lower slopes of a test bank in Ohio. 

Early studies reported mixed results when tree growth and survival was correlated 

with aspect.  Limstrom and Merz (1949) concluded that the lack of variation in black 

locust growth between northeastern and southwestern slopes was explained by better 

moisture conditions on the northeastern slopes and longer growing seasons on the 
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southwestern slopes.  Aspect had little effect on the growth of pine and hardwood planted 

on strip mines in Ohio (Finn, 1958).  However, Finn (1958) did report that tree heights 

were greater on northeast than southwest aspects.  Limstrom (1960) concluded that aspect 

alone had little effect on tree height growth, though he did note that southwest slopes 

were drier during low precipitation periods.  Riley (1975) found naturally revegetated 

trees with the largest diameters on northern, northeastern and southern aspects.  Haynes 

(1983) found sparser plant communities on drier, south facing slopes, while northern and 

eastern slopes had improved water relations and more vigorous plant communities.  

Conversely, Larson and Vimmerstedt (1983) reported 30-year results from direct seeding 

experiments.  Average survival was greater on southern aspects for bur oak and black 

walnut.  Black walnut survival was 7% on southern slopes and 3% on northern slopes. 

Mined land research on site conditions have resulted in site specific tree planting 

recommendations.  Many authors suggest planting drier site species on ridge tops and 

upper slopes (Deitschman and Lane, 1952; Limstrom and Merz, 1949).  Boyce and Neebe 

(1959) found that conifers grew better on upper slopes and ridges, while hardwoods grew 

better on lower slopes and valleys.  On northern and eastern slopes, black walnut, 

cottonwood, green ash, white ash, sweetgum, and silver maple are recommended.  On 

southern and western slopes, pines, red cedar, osage orange and black locust are 

recommended.  Special recommendations were also developed for lower slopes and areas 

subject to flooding.  Cottonwood, sycamore, ash, silver maple and sweetgum were 

considered the best for those situations.  Extremely wet bottoms, containing wetland 

vegetation such as cattails, should be avoided during planting of most tree species 

(Limstrom, 1960). 

The slopes commonly created by open pit surface mining make erosion another 

important consideration in revegetation. Bramble and Ashley (1955) found un-leveled 

banks ranging in slope from 30 to 70 %.  As the degree and length of slope increases, 

erosion rates increase.  On steep areas, loose material tends to move downward due to 

moving water and freeze/frost cycles.  Un-stable slopes were commonly un-vegetated for 

more than 30 years (Bramble and Ashley, 1955).   

Early research showed that poor stability of freshly deposited spoil banks makes 

tree establishment difficult.  Boyce and Neebe (1959) had little success establishing trees 
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in highly erosive spoils.  They recommended waiting for the site to reach a stabilized 

condition through erosion and mass wasting.  Deitschman and Lane (1952) reported that 

fresh banks had high levels of erosion and siltation resulting in the death of planted trees.  

Older banks having slopes greater than 65% continued to have similar problems. 

Direct seeding was not advised in high siltation areas.  Limstrom (1960) noted 

that loss of pine, eastern red cedar, and black walnut in areas with high siltation rates 

because seeds were buried and did not germinate properly.  Steep slopes and increased 

runoff inhibited water infiltration and increased overland flow, washing seeds from the 

site.  Increased erosion on steep slopes undercut vegetation on upper slopes and buried 

vegetation on lower slopes (Grunwald et al., 1995).  Bare soil seeding experiments by 

Bell and Ungar (1981) reinforced direct seeding problems.  Seeds placed on the soil 

surface could not gain purchase, while seeds buried below the surface could germinate 

but were not able to grow through the surface. 

According to Vogel (1981), spoil texture compounded the effects of slope on 

erosion rates.  Fine textured material such as siltstone, shale and “mudstone” tended to be 

a common component of post-mining spoil material (Vogel, 1981).  Five out of seven 

eastern Kentucky samples analyzed for particle size resulted in silty clay loam or silty 

clay textures (Barnhisel and Massey, 1969).  Banks of loess material had extremely high 

erosion rates making the recently mined and non-vegetated landscape un-stable.  Banks 

made up of sandy or silty material were also considered high erosion hazards.  Clay spoil 

banks had the lowest erosion hazard.  Granular and single grain structure had higher 

erosion rates than platy or blocky structures (Limstrom, 1960). 

Erosion rates can also vary depending on established vegetation.  Limstrom 

(1960) noted that siltation is higher under conifers than hardwoods.  He recommended 

not planting conifers on lower slopes where the siltation risk is high.  Limstrom (1960) 

reported that spoil bank erosion usually improved lower slope and valley bottom 

conditions.  In the bottoms, soil depth was greater, pH more stable, and available 

nutrients higher. 

The fine earth content of surface and subsurface spoils influence the success of 

plant establishment.  Commonly, the high rock content of the surface layers drain water 

from the rooting zone creating water stress during high temperatures or droughty periods.  
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Surface mining leaves bare blasted rock on the surface, which has little in the way of 

organic matter, further reducing the water holding capacity of the site (Brenner et al., 

1984).  Sites with soil-sized particles occupying less than 20 percent of the total volume 

limited plant establishment during invasion (Bramble and Ashley, 1955).  Skousen et al. 

(1994) found that abandoned mined lands in West Virginia with high surface rock 

percentages had almost complete vegetation coverage after 20 to 33 years.  Conversely, 

the presence of rock fragments, especially when mixed with fine textured spoils act as a 

surrogate for soil structure, improving water relations and aeration (Scencindiver and 

Smith, 1978).  Over time, rock fragment contents tended to decrease, a result of physical 

and chemical weathering (Skousen et al., 1995).  Unique surface conditions, such as the 

presence of a surface shale layer with few soil-sized particles also make plant 

establishment difficult.  Such areas dry out quickly and do not provide the plant with 

purchase for germination and growth (Bramble and Ashley, 1955).  Areas with high 

surface rock content do not allow roots access to moister soil layers below. 

Plants attempting establishment on spoil surfaces are also subject to exposure 

from the sun, wind, and varmints.  Barren spoil banks expose plants to the full extent of 

the wind, increasing direct plant moisture loss and moisture loss from the soil surface.  

Lower soil moisture levels increase plant mortality from drought and winter kill (Bramble 

and Ashley, 1955).  High temperatures on exposed spoil banks also subject plants to heat 

injury.  Bramble and Ashley (1955) noted surface spoil temperatures approaching 130oF 

on dark-colored, south facing spoil banks in Pennsylvania (Table 13).  Bell and Ungar 

(1981) compared open spoil surface temperatures to surface temperature under 

established vegetation over a 24-hour period.  Spoil temperatures in open areas were 4-

6oC higher than spoil temperatures under vegetation.   

Seeds exposed on the rough spoil surface may be preyed upon by graminivores.  

Bramble and Ashley (1955), while experimenting with direct tree seeding, found animals 

consumed seeds sown throughout fall and winter months.  Mumford and Bramble (1973) 

indicated that predation of seeds by small mammals had the potential to preclude future 

vegetation establishment on mined sites.
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Table 13: Air and spoil temperature on Pennsylvania spoil (Bramble and Ashley, 
1955).  

 

The interaction between site slope, physical spoil characteristics, and plant 

available moisture has an impact on the type and extent of vegetation that is capable of 

becoming established.  Creation of sites with lower micro-site slope and a more 

heterogeneous spoil mixture (both partially weathered fine earth and coarse fragments) 

will reduce erosion and siltation, increase bank stabilization, increase water infiltration, 

and improve surface conditions.  The degree of slope and choice of surface material that 

promotes plant establishment and water retention is of high importance during slope 

construction.  Care should be taken to avoid the compaction problems that occur on post-

law AOC sites.  Slopes are not as steep, but infiltration capacity may be slow due to 

compaction of surface spoil. 

 

Spoil Nutrients and Fertilization 

 

The availability of spoil nutrients is as variable as the spoil material that is 

distributed on the site (Lindsay and Nawrot, 1981).  Minesoil nutrient availability is a 

function of the overburden material found on the surface, its pH, and its degree of 

weathering.  As rock weathers, it releases nutrients.  The pH of the spoil and soil solution 

dictate whether the nutrients present become available in the soil solution, precipitate, or 

attach to exchange sites.   

In some cases the nutrients from spoil weathering are adequate for tree growth.  

They may even be available in greater quantity than natural soils (Ashby et al., 1984; 
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Limstrom, 1960; DenUyl, 1955; Finn, 1953).  Brenner et al. (1984) reported that mined 

soils surveyed in Pennsylvania contained nutrient levels comparable to abandoned 

farmland.  Riley (1975) observed that nutrients important to plant growth (N, P, K, S, 

Mn, FE) were found in higher concentrations on a mined site than an old field nearby. 

However, the supply of nutrients may change over time due to additional rock 

weathering.  Johnson and Skousen (1995) noticed decreases in base saturation, and 

leaching of base cations with increasing age on two of three study sites.  

Nutrients are often deficient in mine soils.  Researchers have reported that rock-

derived nutrients such as P and K are limiting in some mine soils (Daniels and Zipper, 

1997; Andrews, 1992; Scencindiver and Smith, 1978; Woodmasee et al., 1978; Barnhisel 

and Massey, 1969; Hart and Byrnes, 1960). Byrnes and Miller (1973) found N, P, and K 

levels limiting vegetation establishment on minespoils in Indiana.  Croxton (1928) found 

low levels of N, but P and K levels were comparable to fertile loam soils (Croxton, 

1928).  Czapowskyj (1970) reported that naturally-available plant nutrients were too low 

for normal plant growth on spoils tested from the anthracite region of Pennsylvania.  He 

also found that the total bases were higher on graded spoils than ungraded spoils.  

However, calcium accounted for 79 to 83% of the bases.  Torbert et al. (1994) found soil 

P to be the most limiting nutrient for white pine growth on reclaimed mined sites.  Hart 

and Byrnes (1960) tested spoil in Pennsylvania and found P deficiencies at 3.88 kg ha-1.  

Potassium on the same site was reported as adequate (108.56 kg ha-1).  Ashby (1996) 

tested five Illinois spoils and found average P levels around (5.8 ppm), and potassium 

levels near 143 ppm.  The variability of nutrients and toxic levels reported indicate the 

complexity of site conditions after mining. 

The replacement of original topsoil may increase the levels of available nitrogen 

and other nutrients contained in organic matter and microbial residues, as well as the 

presence of the microorganisms capable of mineralizing nitrogen (Woodmasee et al., 

1978).  According to Daniels and Zipper, (1997) rapid accumulation of organic matter, 

nitrogen, establishment of organic P pools, and maintenance of N-fixing legumes are 

important for establishing of stable biologic systems on mine spoils. These factors are 

crucial to the maintenance of long-term mined site productivity (Daniels and Zipper, 

1995).  Fresh spoil is often devoid of N.  Haynes (1983) found low N levels on fresh spoil 
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related to lack of organic matter.  The only way to increase N levels are with fertilization, 

microbial fixation, mineralization of organic matter, and inputs from rainfall (Daniels and 

Zipper, 1997; Limstrom, 1960; DenUyl, 1955).  On sites 5 to 100 years in age, 

atmospherically-deposited nitrogen pools ranged from 20 to 90 kg ha-1 yr-1 (Woodmasee 

et al., 1978).  Torbert (1995) stressed the establishment of a stable N-cycle as important 

to tree growth.  According to Torbert (1995) it is crucial to facilitate the accumulation of 

organic matter, which will hold N on the site.  However, on many sites, amendments such 

as sewage sludge and wood chips are not necessary.  Many tree species are capable of 

obtaining nitrogen through natural sources or with the help of legumes (Woodmasee et 

al., 1978).  Hart and Byrnes (1960) found spoil organic matter contents of 1.1 to 4.4%.  

Most was assumed to be coal pieces associated with the spoil. 

Fresh spoils may also be low in water-soluble phosphorus.  As weathering takes 

place, spoil pH commonly decreases making P available.  However, iron oxides, also 

formed during weathering, may ultimately fix P and decrease its availability.  Phosphorus 

in freshly weathering spoils of southwestern Virginia was rapidly fixed by Fe oxides and 

goethite (Howard et al., 1988).  Iron oxides, which are abundant in Virginia geologic 

groups, increase in activity within new spoils due to blasting, which breaks up rock into 

ultra fine, highly-reactive material (Daniels and Zipper, 1995; Howard et al., 1988).  

Decreases in potassium over time were also apparent in these spoils due to leaching and 

increased absorption by illite. 

Though some sites are adequate in plant essential nutrients, others are not. Still 

others are high in phyto toxic elements.  Lindsay and Nawrot (1981) reported that barren 

areas generally have lower pH and elevated levels of phyto toxic elements.  Vegetated 

areas had moderate pH, moderate nutrient levels, and lower levels of toxic elements.  

Poor site conditions due to elemental toxicity are alleviated through leaching, increased 

weathering, and the presence of a plant community.  Riley (1975) noted a decrease in 

iron, zinc, and aluminum concentrations after 15 years of weathering.  Grunwald et al. 

(1995) reported high Al levels, and N and P concentrations below critical levels on barren 

and partially vegetated sites.  Conversely, nutrients were elevated in areas where 

vegetation had become established.  On sites measured by Bell and Ungar (1981) Mn, 

Mg, Ca, and K concentrations were near plant critical levels and Al concentration was 
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toxic in both open and vegetated areas.  Torbert et al. (1994) noted that Mn levels greater 

than 20 ppm adversely affected white pine height growth.  Plass and Vogel (1973) found 

spoils originating from 4 of 10 coal seams with aluminum and exchangeable acidity 

levels capable of limiting vegetation establishment. 

In most cases, fertilization rates for trees are less than for agriculture (Vogel, 

1981).  In an early Ohio study, alternative rows of white pine, white ash, and tulip poplar 

were fertilized with 36 grams of diced meat scraps and 4 grams of potassium sulfide 

mixed into the planting hole.  After 10 years, the white ash and tulip poplar had higher 

survival rates on the fertilized plots.  The opposite was true for white pine.  White ash 

also averaged 12 % higher on the treated plots (Finn, 1958).  After 30 years, the effects of 

this treatment were not apparent (Larsen and Vimmerstedt, 1983).  Plass and Vogel 

(1973) tested the nutrient potential of spoils collected from 39 surface mined sites in 

southeastern West Virginia.  They found that addition of nitrogen and phosphorus 

resulted in increases in greenhouse plant growth across the majority of the samples. In 

Kentucky, N and P additions to the soil 20 to 25 cm from the planted seedlings increased 

growth of hardwoods, including sycamore, sweetgum, black locust and black alder, but 

did not affect their 3-yr survival (Vogel, 1981).  Vogel (1981) noticed the same result 

when phosphate was added to the holes of planted black locust and European alder. 

In Pennsylvania, the success of direct seeded black locust was increased when 44 

kg of N and 90 kg of P205 ha-1 were added to the site prior to seed application 

(Addendum, 1971).  Care should be taken when seeding and fertilizing both tree and 

herbaceous species on the same site.  Competition from vigorous herbaceous species may 

out compete the tree seedlings (Vogel, 1981).  Stiver fertilized seedlings with 90 kg ha-1 

of ammonium nitrate. This resulted in new shoot growth that was 2 to 3 times faster than 

untreated banks.  However, non-significant results occurred when areas low in 

phosphorus were fertilized with lime and rock phosphate (Stiver, 1949).  Schoenholtz and 

Burger (1984) tested slow release fertilizer and other cultural treatments on three pine 

species for two years after planting.  Fertilizer applications alone caused the greatest 

increase in growth over other cultural treatments, which included weed control and 

mycorrhizae inoculation.  In this study, the slow release fertilizer applied close to the 

planted trees stimulated pine growth without increasing herbaceous growth.  In a later 
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study, Torbert et al. (1995) found that fertilizer tablets did not influence the 5-yr growth 

of white pine when the spoil material and ground covers were properly applied. 

Fertilizer and liming should only be used to meet the needs of newly established 

cover.  Daniels and Zipper (1997) suggested that N fertilizer be applied at rates below 76 

kg ha-1 because higher rates are subject to leaching and volatilization. Daniels and Zipper 

(1997) suggest the use of sewage sludge and wood chips to increase a site’s organic 

matter and nitrogen levels.  Schoenholtz et al. (1992) reported that inorganic nitrogen was 

important on newly established mine sites, but the effect was only realized during the 

first year.  Torbert (1995) suggested nitrogen applications of 50-75 kg ha-1.  This rate is 

enough to support good tree growth without fertilizing the competing vegetation that 

tends to overtop the tree seedlings.  Furthermore, if high levels of N are present in the 

soil, N-fixers will not fix N over their own needs.  Torbert (1995) also suggested P 

fertilization rates greater than 100 kg ha-1 to support the development of a long-term P 

supply. 

Though fertilization generally produces increased tree growth there are other 

means of increasing nutrient pools on a surface mined site.  The literature strongly 

suggests the use of legumes to increase nitrogen levels (Daniels and Zipper, 1997; 

Torbert, 1995; Torbert el al., 1994; Schoenholtz et al., 1992; Ponder, 1983).  Historically, 

leguminous nurse trees have been used (locust and alder species).  Plass (1977) 

experimented with the use of European elder as a nurse tree in Kentucky.  His results 

were discussed above in the Research and Operational Experiences section of the 

literature review (page 77).  Deitchman (1950) found survival rates of 84% for trees 

planted under black locust.  The same tree species planted under shortleaf pine and 

without cover had survival rates of 72% and 52%, respectively.  More recently, 

Schoenholtz et al. (1992) found that 479 kg ha-1 of N had accumulated in the surface soil 

of sites seeded with legumes such as kobe lespedeza, birdsfoot trefoil, appalow lespedeza 

(Kummerowia striata Thunb. Schindl.), and ladino clover (Trifolium repens L.).  

Schoenholtz et al. (1992) also fertilized with 50 to 75 kg ha-1 of N and 100 kg ha-1 P. 

Depending on the spoil type, nutrient requirements of planted trees may be met by 

the freshly weathering material. On some sites not all the nutrients are available for 

adequate tree growth. Daniels and Zipper (1997) and Howard et al. (1988) concluded that 
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N limits early plant growth and over time P becomes more limiting.  Establishment of 

biological systems that cycle these nutrients is critical to the development of stable forest 

systems on mined sites. Fertilization, N-fixing trees and legumes, and surface soil 

replacement may all constitute means to establish those cycles. Fertilization rates for 

nitrogen deficient sites should occur within the first year at rates of 50 to 75 kg ha-1, 

allowing tree responses without enhancing the growth of competing vegetation. 

Phosphorus fertilization for establishment of long-term phosphorus nutrient supply 

should be greater than 100 kg ha-1. The literature suggests that fertilization helps to 

increase tree growth but does not directly increase tree survival. 

 

Soil/Spoil Acidity 

 

The process of mine reclamation commonly results in a mix of different types of 

rock that gets placed on the surface (Johnson and Skousen, 1995; Brenner et al., 1984). 

The weathering of these heterogeneous rock mixtures produces pH differences along the 

spoil surface and throughout the reconstructed profile. Overburden found near the coal 

seam is generally higher in toxic material and weathers to spoil of lower acidity.  Material 

more distant from the coal seam, including shale, limestone, loess and glacial till, contain 

carbonates and commonly has a higher pH (Limstrom, 1960).  Burger and Torbert (1992) 

concluded that partially weathered sandstone found directly below the surface in the 

Appalachian region is best for sites planned for forests.  Other un-oxidized sandstones 

and shale, lower in the profile, have the potential to weather to various pH levels. 

Research on surface spoil acidity has yielded variable results.  Bell and Ungar 

(1981) found that pH did not vary between mined areas that were naturally vegetated and 

those that remained barren.  However, Byrnes and Miller (1973) found that the presence 

or absence of vegetation was strongly correlated with pH.  A factor influencing the 

acidity of mine spoils is the type of overburden returned to the surface after mining.  In 

many cases this material is the last layer of rock removed before extraction of the coal 

seam.  On other sites, the spoil replaced on the surface is a mixture of rock types 

(Limstrom, 1960).  For these reasons, mine spoil acidity can vary from meter to meter 

over the site.  The distribution of acidic areas across the post mining landscape is 
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commonly haphazard due to the mixing effect of the mining process (Deitschman and 

Lane, 1952).  Very strongly acid areas (< 3.5 but as low as 1.5) develop from rock strata 

that contain pyrite (FeS2), which oxidizes to form sulfuric acid when placed at the surface 

(Daniels and Zipper, 1997; Lindsay and Nawrot, 1981; Scencindiver and Smith, 1978; 

Bramble and Ashley, 1955; Deitschman and Lane, 1952; Arnon and Johnson, 1942; 

Croxton, 1928).  Rock with iron sulfide is common in roof coal, reduced shale and 

sandstones.  At high acidities, S, Fe, Al, Mn dissolve and can accumulate at levels toxic 

to plants (Scencindiver and Smith, 1978). 

Low pH is also damaging to plants through hydrogen ion toxicity, reduced 

nutrient availability, reduced microbial activity, and increased Al, Fe, and Mg.  At pH of 

less than 3.0, plants are unable to absorb Ca and P (Arnon and Johnson, 1942).  While 

studying spoils from three sites in eastern Kentucky, Barnhisel and Massey (1969) found 

that the most acid samples (pH 2.16 and 2.85) had the low amounts of Ca and K and high 

amounts of Al, which would have prevented plant establishment. Samples containing 

pyrite were also high in iron.  Strongly acid sites visually appear as dark, moist (high 

hydroscopic action of acid), greasy spots on the spoil surface. 

High pH (>7.8) is caused by the presence of calcium and magnesium carbonates.  

At high soil pH, micronutrients such as Mn, Zn, Fe as well as P may become deficient 

(Daniels and Zipper, 1997; McBride, 1994).  Riley (1975) found an amelioration of pH 

on sites after 39 years of weathering (3.6 to 4.4).  On western mines, pH is commonly 

alkaline (Nicholson, 1984).  In areas where spoil has a pH of 8.5 to 9 many 

micronutrients are not available for plant uptake.  At a pH of greater than 9.0, phosphorus 

can’t be absorbed by herbaceous species (Arnon and Johnson, 1942).  Tree species, 

which favor a more acidic soil environment, may experience P deficiencies at less basic 

extremes.  Also, extremes in pH may hamper mycorrhizal relationships that are important 

to tree growth (Czapowskyj, 1970).  On naturally invaded stripmines, Johnson and 

Skousen (1995) and Skousen et al. (1994) found sites with pH >5 dominated by 

herbaceous plants.  Sites with lower pH contained greater numbers of trees.   

Limstrom (1960) organized mine spoils into three broad ranges of acidity.  Toxic 

areas have a pH of less than 4.0.  In toxic areas, little to no plant growth occurs.  A pH of 

less than 3.8 was assumed to be lethal to most common plants.  Values of pH below 4 
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limited vegetation development 34 to 45 years after mining (Byrnes and Miller, 1973).  

Acid areas have a pH between 4.0 and 6.9.  Here Limstrom reports that trees can grow, 

but merchantable crops can’t be produced on pH of 4.0 to 4.5.  Bramble and Ashley 

(1955) found that pH varying from 4.0 to 5.5 was not un-favorable for tree growth. 

Calcareous spoils have a pH greater than 7.0.  Limstrom suggests that this range is most 

suitable for the widest variety of plant growth.  Patton et al. (1970) listed acidity classes 

similar to Limstrom’s.  Toxic areas had pH less than 3.9.  Acid areas ranged from 4.0 to 

5.4 and medium acid to calcareous from 5.5 to 7.5.  Patton et al. (1970) specifies the pH 

range of 4.0 to 7.5 as plantable for tree species in Ohio.   

Limstrom (1960) also categorized spoil banks for acidity in order to increase 

operational efficiency.  Since acidity varies by the nature of striping, toxic, non-plantable 

banks were banks with greater than 75% of the surface toxic.  Marginal banks, were 

banks that had 50 to 75% of the surface made up of toxic material.  Marginal banks were 

not considered useful for growing merchantable timber.  Acid banks were banks that had 

greater than 50% of the surface spoil acid. These banks could be re-forested.  Calcareous 

banks were banks that had greater than 50% of the surface calcareous and could be 

forested.  Limstrom (1960) also included a mixed class for areas where the acidity was 

not discernable.  The mixed class presents the manager with the most difficult tree 

planting decisions.   

Spoil acidity is also a function of time.  The pH of surface spoils can change over 

time as rock fragments weather and oxidize (Daniels and Zipper, 1997).  Weathering, 

leaching, runoff, and erosion change acidity levels under certain conditions (Boyce and 

Neebe, 1951; Arnon and Johnson, 1942).  Erosion can remove toxic spoils to expose less 

toxic materials and vice versa (Arnon and Johnson, 1942).  Daniels and Zipper (1997) 

noted a change in spoil pH from 8.0 to 3.0 in a matter of months.  In other areas, the 

toxicity can persist for more than 10 years (Boyce and Neebe 1951).  Limstrom (1960) 

still reported toxic acid spots present after eight years of weathering on sites in Ohio. 

The heterogeneous distribution of spoil acidity may impart a patchy organization 

to naturally succeeding or planted vegetation.  Initially, areas with moderate pH are 

colonized first. Barren areas with pH extremes may remain barren indefinitely.  Though 

there is the potential for hot spots to occur, restricting vegetation for many years, pH 
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levels that plants can tolerate will most likely control the initial distribution of vegetation 

patches.  Planting problems develop when trees are planted in surface spoils that measure 

moderate in pH, but the spoils just below the surface are toxic (Limstrom and Merz, 

1949).  Many of the trees are able to survive for 5-10 years but then die as their roots 

expand into the toxic subsurface.  This pattern has been observed typically in acid spoil 

areas.  On calcareous spoils, trees planted tend to die by the second growing season. 

Highly variable pH led to many planting experiments.  Limstrom and Merz 

(1949) reported that toxicity killed 2 to 8% of all tree species planted after two years.  

They recommended that spoils below a pH of 4.0 not be planted.  Growth rates of trees 

that survived on the toxic sites were also reduced.  Black locust height growth after two 

years on spoil with a pH of 3.0 to 3.5 was 1.1 m.  Black locust height growth when 

planted on a bank with pH 6.7 to 7.8 over the same time period was 2.2 m.  Potter et al. 

(1951) noticed natural vegetation covered less than 1% of areas with pH less than 4.0.  

However, vegetation establishment was not affected on areas with a pH greater than 4.2 

(Potter et al., 1951).   

Acid spots resulted in 50%, 30% and 25% survival for planted tulip poplar, white 

pine, and white ash, respectively (Finn, 1958).  Height growth was also reduced for those 

trees surviving on acid spots.  Boyce and Neebe (1959) suggest that pines be planted on 

acid sites.  However, they noted that all trees grew best on sites with a pH of 6.5.  

Detichman and Lane (1952) reported that pine plantations were not affected by a pH 

greater than 4.5.  Higher acidity spots caused a definite decrease in pine growth.  Acid 

spots covered an area greater than 10%, reduced average pine height growth by 0.9 m 

(Detichman and Lane, 1952).  Hart and Byrnes (1960) observed that tree survival rates 

were greatly affected by a pH lower than 3.3.  On their sites, red oak, pitch pine, red pine, 

and Jack pine were the only survivors.  However, pitch, red, and Jack pine had the best 

height growth on this acid site.  Hart and Byrnes (1960) concluded that low spoil pH 

affects height growth less than it affects survival.  Davidson (1979) designed an 

experiment to test establishment success on strongly acid banks (pH<4.0).  The average 

pH was between 3.1 and 3.6.  Of the tree species tested, none of the commercial tree 

species survived well enough to be considered commercially productive. 
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Hardwoods seem better suited for planting in higher pH spoils. Conifers tend to 

survive better in lower pH spoils, but do well in spoil with a pH up to 6.5 (Boyce and 

Neebe, 1959).  Spoil acidity seems to be associated with survival of planted tree species.  

This is even more apparent when surface spoil effects on recently planted trees is 

considered.  However, there is evidence that spoil acidity (especially subsoil pH) is 

important to long-term tree growth.  The variability of mine spoil is well documented and 

can vary from meter to meter and year to year across a mined site.  These variations 

depend on the degree of weathering and the spoil material in question. 

 

Woody Species Diversity and Forest Succession 

Mined sites contain a myriad of problems as well as benefits for biological 

systems.  Productive sites develop rich communities with both primary and secondary 

successional stages with varying habitat types from ponds to arid ridges.  Edges and 

patches provide habitat for many terrestrial creatures.  Investigators of mined land have 

noticed that a multitude of conditions and stages of community development can exist on 

mined sites.  On some sites, natural succession seems to proceed in expected time frames, 

while other plant communities have a hard time establishing for many years after mining. 

 

Woody Species Succession on Abandoned and Non-Forested Minelands 

 

Riley (1975) reported the vegetation development of a 1.6 ha surface mine in 

Ohio that was mined 28 years earlier (1918).  Invading tree species found on the mine 

included: cherry (40.4% frequency), red maple (38.2%), white ash (10.4%), big-tooth 

aspen (4.4%), elm (2.0%), blackgum (1.7%) and sassafras, red oak, and dogwood.  

Invading trees were of small size and scattered location.  Roughly 85% of the landmass 

was still unvegetated (Riley, 1975).  Fifty-seven years after mining took place the 

naturally revegetated area contained many more tree species in large numbers and small 

size classes (< 2.5 cm dbh). Other species present now that were not present 29 years ago 

included tulip poplar, beech (Fagus grandifolia Ehrh.), and white oak.  Trees measured 

in 1946 were noted to have increased in size and height (Riley, 1975). 
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Skousen et al. (1999) investigated the woody species invasion on three mountain 

top removal sites in southern West Virginia and compared the woody composition to 

non-mined reference sites.  All three sites had been reclaimed to guidelines, which 

require seeding grasses and legumes.  Total tree canopy cover increased from 28 percent 

on a 19 year old site, that had not included black locust in the seeding mix, to 70% on the 

other two sites (22 and 23 years old), which had included locust in the seeding mix.  

Total tree cover on non-mined sites ranged between 84 and 88 %.  Other information 

indicated that forest succession was occurring at a faster rate on areas that were not 

seeded to grasses and legumes than to those that were.  Sites that were seeded to grasses 

and legumes contained both early-successional tree species (black locust) and 

opportunistic invaders (red maple).  Areas that were left clear after mining contained 

similar tree species with higher numbers and the addition of tulip poplar and sourwood, 

which represent slightly later stages of succession (Skousen et al., 1999).  Non-mined 

areas contained later-successional species that are representative of the Appalachian 

hardwood community (red oak, hickory (Carya spp.), blackgum (Nyssa sylvatica Marsh. 

var. sylvatica), and black birch (Skousen et al., 1999). 

Skousen et al. (1994) investigated 15 abandoned mine lands in West Virginia for 

information about natural revegetation.  Their investigation involved sites from three 

different coal beds (Pittsburgh, Kittaning, Freeport).  A total of 29 tree species were 

found across the 15 sites.  The average amount of tree canopy cover for each site type 

was: Pittsburgh (67%), Kittaning (33%), and Freeport (145%).  The most common tree 

species found were black cherry and red maple. The Pittsburgh sites contained red maple, 

tulip poplar, black cherry, hawthorn (Crataegus spp.), and sycamore.  Some sites within 

the Pittsburgh type contained small percentages of red oak, tulip poplar, and white oak.  

The Kittaning sites commonly contained red maple, black birch, tulip poplar, black 

cherry, and white oak.  Two of the younger sites did not contain measurable amounts of 

tree cover.  The typical woody species on Freeport sites included red maple, black birch, 

aspen, cherry, and black locust. Skousen et al. (1994) listed parent material, nurse logs, 

brush piles, small ridges and depressions, soil patches with low acidity, high nutrients, 

and good moisture as potential site conditions for invasion success.  Site age was not a 

factor in plant community development on the abandoned mined lands in this study. 
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Woody Species Invasion on Reforested Mined Sites 

 

Though the establishment of tree plantings on mined sites restores a biotic 

community, in most cases the initial woody species diversity is limited to those species 

planted.  Over time, and depending on a variety of factors, the invasion of other woody 

species increases the diversity on planted stripmines.  Thompson et al. (1984) 

investigated the vegetation development on an 18 yr-old surface mine in Laurel county, 

Kentucky.  They found 272 volunteer woody and herbaceous species from surrounding 

forests. 

On mined sites increases in woody species diversity comes from invasion of 

species from nearby forest sites.  Three different plantations on a surface mine in Bell Co, 

of eastern Kentucky were studied for woody species diversity (Wade and Thompson, 

1999).  The three types of plantations; mixed hardwoods, mixed pine and black locust, 

were planted in 1965.  Measurement of the stands 25 years later revealed that a variety of 

woody species had become established there.  Originally, the hardwood plantations 

contained seven planted species.  The 25-year measurements revealed that the stands 

contained 57 woody species.  The mixed pine plantations were originally planted to three 

pine species.  Twenty-five years later they contained 47 woody species, many of them 

native hardwoods.  Finally, the black locust monocultures contained 47 woody species 

after 25 years of growth.  Most of the black locust had declined due to locust borer and 

the main canopy contained a large number of red maple and other native hardwood tree 

species (Wade and Thompson, 1999). 

Zeleznik and Skousen (1996) found 13 different volunteer tree species under four 

tree species transplanted into mine spoil in Ohio.  Elm species were found in the majority 

of the areas sampled.  Black cherry was secondary in frequency of occurrence.  Other 

common species included red maple, white pine, black locust, and white ash.  The 

transplanted white pine contained an average of six species at each of the three 

measurement sites.  White ash and tulip poplar sites contained an average range of 1 to 5 

species.  White pine plantations were cited as having the best understory conditions for 

volunteer species invasion (Zeleznik and Skousen, 1996). 
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Ashby et al. (1980) examined tree invasion on stripmine test plantings by the 

Forest Service and several coal companies from the mid 1940’s to early 1950’s.  They 

reported the highest numbers of volunteers on sites where planted species failed.  They 

hypothesized that the failed planted trees may have caused favorable conditions for 

invaders.  They found that shortleaf and white pine sites had the most volunteers, while 

red pine and red cedar sites had the fewest.  High invasion rates were observed under 

sweetgum, ash and tulip poplar, while lower rates were found under red oak and silver 

maple.  The most common invaders on their study sites were black locust, hackberry, 

black cherry, mulberry (Morus rubra L.), and ash.  Other later-successional invaders 

included tulip poplar, basswood (Tilia americana L.), and sugar maple.  Ashby et al. 

(1980) suggests planting those trees to enhance development of more advanced stage 

stands.  On a 47-year-old tulip poplar site in southern Illinois, Ashby (1996) found black 

cherry, white oak, and flowering dogwood (Cornus florida L.) as well as exotic shrubs 

(Japanese honneysuckle and autumn olive) and native woodland herbs. 

Holl and Cairns (1994) investigated a chronosequence of surface mined sites in 

southwestern Virginia.  In 1993, sites ranged from less than five years old to 30 years old 

and had all been either planted with Eastern white pine or seeded with black locust.  Both 

site types were also seeded with grasses and legumes.  Adjacent non-mined sites were 

also investigated.  Their results indicated that the vegetation strata of older sites 

(reclaimed 25-30 years) were still far from developing woody species composition 

similar to non-mined reference sites.  However, some species common on reference 

stands were also found on the older sites.  The authors suggest the lack of some species 

on the mined sites that were found on non-mined sites was due to the stressful conditions 

present on reclaimed surface mines.  However, results from this study were inconclusive 

in regards to the successional development of these sites, a result of differences in 

reclamation before and after SMCRA. 

Plantings of 27 year-old black locust and shortleaf pine underplanted with 

hardwoods also contained appreciable amounts of invading hardwoods (Ashby et al., 

1966).  Box elder (Acer negundo L.) was found in highest numbers under the black 

locust.  American elm (Ulmus americana L.) was found in the largest numbers under the 

shortleaf pine.  Cottonwood, which had reached a maximum dbh of 48 cm, was only 
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found in the pine stand.  Other volunteer tree species noted in the two stands were 

sycamore, black cherry, and hackberry (Celtis occidentalis L.).  Invading species made up 

1.5 square meters of basal area under the black locust and one square meter of basal area 

under the shortleaf pine.  Thirty-year results indicated that the volunteers remaining were 

box elder, American elm, hackberry (under locust) and black locust (under shortleaf).  

These volunteers made up 3.0 square meters of basal area under the locust and 2.6 square 

meters under the pine (Ashby and Kolar, 1977). 

Ashby also completed a description of this stand’s vegetation development in 

1962-1963 where he made comparisons of the types of plant species invading the two 

types of sites.  Results indicated that plant community development under the black 

locust was typical of mesic forest areas.  The planting of the black locust on a 1.2 m 

spacing was dense enough to prevent the establishment of woody invaders for some time 

after their planting.  Those hardwoods planted under the canopy eight years later should 

make up the next canopy in the plots where they were planted (Ashby, 1964).  In other 

areas the few hackberry, sycamore, elm, and black cherry will have to wait for further 

invasion.  The community under the shortleaf pine was composed of species that 

represented succession on old-fields.  Records of the species invading for the past 27 

years indicate that the pine canopy had done less to modify original site conditions.  Tree 

invaders were greater on the pine sites showing better establishment but poorer growth.  

Besides cottonwood, sycamore and willow oak (Quercus phellos L.) were also present 

(Ashby, 1964). 

Andrews et al. (1998) listed tree species that had invaded five to nine year-old 

eastern white pine plantations on surface mines in southwestern Virginia and 

southeastern West Virginia.  They found 31 tree species on 78 plots.  Sourwood and red 

maple were found in the highest frequency, 82% and 92% of the plots respectively.  

Other invaders included tulip poplar and sweet birch, occurring on at least 50% of the 

plots.  Species representing later successional stages were also found occurring in 15% of 

the plots (northern red oak and hickory) (Andrews et al., 1998). 
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Species Invasion and Dispersal Mechanisms on Stripmines 

Wind and Air Dissemination 

Wind disseminated seeds are an influential factor in re-colonization of mined sites 

(Grunwald et al, 1995; Lindsey and Nawrot, 1981; Bramble and Ashley, 1955). Light 

seeded species such as aspen, bigtooth aspen, red maple, tulip poplar, sourwood 

(Oxydendron arbureum L.), cottonwood, American elm, sycamore, birch, and boxelder 

were noted as successful early woody invaders of sites in both the central and eastern 

coalfields (Wade and Thompson, 1999; Skousen et al., 1994; Wade et al., 1990; Ashby, 

1984; Bramble and Ashley, 1955; Merz and Plass, 1952; and Croxton, 1928). Croxton 

(1928) also mentions non-woody invaders such as Pennsylvania smartweed 

(Polygonmum pennsylvanicum L.), hedge badweed (Convolvulus sepium L.), and 

Ragweed (Ambrosia spp.) gaining early positions on mined sites. Other non-tree, wind 

disseminated invaders include aster (Aster spp.), horseweed (Lactuca canadensis L.), 

hawkweed (Hieraclum spp.), goldenrod (Solidaog spp.), and cinquefoil (Potentolla spp.) 

(Holl and Cairns, 1994).  Species invasion via wind has also been reported in western 

states.  There, species colonizing mined sites are wind borne species of herbs, grasses, 

annuals, and trees (Nicholson, 1984). 

In some cases, wind-invading species seed sources were located in adjacent forest 

stands.  However, most wind-invading species have the ability to become established 

from areas distant to the mined site.  Commonly, these species are not represented in the 

nearby forest community.  The closest location of seed sources for wind invading species 

on a site in southern Illinois was over a kilometer away (Ashby, 1984).  In Ohio, Merz 

and Plass (1952) observed that seedling abundance was higher on areas that were 37 m 

from a seed source than areas only 18 m from a seed source.  Narrow sites, such as 

contour mines in Appalachia have higher seeding rates, a result of the closeness of the 

whole mine surface to large trees on the edges.  Also in Ohio, Riley (1975) noted the tree 

species present at three distances from an edge between forest and mine.  Table 14 shows 

an increase in the number of wind-disseminated species as the distance from the edge 

increases.  Conversely, edge distances of less than 50 m did not explain differences in 

plant community development on sites in Virginia (Holl and Cairns, 1994).  Wind 

dissemination is important for the introduction of other organisms important to successful 
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establishment of a plant community on mined land.  Ectomycorrhizal fungi, important for 

symbiotic relationships with plants, are commonly distributed by wind (Brenner et al., 

1984).  

Table 14:Tree species present at given distances from a forest edge (Riley, 1975). 

 

Animal Dispersal 

 

Commonly, birds and small animals are involved in mined land recolinization. 

Birds and small mammals were responsible for distributing fire cherry (Prunus 

pennsylvanica L. f.), sumac (Rhus spp.), sweetfern (Comptonia peregrina L.), and 

blackberry (Rubus allegheniensis Porter.) on mined sites in Pennsylvania (Bramble and 

Ashley, 1955).  Croxton (1928) mentions that Setaria spp. (commonly animal dispersed) 

are frequently found at early stages of community development on abandoned mined 

sites.  In the north central US, birds are commonly associated with dispersal of shrub 

species (Nicholson, 1984).  Lighter seeded oak species (Q. palustris, and Q. inbricaria) 

introduced by birds in Indiana, were some of the largest tree species present on mined 

sites measured by Ashby et al. (1980).  Animals such as squirrels are one of the only 

methods that heavier seeded oak species and hickories are able to invade a mined site 

(Haynes, 1983). 

Animal distribution commonly involves ingestion and redistribution of viable 

seeds in their waste (Wade and Thompson, 1999; Riley, 1975).  Animal distributed 

† Bold species names are those disseminated by wind. 

Distance from edge

76.2-106.7 m30.5-61.0 m< 30.5 m

Red MapleRed MapleRed MapleSpecies †

White AshWhite AshWhite Ash

Black CherryBlackgum

AspenBlack CherryBlackgum

A. ElmSassafrasBlack Cherry

Distance from edge

76.2-106.7 m30.5-61.0 m< 30.5 m

Red MapleRed MapleRed MapleSpecies †

White AshWhite AshWhite Ash

Black CherryBlackgum

AspenBlack CherryBlackgum

A. ElmSassafrasBlack Cherry
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species are usually present within the range of the particular animal movements.  Small 

mammals such as squirrels and mice, which move larger seeds, are less likely to venture 

out into open areas for fear of predator attack.  Subsequently, plant species moved by 

them will be found nearer to the edges of mined sites (Ashby, 1984).  Species moved by 

birds are likely to have a better distribution across the site due to over-flights. 

 

Natural Soil Seed Pools and Debris 

 

Investigators of abandoned mine lands have noted the presence of scattered 

patches of plants including trees within the year mining ends.  Croxton (1928) noted that 

the earliest vegetation established on newly mined spoil banks in Illinois came from 

buried plant parts that survived the mining process.  Riley (1975) also noted large, 

isolated, hardwoods on 46-year-old mind sites in southeastern Ohio.  He attributed their 

presence to seedlings that were up-rooted and partially buried during mining.  In most 

cases these plants were widely scattered and of little consequence when compared to the 

species invading via wind and animals (Bramble and Ashley, 1955).  Howard and Samuel 

(1978) spread fresh topsoil over north central mine spoils and documented the native 

species present over two growing seasons.  Due to drought conditions, the developing 

plant communities were almost wiped out in the summer of the second growing season.  

However, the authors concluded that rhizome and other vegetative plant parts that 

became established on the reclaimed sites were important to revegetation success.  Plants 

developing from buried plant parts survived longer under drought conditions than species 

growing from seed (Howard and Samuel, 1978).  

The presence or application of natural soil has also been cited as a factor in the 

development of diverse, natural plant communities on mined sites.  Native species have 

different biological characteristics not possessed by commonly used reclamation species 

(Wade, 1986).  Differences include root system morphology, food sources, successional 

roles, and adaptation to local climatic factors.  Wade and Thompson (1999, 1996) found 

original forest soils mixed into the spoils of surface mines in eastern Kentucky.  They 

listed soil erosion from the highwall, and highwall wasting as natural ways for soil to be 

introduced onto mined sites.  Brenner et al. (1984) called for the mining community to 
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develop reclamation procedures that increase the organic matter returned to the site early 

in reclamation.  One way of increasing organic matter on a mined site is through topsoil 

additions.  Higher organic matter levels facilitate higher moisture levels and better 

microorganism colonization of the site creating better conditions for seed germination 

and establishment.  Brenner et al (1984) found organic matter levels on originally bare 

spoil in Pennsylvania were similar to old field and forest sites after 35 years of plant 

community development.  The addition of topsoil during reclamation may also increase 

the rate in which plants are infected with endomycorrhizal fungi (Brenner et al, 1984). 

Farmer et al. (1982) tested the community development of fresh forest soils 

placed on reclaimed Appalachian mine spoils. First year development resulted in plant 

communities containing 1.9 x 106 shoots ha-1, representing 134 taxa.  Five tree species 

were found on the sample plots along with 8 shrubs and 121 herbaceous species.  Tests 

showed that nutrients added to the system were retained in the plant biomass.  The results 

suggested that developing communities will provide quick, complete groundcover, 

woody biomass development, and the potential for future forest community development 

including potentially valuable hardwoods. 

Wade (1986) tested two types of Appalachian soil of varying pH (4.4, and 5.8) for 

plant regeneration from native seed banks.  Three treatments were imposed. One had soil 

sterilized and seeded with commonly used reclamation species.  The second treatment 

was not sterilized, nor was it seeded. The third consisted of a combination of the first and 

second treatments.  Each treatment was also fertilized and irrigated.  Cover measurements 

after the first 8 weeks showed that the seeded treatment had the highest cover while the 

natural soil had the lowest.  By the 16th week, the cover percentages were equal for all 

treatments.  The results after 20 weeks showed that the seeded plots contained 16 more 

species than were planted (3.1 million plants ha-1).  Animals either introduced the species 

or the soil sterilization process was not entirely successful.  Out of the 84 native taxa in 

treatments two and three; 5 were tree species, 7 shrub, 14 grass, 1 sedge and 53 were 

forbs.  Seventy taxa were found in the native soil (trt 2), with 10 species making up 99% 

of the biomass and 50% of the total population (2 million plants ha-1).  Treatment 2 

(natural soil) also contained 5 tree species (156,000 trees ha-1), produced the most 

biomass, and sequestered the most nutrient capital from the plots.  Rapid uptake of 
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nutrients (on site storage) is important in maintaining long-term site productivity.  The 

root systems of the natural soil treatment were more diverse, exploiting more of the plots, 

while treatments 1 and 3 concentrated their root mass within 10 cm of the surface. 

Wade and Thompson (1990) also found that forest topsoil seed banks could be 

used to introduce native species into disturbed areas of the Appalachian region.  On test 

plots, native seed pools developed 57 native species by the end of the first year and 87 

native species after the second year.  The plots exhibited stages of early secondary 

succession, but the species composition did not resemble the soil’s original forest stand.  

Dormant seeds and symbiotic soil organisms were listed as potential mechanisms for 

increasing the species richness of the test plots.  The topsoil treatments significantly 

increased the number of shrubs but trees species were unaffected.  A total of 7 trees 

species and 7 shrub species were present on topsoiled plots, resulting in woody stem 

densities of 11,000 stems ha-1.  These results were different from the control plots 

consisting of only spoil material.  Experimental soil depths of 1 cm and 2 cm, as well as 1 

cm tilled into the spoil surface, produced similar results.  When typical reclamation 

species were seeded on test plots they out competed native species present in the seed 

pools. 

Plant invasion from wind and animals are usually responsible for invasion of sites 

by herbaceous, grass, and primary successional tree species.  Limited movement of larger 

seeded species is possible through some smaller mammals and birds but with limited 

distribution of the seed.  When plant material capable of regenerating is present on the 

surface of mined sites those species have a head start on species capable of movement 

into the area.  The use of or application of topsoil may have the ability of providing more 

natural species diversity to the site as well as certain plant material of species such as 

oak, that require early establishment.  These invasion mechanisms, biological traits of the 

species, as well as site conditions will help to determine the patterns of plant community 

development on mined sites.  
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Distribution of Plant Communities 

Edge Effects 

 

The process of mining produces many different edge types and forms. Ashby 

(1984) noted the importance of edges on sites in Illinois where principle invasion was the 

result of adjacent non-mined vegetation.  Hardt and Forman (1989) studied the effects of 

concave, convex and linear edges on mined sites in Maryland and West Virginia.  Their 

results showed that colonization distances of woody plants was greater adjacent to 

concave edges than adjacent to convex edges.  The linear boundaries showed 

colonization distances intermediate to concave and convex edge types.  The successional 

pattern resulting indicated a concave-convex reversal pattern where areas between 

peninsulas fill in and extend out onto the mine faster than areas around the peninsulas 

themselves.  This pattern is explained by several hypotheses including microenvironment 

differences between concave and convex boundaries and dispersal factor differences, 

including seed dispersal method, dispersal distance, and species establishment 

requirements (Hardt and Forman, 1989).  Convex edges may create deposition zones in 

prevailing winds concentrating seed dispersal, precipitation, and organic matter into the 

cove areas.  Non-linear edges provide increased shade levels thinning aggressive ground 

covers and allowing for easier community establishment.  They provide higher levels of 

cover for herbivores both carrying seed and browsing on vegetation.  Hardt and Forman 

(1989) indicated that as succession progressed out into mined areas, animal movement 

would further increase species richness and stem densities as they move out further into 

the sites.  Eventually the pattern of concave-convex reversal would repeat with the 

original peninsulas forming the center of the concave sections. 

The most abundant woody species present on the mined areas were clonal species 

also present in the original forest edges (Hardt and Foreman, 1989).  Their distribution 

decreased logarithmically from the forest edge while patchiness increased as the distance 

from the edge increased.  This trend was also apparent with the wind and animal 

disseminated species found on the site, reinforcing the theories of wind deposition and 

animal movement are stronger closer to forest edges (Hardt and Foreman, 1989). 
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Patch Dynamics 

 

The general pattern of natural succession after mining was explored on sites in 

Missouri (Game et al., 1982).  Small patches were found to develop, steadily increasing 

until the coverage on the site was 10 to 20 percent. The presence of small patches tends to 

increase quickly and then stop as all the favorable areas are colonized (Game et al., 1982; 

Byrnes and Miller, 1973).  The rate of patch colonization is dependent on spoil 

conditions. Byrnes and Miller (1973) found that 82 percent of all ground species (less 

than 1.2 meters tall) invaded within the first three years after mining in Indiana.  After 

this first stage, few new patches developed and coverage increase was the result of 

increases in size of patches already existing. 

The rate of increase in patch coverage also varies by site conditions. The second 

stage includes increasing diversity within patches as more plants invade.  Patch 

expansion occurs as established plants enhance weathering of adjacent spoil, improving 

nearby conditions (Game et al., 1982; Byrnes and Miller, 1973; Bramble and Ashley, 

1955).  The patches provide shade and organic matter input through litter fall to barren 

areas adjacent to the patch (Bell and Ungar, 1981; Lindsay and Nawrot, 1981).  As the 

patches grow, they eventually coalesce into fewer, larger patches.  On some sites, 

complete cover was reached by 50 yr but on other sites coverage did not progress over 

45% in that same time period.  Some sites reached 70 percent coverage after 13 yr and 

others after 40 yr (Game et al., 1982). 

Very irregular patch shape was found for patch densities that covered up to 70 

percent of the site (the coverage when larger patches began to merge).  The rate of site 

coverage was closely correlated with site factors such as acidity rather than the size of the 

area.  Two sites (one almost 2.5 times bigger than the other) reached 75 percent coverage 

within 1 to 2 yr of each other (Game et al., 1982).  On some sites, areas containing toxic 

spoils will inhibit total coverage of the site for decades (Lindsay and Nawrot, 1981).  Bell 

and Ungar (1981) noted that a toxic spoil bank measured in Ohio was mostly barren 

except for scattered patches of vegetation. 
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Sequences of Succession Based on Time and Condition 

 

In southern Indiana, Byrnes and Miller (1973) reported on the sequence of 

succession on strip mines.  As noted with patch dynamics, most of the species found in 

the ground layer invaded within three years of mining.  Few new species were noted to 

have invaded after that initial period. A distinct shrub layer was observed within seven 

years of disturbance. Mixed in with the shrub layer were scattered trees that had reached 

1.2-3 m heights in 3 yr.  By 11 yr, a predominant tree layer had developed reaching over 

3 m high.  Heavy seeded species were not present in the tree canopy until 15 to 21 yr 

after mining (Byrnes and Miller, 1973).  

Haynes (1983) noted a trend of decreasing annuals and increasing perennials as 

Illinois spoils aged from 22 to 43 years old. After 23 years, the author noted a decrease in 

tree stem distance (average random distance between stems) from 33 m to 8 m. The 

average number of tree species increased from 6 species at 22 yr to 16 at 43 yr including 

six species of oak that were not present at 22 yr. Many of the dominant intolerants such 

as cottonwood were no longer regenerating on site. However, after 43 years, the 

overstory was not showing signs of becoming the oak/hickory forest type typical of the 

area. 

Early research in Illinois by Croxton (1928) indicated that scattered plant 

communities are joined by a single rapidly-advancing species such as Pennsylvania 

smartweed.  Other species invade over the next five years and become established on the 

better areas.  After this stage, other, more long-lived plants start to invade.  Lindsay and 

Nawrot (1981) found that most problem sites (spoil pH<5.0) in Illinois were in an early 

hardwood successional stage containing wind disseminated species as dominants. 

Brenner et al. (1984) found that initial invasion of mined sites by aspen were 

followed one to two years later by red maple and black cherry in western Pennsylvania. 

Other species occurred at later dates. Red maple importance was found to increase to 

60% by 45 years while black cherry and oak/hickory stayed at levels below 5% for the 

same time period.  Aspens initial importance of 35% decreases to below 30% by year 45.  

In central Pennsylvania, Bramble and Ashley (1955) noted that sites remained barren for 
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the first three years after mining; invasion of the site begins during the 4th yr, and 

percentage cover increased but did not exceed 50% in the first ten years.  An aspen/fire 

cherry plant community including groups of sparse herbs and grasses in the understory 

typically dominates the sites in this region (Bramble and Ashley, 1955). 

These time periods indicate that patch development from species seeding in from 

edges and from distant seed sources arrive quickly and is followed by a period of intense 

site stabilization where patches increase favorable site conditions for future expansion.  

As the site conditions improve, patch size increases as primary species seed into more 

areas.  Final stages include the encroachment of heavier seeded species into the area from 

mature forests around the edges and patch diversity increases. 

 

Successional Trends on Mined Land and Their Observance to Natural Patterns 

 

The investigations above indicate that the process of mining does not alter 

successional mechanisms and trends so that natural succession on mined sites acts 

unpredictably.  Upon first inspection, the natural succession of mined sites follows the 

facilitation model by Connell and Slatyer (1977).  Connell and Slatyer (1977) predict that 

the facilitation model is suited for situations in which soil or substrate may have extremes 

in quantities of necessary plant resources.  Mining commonly leaves bare blasted rock on 

the surface as a substrate for community establishment.  Nutrients, pH and moisture 

relations are controlled by the overburden present on the surface.  Species move to the 

site via wind, animal, and small fragments of original soil that was mixed in during the 

reclamation process.  Of the species that arrive on the site, only species capable of 

germination under existing site conditions become established and grow.  The mix of site 

properties commonly results in patchy vegetation development where minesoil conditions 

are favorable enough for community development.  The importance of the site factors in 

establishment indicates that stochastic variables are important in succession on mined 

sites (Walker and Chapin, 1987).  

The primary community provides shade and improved nutrient and water relations 

(organic matter inputs), which allow the community to spread into areas on the patch 

fringes.  As the present community continues to improve site conditions, the edges of the 
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mined site slowly advance inward and heavier seeded and late succession species find 

places to grow on the site.  This stage may incorporate some parts of the tolerance model 

(Connell and Slatyer, 1977) because some of the later species that are able to move onto 

the site will grow under the presence of the early invaders due to species life history 

differences.  The development of these secondary, late-successional species is highly 

dependent on their ability to move onto the site and their chance movement into favorable 

spoil conditions initially present, or via improvements made by initial invaders.  This is 

certainly possible on sites with good initial site conditions and short distances to heavy-

seed sources.  These late-successional communities eventually develop precluding the 

original invaders.  Competition for resources increases as the early successional plant 

communities make the site conditions more favorable. 

On many mined sites this process is slow due to harsh conditions on the site.  

Many authors suggest that over time original climax communities will return to mined 

sites, but these ideas exist only as hypotheses.  Mined sites are so dramatically disturbed 

that communities are developing with raw resources, and processes take long periods of 

time when one is considering the re-development of a climax forest.  Ashby (1984) made 

predictions about the climax forests that may develop on mined areas in the Midwest.  

Lower sites such as the bottoms of gullies and ravines may succeed into mesophytic 

forest types, with the more acid sites, and those of higher shale content, resulting in xeric 

species communities.  On larger areas, the primary species move from distant areas and 

the developing forest does not resemble the original forest in species composition or 

structure.  On smaller sites, the developing forest community may demonstrate the ability 

to return the site to a species composition similar to the original forest community. 

Evidence exists in the literature for the addition of a fourth model to the three 

proposed by Connell and Slatyer (1977).  This fourth model represents a second 

inhibition model, dealing with the inhibition of further successional development by early 

succession invaders.  In some situations aggressive species (usually shrub or herbaceous) 

can become so dominant on a mined site that development of a forest community is 

indefinitely prolonged or eliminated.  These species create a dense ground cover in which 

other plant species are incapable of germination.  Such heavy ground covers may slow or 

stop forest succession (Skousen et al., 1994; Ashby, 1984; Brenner et al., 1984).  Skousen 
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et al. (1994) described a 30 yr-old site in West Virginia with a dense cover of grasses that 

had not allowed tree species to colonize the site.  This new model is also useful in 

describing the natural succession process on abandoned mined sites that were 

hydroseeded with exotic covers to prevent initial erosion. Species such as tall fescue and 

serecia lespedeza (Burger and Torbert, 1992; Boyce and Neebe, 1959) aggressively hold 

the site, prolonging or even preventing colonization of forest species. 

 

Mined Land Quality and Productivity 

Mined Land Productivity and its Relation to Soil Properties 

Assessments of Soil Quality on Mined Land 

Early plant productivity studies commonly examined the physical and chemical 

properties of the spoils produced during mining.  Cummins et al., (1965) examined spoil 

properties of the 6 major coal seams in eastern Kentucky.  Analysis showed that the 

spoils contained a large range of characteristics.  Spoil pH ranged from 2.2 to 5.7.  

Soluble salt concentration was favorable for plant growth and 34% of the spoils 

contained organic matter levels similar to native soils.  Seventy percent of the spoils had 

a base saturation lower that 60%.  These spoils also had low calcium levels and high 

magnesium levels.  Potentially toxic elements were below critical levels.  Based on the 

above characterizations, Cummins et al. (1965) concluded that toxic element 

concentration and pH were important spoil qualities effecting plant growth on surface 

mined sites. 

Early soil productivity assessments in Illinois focused on the nutrient content of 

surface mine spoils.  Ashby and Baker (1968) tested spoils from two sites, one planted to 

black locust and the other planted to shortleaf pine.  Both sites were underplanted with 

hardwoods in 1947.  Fertilization pot tests 16 years after underplanting indicated that 

nitrogen was sufficiently low on both sites to mask a deficiency in phosphorus (Ashby 

and Baker, 1968).  Addition of nitrogen, especially on soils from the shortleaf pine 

plantation, alleviated the nutrient deficiency.  Addition of both nitrogen and phosphorus 

resulted in dramatic increases in growth (Ashby and Baker, 1968). 

Ashby and Kolar (1977) followed up on the original fertilization pot study 30 

years after underplanting.  They re-measured soil properties under both black locust and 
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shortleaf pine plantations.  Soil analysis indicated organic matter incorporation to 2.5cm 

on study plots.  Average pH ranged from 6.8 to 7.6.  Phosphorus averaged 7.8 kg ha-1 

under the locust and 10 kg ha-1 under the shortleaf pine.  Superior growth of hardwoods 

underplanted in locust was a result of higher nitrogen, and a “tree friendly” pH. 

Czapowskyj (1978) noticed wide ranges of hybrid poplar growth across three 

blocks in the anthracite region of Pennsylvania.  The spoils originated from sandstone 

and glacial till.  All plots had been graded to a 10 to 20 percent slope. Czapowskyj (1978) 

concluded that the most important site factor for poplar growth was water availability.  

Further analysis indicated that spoil pH, P, Ca, Mg, and base saturation were most 

favorable on test blocks with the best tree growth.   

More recently, Moss et al. (1989) examined pitch X loblolly pine growth in 

minesoils amended with seven surface treatments including topsoil amendments, 

sawdust, slow release fertilizer, and municipal sludge.  Results indicated that moderate 

additions of sawdust and slow release nitrogen or municipal sewage sludge increased 

early volume responses of the planted trees.  However, the experiment also revealed that 

fertilized, un-amended mine spoil was as productive as topsoiled spoil.  Increased organic 

matter was correlated with increased volume response and was associated with both 

higher nutrient levels and better moisture conditions (Moss et al., 1989).  Higher rates of 

sewage sludge (> 112 Mg ha-1) resulted in higher mortality and reduced growth due to 

Mn deficiencies. 

Johnson and Skousen (1995) analyzed soils from 15 abandoned mined lands in 

West Virginia for properties important to plant growth.  The soil type most suitable to 

plant growth had low exchangeable acidity, high base saturation, moderate pH, high 

CEC, and high total sulfur.  Other soils lower in productivity had highly variable soil 

properties.  Johnson and Skousen (1995) concluded that spoil parent material heavily 

influenced the properties of each developing mine soil. 

Other assessments of soil quality involve the measurement of tree growth on 

mined land.  Wade et al. (1985) observed site productivity on mined land in southeastern 

Kentucky.  Site index measurements for loblolly pines planted on the site were 27 m at a 

base age of 50.  Pitch pine and Virginia pine site indexes were 22.1 and 27.0 m, 

respectively.  The site index of tulip poplar was compared between the mined study site 
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and adjacent non-mined land.  Tulip poplar site index was lower on the mined site 

(averaging 27 m) than non-mined site (averaged 32.7 m).  Planted red oak site indices 

were similar to non-mined site indices (18.2 m vs. 21.2 m).  Increased rooting depth and 

capture of water moving downslope improved moisture conditions affecting growth rates 

on the bench sites (Wade et al., 1985). 

Torbert et al. (2000) examined 11 yr-old pine species growth on two contour 

mined sites. One site was reclaimed to pre-SMCRA conditions and the other was re-

graded to approximate original contour or post-SMCRA conditions.  Heights on the pre-

SMCRA mined sites averaged 7, 5.6 and 3.7 m, while heights on the post-SMCRA mined 

sites averaged 6.7, 5.3 and 3.1 m for loblolly, Virginia, and white pine, respectively. The 

diameter growth on the pre-SMCRA mined sites averaged 11.2, 9.7, 5.3 cm while on the 

post-SMCRA mined sites the diameters averaged 8.9, 7.4, and 3.6 cm for the pine species 

in the same respective order (Torbert et al., 2000).  Pine species height growth was 

greatest on sites reclaimed to pre-SMCRA mine conditions. The contour site had a lower 

average spoil bulk density and a higher proportion of weathered brown sandstone.  The 

authors note that site differences had the largest effect on tree growth during the first five 

years (Torbert et al., 2000). 

 

Testing of Relationships Between Tree Growth and Minesoil Properties 

House (1977) investigated tree species growth on three 30-year-old mined sites in 

Ohio.  30-year-dbh growth was most related to species differences and study site 

differences.  Other variables important to dbh growth were nutrient content to a 5 cm 

depth, slope, slope position, and aspect.  The R2 for this model was 0.59.  When House 

(1977) used height growth as the dependent variable, species differences and study site 

differences were still the most important factors.  Other important factors were slope and 

slope position.  This model explained 51% of the variation in height growth (House, 

1977). 

In Indiana, different spoil material and various alternative soil media were tested 

for their relationships to plant yields (McFee et al., 1981).  Conclusions drawn from two 

greenhouse studies and one outdoor trial indicated that no single soil property could be 

used as an adequate predictor of plant productivity.  The regression selection techniques 
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were limited by presence of both positive and negative properties within the same spoil 

type, and highly variable soil properties within a spoil type (R2 ranged from .39 to .68).  

The most influential factors across the majority of spoils were electrical conductivity and 

water storage capacity.  Spoil properties found most detrimental to plant yields were 

associated with brown and black shale (McFee et al., 1981).  Brown and black shale are 

commonly found near the coal seam.  They contain large amounts of pyrite, high 

electrical conductivity, and high levels of B, Al, and Mn.  They are also low in P and K.  

The materials best suited for plant growth were lacustrine sediment and A horizons, 

which containing minimal concentration of detrimental properties and adequate levels of 

plant nutrients.  However, the high silt and clay content of these materials were of 

concern due to potential physical compaction.  Other materials tested were adequate for 

plant growth but were somewhat lower in pH and nutrients than the lacustrine and A 

horizon material (McFee et al., 1981).  Such conclusions may have been directed towards 

agronomic crops, disregarding the naturally acidic system that develops under forest 

cover and lower nutrient requirement of trees in comparison to intensively managed 

crops.  Selection of finer textured material may have also been influenced by the 

mechanical tillage problems associated with spoil of high coarse fragment content. 

Schuster and Hutnik (1983) tested the importance of 16 soil variables to the 

survival, mortality, and basal area of 35-year-old surface mine plantings in Pennsylvania.  

Average slope, pH, and available magnesium were significantly correlated to tree 

survival.  Slope was most important to early tree survival.  Soil pH was important to 

survival in the first 10 years and after 35 years.  Soil lime requirement was important to 

recent tree mortality, and basal area was not related to any of the soil properties (Schuster 

and Hutnik, 1983).  Schuster and Hutnik (1983) also concluded that soil-forming 

processes were occurring on 30-year-old banks. They reported increases in the fine earth 

percentages and enrichment of potassium.  However, soil pH, potassium, and phosphorus 

varied little over the 30-year period. 

Also working in Pennsylvania, Davidson (1986) tested the relationship between 

tree survival, height growth, and spoil chemical properties.  Regression analysis indicated 

a relationship between soil pH and survival.  Relationships between survival and spoil 

properties ranged from 59 to 94 percent (Davidson, 1986).  Calcium and phosphorus 
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were spoil properties influential in the height growth of certain tree species.  However, a 

relationship was not apparent between spoil properties and height growth for all species.  

The models developed provided weak predicting power because of the strong interactions 

between soil properties, with the effect of one soil property masking the effect of another 

(Davidson, 1986).  

Torbert et al., (1988) investigated minesoil property associations with the growth 

of ten-year-old white pine.  Correlation analysis indicated that soil properties were not 

related to white pine growth rates.  However, total height and four-year increment were 

correlated with depth to a restrictive layer.  White pine site index (base age 50) was 

significantly related to the square root of total depth (R2=0.36).  A regression analysis 

using three different dependent variables (total height, establishment growth rate and 4 yr 

terminal increment) and16 soil properties was also performed.  Terminal 4 yr increment 

was related to rooting volume index (soil depth by fine earth content) (R2=0.51).  Total 

ten-year height growth was related to rooting volume index, electrical conductivity, and 

extractable soil phosphorus (R2 = 0.53). 

Ten years later, Andrews et al. (1998) investigated the minesoil properties 

associated with the early height growth of eastern white pine in southwestern Virginia 

and southeastern West Virginia. Thirty-two soil properties from the fourteen reclaimed 

mine sites, involving 78, 5 to 9 year-old plantations were analyzed.  The final model, 

after selection with multiple linear regression, indicated that rooting depth, extractable 

soil phosphorus, electrical conductivity, exchangeable manganese, and site slope 

explained 48% of the variation in 2 yr terminal height growth (Andrews et al., 1998).  

The results match closely with those of Torbert et al. (1988).  Three soil variables, 

rooting depth, electrical conductivity, and soil P was significant in models from both 

studies.  

Information from both site assessment studies and tree growth/spoil relationship 

tests highlighted both physical and chemical properties as important to plant productivity 

on mined sites.  From past studies influential spoil physical characteristics involve site 

properties such as slope, rooting volume, rooting depth, and properties affecting 

moisture, air, and soil relationships.  Chemical properties including pH, nutrient 

concentrations, toxicities, and soluble salts were also commonly noted in past studies.  A 
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majority of these factors relate to the type of parent material found at the surface of the 

post-mining site.  As a particular type of overburden weathers, it will impart specific 

properties to the soil being formed.  Many early mining processes resulted in a mixture of 

spoil types.  These spoil mixtures commonly result in highly variable physical and 

chemical conditions, and the survival and growth of the species depends on the planting 

location.  Such variability in spoil conditions may result in the presence of multiple 

positive and negative factors, as noted in past research, influencing the ability of 

statistical models to predict the response of plants.  Sites with acceptable bulk density and 

coarse fragment levels may have large amounts of pyrite and pH levels that are toxic. 

 

Spoil Weathering and Comparison to Other Soils 

Spoil weathering and pedogenic processes change the condition of sites after 

mining and reclamation.  Davidson (1986) reported the amelioration of very acidic soil 

pH after 14 years of weathering.  The average pH of the surface 15 cm on plots without 

cover increased from 3.2 to 3.4.  On plots covered with litter and vegetation the pH 

increased from 3.4 to 3.8.  The addition of organic material and weathering processes 

may decrease the influence of toxic material located in the spoil (Davidson, 1986)  

Haering et al. (1993) investigated weathering changes in spoils constructed from 

differing proportions of sandstone and siltstone.  The results show changes in the mine 

soil character from the first eight years of weathering.  Two growing seasons after 

construction, mined soils contained A horizon development (5-8 cm) and a C1 and C2 

layer defined by compaction and coarse fragments.  After 8 yr, A horizon depth increased 

to 5-11 cm and the profile included an AC layer followed by C1 and C2 layers.  Coarse 

fragments within the pure sandstone plots decreased from 67 % after construction, to 

60% eight years later.  Coarse fragment changes in plots containing siltstone were not 

apparent. 

Chemical spoil properties also changed under the influence of weathering.  Spoil 

pH from siltstone spoil was the highest over the whole study period.  Spoil Ca and Mg 

levels decreased during the first three growing seasons and then returned to original 

levels. Haering et al. (1993) suggest that carbonate weathering is still occurring after 

eight years, especially in the spoils containing siltstone.  Potassium levels were highest 



 86

midway through the study period when the pH was the lowest.  Extractable aluminum 

was the highest in the pure sandstone spoils, though plant toxicity was not a concern 

throughout the measurement period (Haering et al., 1993).  

Scencindiver and Smith (1978) discussed general differences in mine soil and 

natural soil properties and the importance of mined soil properties in planning and 

reclamation of mined sites.  In general, natural soils contain better surface horizon 

conditions including: bulk density, nitrogen, soil structure, and organic matter.  Mine soil 

properties important to productive reclamation include total depth, rock fragment content, 

available nutrients, and pH.  In some cases, these properties are better than the original 

soil (eg. total depth).  Other minesoil properties may be more beneficial for forest growth 

or, due to the reclamation practices used, hinder forest growth.  However, mined soil 

problems can usually be avoided by adequate planning, or rectified through various 

management inputs (Scencindiver and Smith, 1978).   

Pederson et al. (1978) compared two-year-old and seven-year-old west-central 

Pennsylvania mine soils to nearby natural soils (two in grassed cover and one in forest 

cover).  The two yr-old mine site had been contoured and topsoiled.  The seven yr-old 

site was only contoured. The seven yr-old site was planted to beech, pine and aspen.  

Both a fragipan and a coal seam limited root growth on the two natural soils under grass 

cover.  Soils under the natural forest cover were not limited and roots were found 

throughout the profile.  Total exploitable depths on both mined sites were limited to the 

surface horizons.  Even the seven yr-old site’s subsoil horizons remained too compact for 

root penetration.  The nutrient contents of the natural and the mine soils were comparable 

until the mine soils were corrected for coarse fragment content, in which case, the mine 

soils had lower nutrient levels (3 meq 100 g-1 to 13 meq 100 g-1).   

Soil pH between site types was similar (Pederson et al., 1978).  However, total 

acidity was greater on the natural sites due to base leaching.  Organic carbon was highest 

in the surface horizons of the natural soils, and its content increased with depth on mine 

soils (Pederson et al, 1978).  On the mined sites, the carbon data was most likely 

confounded by the presence of large amounts of geogenic carbon, reduced Mn, and 

carbonates.  A discussion of site productivity was not included in the paper; however, the 

extent of grading likely compacted the mined sites.   
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Indorante et al. (1981) made comparisons between two-year old reclaimed mined 

sites (topsoiled and non-topsoiled) in southern Illinois and nearby native soils.  Average 

mine soil pH was higher than the native soils, a result of calcareous parent material.  

However, the surface horizon of the non-topsoiled site contained pyritic material in the 

spoil mix resulting in high pH variability.  Exchangeable nutrients were typically higher 

on reclaimed sites than natural soils.  Non-topsoiled plots contained lower amounts of 

organic carbon than both topsoiled plots and native soils.  Organic matter levels were 

similar to native soils on topsoiled plots.  Indorante et al. (1981) also identified factors 

important to the accumulation of organic matter on reclaimed sites. These factors 

included nitrogen fixing organisms, plant roots, fertilizer inputs, and grazing intensity.   

Bulk densities of all mined sites were higher than native soils.  Higher coarse 

fragments and compaction during the reclamation process were related to the higher bulk 

densities (Indorante et al., 1981).  The bulk densities of all surface horizons were suitable 

for plants (below 1.4 g cm-3), because all sites were under agronomic production.  

However, evidence of root-limiting compaction did exist within the subsurface layers, 

especially on topsoiled plots with constructed soils having almost complete absence of 

structure in all horizons.  Indorante et al. (1981) cited a previous study where surface 

structure of an A horizon (10 cm) did develop on forested minesoils between10 to 64 

years. The depth of soil structure ranged from 2.5 cm  (after 5 years) to 36 cm (after 55 

years) (c.f. Thomas, 1977).  Indorante et al. (1981) stressed that the young mine soils’ 

properties reflected the characteristics of the spoils.  Cummins et al. (1965) also 

mentioned the influence of parent material on mined soil development.  

On a contour mined site in southeastern Kentucky, Wade et al. (1985) found pH 

and specific conductance values similar to native forests adjacent to the mine. The 

nutrient levels of the spoils were also comparable to the natural soils. However, spoil 

depth and available water were greater on the mined site, a result of the contour mining 

process and the inherently shallow soils of the Appalachian mountain region. 

The growth of black walnut and red oak seedlings concurrently established with 

K-31 fescue was tested on an Indiana minesoil reclaimed to SMCRA standards and a 

non-mined reference (Andersen et al., 1989).  Physical conditions including topsoil bulk 

density, permeability, and available water were poorer on the reclaimed mine site than 



 88

the non-mined reference.  Chemical properties such as organic matter and available P 

were lower on the mine soil, while pH of the spoil was higher than the non-mined 

subsoil.  Ground cover with K-31 fescue exceeded 70 % for the first three growing 

seasons, meeting SMCRA requirements.  However, tree stocking levels met the 

requirements only if ground vegetation was controlled.  On plots receiving no weed 

control, the majority of the tree seedling mortality occurred during the first four years and 

was greater on the reclaimed site.  Higher mortality rates were attributed to the poorer 

physical conditions and competition with K-31 fescue.  Seven-year tree height growth 

was greater on the non-mined reference site, again a result of the poor minesoil physical 

conditions, which reduced the ability of the trees to compete with the K-31 fescue 

(Andersen et al., 1989). 

Soil properties highlighted in comparisons between natural soils and mine are 

similar to the ones found influential to tree productivity on minesoils.  These properties 

include: mined soil depth, coarse fragment content, available nutrients, and pH.  The 

influence of the surface overburden material is similar to the importance of parent 

material in the development of a native soil.  Pedogenic processes are occurring on mined 

soils and comparison of mined soils to native soils reveal that they share some similar 

properties and also have distinct differences.  The most notable difference is the inherent 

variation of minesoil properties due to the heterogeneous nature of the mining process 

and poor degree of weathering. 

 

Growth, Yield, and Value Information 

The ability of reclaimed surface mines to match or improve upon the original pre-

mining productivity not only meets the letter of SMCRA but also is important to the 

long-term success of landowner objectives. One such objective may be to return the 

mined land to the forestry land base of a landholder.  Plass and Burton (1967) mention 

that forest plantings on strip mine lands may contribute to the pulpwood supplies of pulp 

and paper markets in the southeastern U.S.  Wade et al. (1985) stressed that mined sites 

in the Appalachian region are a good opportunity for establishment of average to good 

growth for commercially valuable species, if the site is not compacted and acid producing 

materials are buried below rooting depths.  Though trees were widely planted throughout 
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the midwestern and eastern coalfields, little is known about the commercial development 

of these plantings.  A few studies mention the volume growth of plantations in passing, 

but the documented commercial value of successful mine plantings is scarce.  

Plass and Burton (1967) surveyed pine plantations on a stripmine near Jasper, 

Alabama for shortleaf pine, longleaf pine, and loblolly pine pulpwood growth.  In 20 

years, total heights of all three species averaged 12 meters.  Shortleaf pine had produced 

152 m3 ha-1, loblolly pine produced 178 m3 ha-1, and the longleaf pine, due to poor 

survival, produced 54 m3 ha-1.  The authors estimated that the stands could be profitably 

harvested in another five years (stand age 25). 

Aharrah and Hartman, (1973) attempted to quantify reclaimed mined site 

productivity by comparing the 20 year growth between red pine planted on a stripmine in 

Pennsylvania and an adjacent non-mined old field site.  The mined site produced 102.4 

m3ha-1 of merchantable stem wood, while the old-field site produced 136.9 m3ha-1.  

Growth of the last 5 yr on the old-field site exceeded the growth on the mined site.  

However, growth of the red pine on the mined site did compare favorably with red pine 

production from past studies on natural sites (Aharrah and Hartman, 1973).  

Davidson (1979) reported the harvest of 16-year-old hybrid poplar on a non-

compacted site of moderate spoil acidity in Pennsylvania.  The hybrid poplar had been 

planted in rows with white spruce and Scots pine during the spring of 1962.  By 1978, the 

hybrid poplars had dominated the site resulting in high mortality among the other planted 

species.  Over 600 hybrid poplars, averaging 24.5 cm at dbh occupied the 0.8 ha site 

producing 18 m3 ha-1 yr-1.  The total harvest yielded 81.7 metric tons of pulpwood and 68 

m3 of lumber.  The harvest produced an estimated value of $1,200 for the pulpwood and 

sawlogs, or an 8 % rate of return, not including the investment in the land (Davidson, 

1978).  The results suggest that hybrid poplar is capable of good growth on reclaimed 

surface mines.  The poplars sprouted the following year and were on the way to a second 

rotation (Davidson, 1978; 1979).  

Davidson (1981) reported the timber growth of 22 plantings in Pennsylvania by 

the Morris Run Coal Company from 1919 to 1938.  The average sites carried 12 square 

meters of basal area.  7,975 m3 were harvested from 61 ha, of which planted species 

made up 5,394 m3 and volunteer species made up 2,646 m3.  Plantings of Jack pine 
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produced 189 m3 ha-1 and red pine produced 132 m3 ha-1.  Other species produced slightly 

lower levels of merchantable wood.  White pine, Scots pine, and Norway spruce 

produced 77, 82, and 84 m3 ha-1, respectively.  The sites produced average timber 

volumes when compared to similar plantings on old-field sites (Davidson, 1981).   

Schuster and Hutnik (1983) reported the volume production of 30-year-old 

plantings in Pennsylvania.  The merchantable volumes reported represent the average of 

the three best stands for each species (Schuster and Hutnik, 1983).  Red pine produced 

201 m3 ha-1 over the thirty-year period.  White pine produced 195 m3 ha-1.  Red oak and 

hybrid poplar produced 207 and 659 m3 ha-1, respectively.   

Zeleznik and Skousen (1996) reported tree volumes from three 46 year-old 

plantings mines in Ohio.  These three plantings provide comparisons of growth for 

species on leveled and non-leveled sites.  On leveled sites, white ash volumes were 347 

m3 ha-1. On un-leveled areas white ash volumes averaged 231.5 m3 ha-1.  Tulip poplar 

volumes were 39 m3 ha-1 on leveled areas and 298 m3 ha-1 on un-unleveled areas. White 

pines volumes were reported as 189 m3 ha-1 and 213 m3 ha-1 on leveled and un-leveled 

areas, respectively.  The response of two out of three species indicated that general 

volume growth is better on un-leveled sites. 

 A site in southwestern Virginia planted to white pine in 1978 was thinned and 

pruned for high value sawlogs at age 17.  At that time the stand contained 1348 stems ha-

1, 325 m3 ha-1, and a stumpage value of $3,343. ha-1.  The authors projected the stand to a 

rotation age of 30 yr indicating that the standing volume (542 m3 ha -1) would have a 

stumpage value of roughly $8,599. ha-1 (Kelting et al., 1997) 

Volume growth from these older (pre-SMCRA) studies suggest that mined sites 

are conducive for growing average tree crops and will provide adequate harvest returns 

for the landowner.  Several studies above reported resulted of volume growth on mined 

sites that was similar to old-field plantings for the same species.  On many of these older 

sites, soil construction was not a common reclamation method, so trees were planted in 

the spoils on the surface after mining.  If reclamation practices take into account the 

growth needs of commercial tree species, the results of commercial plantings on mined 

land may be greater, resulting in sites producing above-average tree growth.  Results 
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from Zeleznik and Skousen (1996) suggest that compaction rates created by leveling may 

reduce the ability of trees to produce merchantable volume on those sites.  

 

Carbon Sequestration 

General Carbon Sequestration Information 

 

The carbon content by U.S. forest region was estimated by Birdsey (1992). 

Birdsey also broke down regional estimates to forest components (Table 11).  Increases 

in atmospheric carbon dioxide levels are expected to continue into the future.  Prediction 

models forecast that the inflated atmospheric carbon dioxide levels will increase global 

temperatures by 2 to 5 oC.  Such a change in temperature is expected to raise precipitation 

levels by 7 to 15 % (Joyce, 1995; Schneider, 1989).  Changes in global climate can be 

expected to impact net primary productivity, forest inventories, and forest resource 

markets in the future (Joyce, 1995).   

Table 15: Carbon levels in 6 forest regions of the U.S. (Birdsey, 1992). 

Currently, total atmospheric, terrestrial and soil carbon levels are 720, 560, and 

1,500 metric tons ha-1, respectively (Birdsey, 1992).  Forest systems and their soils make 

up 2/3 of the global carbon excluding geologic and sedimentary pools (Sedio et al., 

2001).  Forest acquisition and storage of carbon can be broken down into its various 

components: trees in the canopy, forest soils, forest floor, and understory vegetation.  

Birdsey (1992) defines each of these components.  Trees include the aboveground and 

belowground portions of all live and dead timber.  Soil includes all organic carbon in 

mineral horizons to a depth of 1 meter.  Forest floor includes all dead organic matter 

above the mineral soil horizons.  Understory vegetation includes all live vegetation 

Forest Region Total Trees Soil Forest Floor Understory

(kg m-2)

Southeast 13.9 5.5 7.5 0.6 0.3
South Central 13.0 5.4 6.7 0.6 0.3
North Central/Central 18.3 4.9 11.5 1.7 0.2
North East/Mid-Atlantic 18.5 5.7 11.1 1.5 0.2
Rocky Mountain 14.4 5.4 7.1 1.8 0.1
Pacific Northwest 23.0 5.5 14.7 2.4 0.4
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except that as counted trees.  Each component is involved with a forest’s ability to 

capture and release carbon. 

Carbon storage occurs in forests as plants grow and when they die, tying up 

carbon in resistant lignin.  The conversion of wood into long-term forest products such as 

lumber and furniture also stores carbon captured by forests.  Paper and cardboard 

represent both short and long-term storage pools for forest carbon.  Short-term if the 

wood product is burned, and long-term if the paper is tied up in landfills or recycled.  

Skog and Nicholson (1998) cite Micales and Skog (1997) who reported that about 50% of 

the carbon in wood material that enters landfills is lost to the atmosphere as CO2 or CH4.  

Since 1910, the U.S. has accumulated 2.7 Pg of carbon that is tied up in either wood 

products, land fills, or dumps (Skog and Nicholson, 1998). 

Forest systems release carbon into the global carbon cycle through burning, 

deforestation, and decomposition of forest detritus.  Younger forests sequester more 

carbon than older forests as they increase in biomass and accumulate organic matter.  

Within older forests, carbon accumulation rates are commonly matched by 

decomposition (Birdsey, 1992).  Birdsey (1992) contends that careful management and 

planning would allow forested areas to increase the amount of carbon stored there.  He 

listed six options for increasing forest carbon capture storage. First, increasing the forest 

land base.  Second, increasing the productivity of existing forests. Third, reducing 

catastrophic forest burning and deforestation practices. Fourth, increasing biomass 

production and utilization.  Fifth, increasing tree planting in urban areas. Sixth, increasing 

the opportunities for wood use in term long-term product market.  

 

Carbon Sequestered on Surface Mined Land 

 

Much of the work with carbon on mined land has been associated with organic 

and sewage sludge treatments.  These treatments have been applied to mined lands in 

attempts to improve soil productivity, enhance organic content, aggregation, soil 

formation, soil substitutes, and to restore ecosystem function (Bendfeldt, 1999; Faulconer 

et al., 1996; Walker et al., 1996; Daniels and Haering, 1994; Page and Chang, 1994).  

Carbon sequestration on reclaimed mined sites is a new topic.  Consequently, there has 
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not been a large body of investigative research on reclaimed sites, let alone reforested 

sites.  However, the potential to sequester carbon on reclaimed sites is one of increasing 

interest.  Reclaimed forests on mined land may have a unique role in enhancing the 

atmospheric carbon levels sequestered.  Forest systems have the ability to accumulate 

significant carbon stores over short periods of time (ie. decades) (Sedio et al., 2001). 

Akala and Lai (1999), investigated the soil carbon development under planted 

forests and established pasture in ungraded and graded conditions on mine land in Ohio.  

The measurements were taken on a group of sites that represented a gradient of ages for 

the graded and ungraded conditions. The graded conditions for both forest and pasture 

represented ages from 0 to 25 years.  The forest and pasture in the ungraded condition 

were represented by a gradient for 30 to 50 years.  The graded forested sites at 0 years 

had captured 21.8 Mg ha-1 carbon and at 25 yr 58.9 Mg ha-1. The graded pastoral sites at 

0 years had captured 26.1 Mg ha-1 of carbon and at 25 yr, 62.7 Mg ha-1.  The forest sites 

returned 51.5 Mg ha-1 by year 30 and 54.9 Mg ha-1 of carbon by year 50. The pasture 

sites returned 58.9 Mg ha-1 by year 30 and 61.5 Mg ha-1 of carbon by year 50.  

Vimmerstedt et al. (1989) examined carbon accretion in the soils and forest floor 

as a function of soil forming properties. The average weights of the carbon contained in 

the forest floor are located in Table 16. The interaction of tree species and spoil parent 

material as well as the interaction of tree species type and aspect affected the carbon 

present in the forest floor.  As the spoil material weathered the soil properties that formed 

influenced tree productivity and forest floor development.  Aspect also impacted tree 

productivity affecting the amounts of moisture and sunlight trees receive. The individual 

tree species controls carbon present in the forest floor through litter decomposition 

characteristics, and carbon/lignin content. 
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Table 16: Forest floor carbon accumulation by species and parent material or 
species and exposure class (adapted from Vimmerstedt et al., 1989). 

In 1998 the Nature Conservancy, Winrock International, and American Electric 

Power (AEP) coordinated a carbon inventory of AEP forestland in Southeastern Ohio.  

One site that was included in this study was a 49 year-old reforested surface mined site.  

The main goal of this joint project was to establish a relationship between canopy 

diameter, as taken by dual-camera videography, and forest carbon content ha-1.  The 

results listed here are the unpublished results of an internal document graciously obtained 

from AEP (Powell and Delaney, 1998.). 

The mined soil carbon content ranged from 35.9 to 105.0 tons ha-1 (averaging 77.6 

tons ha-1).  Litter carbon ranged from 2.3 to 4.3 tons ha-1 (averaging 3.5 tons ha-1).  

Carbon associated with living tree material (above and below ground) ranged from 112 to 

205 tons ha-1 (averaging 157 tons ha-1).  Total site carbon was between 173 and 267 tons 

ha-1) (averaging 238 tons ha-1) (Powell and Delaney, 1998.).  

Results from these preliminary investigations into carbon levels that have 

developed on reforested sites consist primarily as inventories reported as parts of other 

studies.  Consequently, little is known about carbon sequestration on mined sites.  Rough 

comparisons between non-mined sites and the mined site in the AEP study indicate that 

carbon levels of the reforested mine site are comparable to carbon present on established 

forests.  Comparisons of soil carbon levels between hayland and forestland post mining 
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landuses indicate that soil carbon content in the hayland soils is greater, but from a 

system level, the carbon returned to reforested sites may be larger due to the presence of 

larger amounts of biomass aboveground. 
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CHAPTER III.  METHODS 

 

Site Locations and Layout 

Fourteen planted forest sites across seven states, each with a size of 0.1 to 6 ha 

(average 2.5 ha) of contiguous forest cover, were located on reclaimed mined lands in the 

midwestern and eastern coal fields (Fig. 1).  The fourteen sites ranged from 20 to 55 

years in age.  Canopy layer species ranged from pure hardwood and conifer stands to 

mixed stands (Table 1).  Sites also covered a spectrum of spoil types.  The study sites 

were chosen to represent a cross-section of planted species composition and post-mining 

conditions.  Within each similar geographic region (e.g. southern Illinois) reference 

native forest sites representing minimally manipulated regional forests were also located 

and measured.  In total, eight reference sites were located within the seven state study 

area.  From this point forward reference sites will be referred to as non-mined or 

“natural” sites. 

A 20x20 m grid was superimposed across each site after the boundaries were 

established.  A 20 m buffer strip was maintained on all edges of each forest site.  Edges 

were defined as distinctly different land uses, such as agricultural fields, clearcuts, 

unreclaimed sections of spoil, wide roads, bodies of water, and housing development 

areas.  During site layout I placed grid lines perpendicular to multiple banks on open-pit 

sites to insure that each site’s micro-topography was taken into account. All subsequent 

sampling was based from the intersections of the grid (Fig. 2). Field data collection took 

place between May and August, 1999, with the exception of two sites, which were 

measured in August, 1998.  
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Fig. 1: Location of study sites in the midwestern and Appalachian coalfields regions. 
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Table 1: Location, description, and age of study sites. 
S ta te  
(C o u n ty )  

 

S ite  N a m e  M in in g  H is to r y  R e g e n e r a t io n  H is to r y  Y e a r  P la n te d  

I l l in o is  
 
(S a lin e )  

N o n -m in e d   
 
I L -1  
 
 
I L -2  

 
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  
le v e le d  w ith  d r a g l in e  

2 n d – 3 rd  G e n e r a t io n  b o t to m la n d  h a r d w o o d  s ite  (Q . c o c c in e a , A . r u b r u m ) .  
 
P la n te d  to  Q . a lb a  a n d  R . p s e u d o a c a c ia .  P a r t ia l ly  u n d e r p la n te d  w i th   
L . tu l ip ife r a .   R . p s e u d o a c a c ia  is  n o  lo n g e r  p r e s e n t .  
 
P la n te d  to  P . d e l to id e s .  

M u lt i-a g e d  
 
Q . a lb a  1 9 3 8  
L . tu l ip ife r a  1 9 5 3  
 
1 9 5 6  

I n d ia n a  
 
(V ig o )  

N o n -m in e d  
 
I N -1  
 
 
I N -2  
 

 
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 rd  G e n e r a t io n  u p la n d  Q u e r c u s  s p p . ,  L . tu l ip ife r a  s i te .  
 
P la n te d  to  P . r ig id a .  
 
 
P la n te d  to  P . r ig id a .   P . r ig id a  h a s  b e e n  u n s u c c e s s fu l  a l lo w in g  fo r  
in v a s io n  o f  s e c o n d a r y  s u c c e s s io n  h a r d w o o d s  a n d  s h r u b s . 

M u lt i-a g e d  
 
1 9 4 4  
 
 
1 9 4 9  

K e n tu c k y  
 
(O h io )  
 
(M u h le n b e r g )  
 
 
 
 

N o n -m in e d  
 
K Y -1  
 
K Y -2  
 
K Y -3  
 
 
K Y -4  

 
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n , to p  g r a d e d  
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n , to p  g r a d e d  
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 rd  G e n e r a t io n  u p la n d  m i x e d  Q u e r c u s  s p p .  s i te .  
 
P la n te d  to  L . tu l ip i fe r a ,  P . o c c id e n ta lis ,  Q . r u b r a ,  P . d e l to id e s . 
 
P la n te d  to  L . tu l ip i fe r a ,  P . o c c id e n ta lis ,  Q . r u b r a ,  P . d e l to id e s , L . 
s ty r a c if lu a ,  F r a x in u s  s p p . .  
 
P la n te d  to  P . s tr o b u s  w ith  P .  ta e d a  p a tc h . 
 
P la n te d  to  P . ta e d a .  

M u lt i-a g e d  
 
1 9 6 4  
 
1 9 6 4  
 
1 9 5 9  
 
1 9 6 6  

O h io  
 
(P e r r y )  
 
(N o b le )  

N o n -m in e d  
 
O H -1  
 
O H -2  

 
 
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n , l ig h t ly  to p  g r a d e d  
O p e n -p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 rd  G e n e r a t io n  u p la n d  m i x e d  Q u e r c u s  s p p .  s i te .  
 
P la n te d  to  Q . r u b r a ,  P . g r a n d id e n ta ta ,  F r a x in u s  s p p ,  a n d  L . tu l ip ife r a .  
 
P la n te d  to  P . o c c id e n ta lis ,  Q . r u b r a ,  F r a x in u s  sp p ,  L . tu l ip ife ra .  

M u lt i-a g e d  
 
1 9 4 9  
 
1 9 4 9  

P e n n s y lv a n ia  
 
(M e r c e r )  

N o n -m in e d   
 
P A -1  

 
 
O p e n -p i t  m in e d ,  le v e le d  b y  
d r a g lin e  

2 n d – 3 rd  G e n e r a t io n  u p la n d  h a r d w o o d  s ite  (L . tu l ip ife r a ,  P . s e r o tin a , A c e r  
s p p . , Q u e r c u s  s p p .) .  
 
P la n te d  to  a lte r n a t in g  r o w s  o f  P . s tr o b u s  a n d  P . s y lv e s tr is .  

M u lt i-a g e d  
 
1 9 5 9  

W e s t  V ir g in ia  
 
(M o n o n g a lia )  
 
(M e r c e r )  
 

N o n -
m in e d (N )  
 
W V -1  
 
N o n -
m in e d (S )  
 
W V -2  

 
 
 
C o n to u r  m in e d , g r a d e d  
 
 
 
 
C o n to u r  m in e d , p a r t ia l ly  le v e le d  

2 n d – 3 rd  G e n e r a t io n  u p la n d  h a r d w o o d  s ite  (L . tu l ip ife r a ,  M . a c u m in a ta ,  
A c e r  s p p . ,  Q u e r c u s  s p p . ) .  
 
P la n te d  to  P . s tr o b u s .  
 
2 n d – 3 rd  G e n e r a t io n  A p p a la c h ia n  m ix e d  Q u e r c u s  s p p . s i te  (Q . a lb a ,  Q .  
r u b r a ,  L . tu l ip ife r a , C a r y a  s p p .) .  
 
P la n te d  to  w h ite  p in e . 

M u lt i-a g e d  
 
 
1 9 6 1  

 
M u lt i-a g e d  
 
 
1 9 7 1  

V ir g in ia  
 
(W ise )  

N o n -
m in e d  
 
V A -1  

 
 
 
C o n to u r  m in e d , le v e le d  

2 n d  G e n e r a t io n  A p p a la c h ia n  c o v e  h a r d w o o d  s it e  (L . tu l ip ife r a ,  
Q u e r c u s  s p p . , C a r y a  s p p . ) .  
 
P la n te d  to  P . s tr o b u s .  

M u lt i-a g e d  
 
 
1 9 7 7  

 
 



 99

The 20 m grid was also used to generate a rough site map which included 

distinctive site features such as spoil banks, ponds, streams, edges, and roads.  These 

maps also contained the approximate location of the four randomly-located sample 

points.  Maps for each site are included in Appendix C. 

Fig. 2: Plot Layout and Location. 

24.7th hectare overstory plot

2470.9th hectare shrub layer plot
(One of four)

123.5th hectare 
understory plot

plot center

(plot location chosen at random)
20 m intersection for inventory 

20 m by 20 m grid

Example site area

20 m buffer from edge effects(1 to 6 ha)

Forest floor sample points (1/4 m2)

(One of four chosen randomly)
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Site Selection 

Table 2: Contact list used for location of study sites. 

States and sites included in this study were chosen to represent the mining and 

reclamation conditions that existed in the midwestern and eastern coalfields prior to the 

passage of SMCRA.  The site selection resulted in a cross section of forests, but does not 

provide information about those sites that were planted with trees and resulted in failures.   

Within each state a contact was obtained to assist with locating and gaining access 

to potential measurement sites (Table 2).  An objective of this study included testing for 

relationships between post-mining soil and site conditions and successful growth of forest 

stands on pre-SMCRA mined sites.  For this reason the sites located and used were 

chosen to provide examples of successful forest establishment.  The overall objectives of 

the project were explained to each contact and they were allowed to locate potential sites.  

After visual examination of all potential locations, sites for measurement were chosen 

based on adequate stand size, suitable access, stand age (indicating pre-SMCRA 

planting), forest conditions present, and the suitable location of a non-mined site.   

The non-mined site chosen for each location was based on these same criteria.  

The contact was asked to locate a forest stand on natural, undisturbed soils that best 

represented the local forest type.  It was the goal of the project to locate control sites that 

could be judged similar to mined sites prior to disturbance.  For this reason, the non-

mined sites were located in close proximity to the chosen mined stands.  All non-mined 

stands had been harvested in the past, reflecting the cut over nature of the forests in the 

Harrisburg, ILDr. Clark Ashby

Central City, KYBrent Gray, Dan Williamson

Zanesville, OHDr. Jack Vimmerstdedt, Art Boyer

Terre Haute, INDr. Don Burger

Morgantown, WVDr. Jeff Skousen

Grove City, PADr. Fred Brenner

LocationContact

Norton, VADr. Jim Burger

Bluefield, WVTim Probert

Harrisburg, ILDr. Clark Ashby

Central City, KYBrent Gray, Dan Williamson

Zanesville, OHDr. Jack Vimmerstdedt, Art Boyer

Terre Haute, INDr. Don Burger

Morgantown, WVDr. Jeff Skousen

Grove City, PADr. Fred Brenner

LocationContact

Norton, VADr. Jim Burger

Bluefield, WVTim Probert
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eastern United States. However, attempts were made to find natural stands that had 

remained undisturbed during the period that the mined sites were recovering.  All non-

mined sites were mature, well-stocked, native forest stands. 

Though the non-mined sites were chosen to represent conditions that existed on 

the mined sites before the mining occurred, conditions that existed on the mined sites 

after mining were, in some cases, distinctly different from the non-mined sites.  Our sites 

in Illinois provide an excellent example.  The area was originally bottomlands with a 

shallow watertable.  After mining, the experimental sites contained greater micro-

topography due to presence of spoil banks, were well drained, and contained a greater 

degree of coarse fragments than the non-mined sites.  Other mined sites, in the 

Appalachian Mountains, were distinctly different from the steep sloped non-mined sites 

because they consisted of planted benches resulting from contour mining.  Differences 

due to mining between natural sites and the mined sites were present in most states.  

These differences were generally a result of the spoil material and its placement after 

mining.   

 

Woody Species Diversity and Stand Composition 

Tree and shrub species composition and woody species diversity were measured 

on each site using the four randomly located measurement plots (Fig 2).  Woody 

vegetation on each plot was divided into three strata; canopy, understory, and ground 

layer, defined as woody plants greater than 5 cm diameter at breast height (dbh), less than 

5 cm dbh and taller than 1 m, and less than 1 m, respectively.  The species in the canopy 

layer were tallied within a 404 m2 circular plot.  Canopy-layer measurements included 

density, dbh, and species.  The understory layer was tallied within 80 m2 circular plots 

using the same plot center as the 404 m2 canopy layer plot.  The woody ground layer was 

tallied in four 4 m2 circular plots located in cardinal directions 4.9 m from the main plot 

center.  Both the understory and woody ground layer tallies included stem counts by 

species.  The use of the 4.9 m radius was to remove the woody ground layer sampling 

points from the plot center where high levels of human-induced disturbance occurred as 

the canopy layer and understory inventories were collected. 
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Species richness values and rank abundance curves (evenness) were calculated for 

the canopy layer, understory, and ground layer of each site, using methods described by 

Kimmins (1987).  Species richness (number of species per area sampled) for the three 

different forest strata were compared between mined and non-mined sites, between pine 

and hardwood canopy types for mined sites, and between eastern and midwestern mined 

sites.  Evenness was compared between non-mined sites, midwestern mined sites, and 

eastern mined sites.  Species abundance and dominance values were analyzed for species 

making up more than 1% of the abundance and dominance of non-mined and mined sites.  

Abundance and dominance of commercial species were analyzed separately with the 

same methods. 

 

Site Productivity 

Site productivity is a function of soil, geologic, topographic and climatic factors.  

In forestry, it is commonly estimated using site index (SI), which is the average height 

of co-dominant canopy trees at a projected age. It is then standardized to a single 

species.  This site productivity estimate reflects soil and site characteristics removing the 

effect of differences in tree species growth patterns, stand ages, and stocking levels. 

Site productivity estimates were taken in conjunction with other study 

measurements at the four randomly located measurement points.  Trees sampled for site 

productivity were healthy, moderately shade-tolerant, in dominant or co-dominant 

positions in the canopy, and had been in free to grow positions for most of their lives.  

On each of the four measurement plots, tree height and total age were measured on one 

tree of the three main species in the canopy layer with a clinometer and increment borer.  

Regional site index curves were used to estimate their height at age 50 (Carmean et al., 

1989).  To make direct comparisons between mined sites and their non-mined counter-

parts, site index estimates for each species were converted to a site index for white oak 

(base age 50 years) using Doolittle’s (1958) conversion for species in the Appalachian 

region. 
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Forest Productivity and Commercial Value 

Forest productivity and commercial value were estimated on each site by 

randomly choosing measurement points at four of the 20x20 m grid intersections (Fig. 2).  

Trees in the main canopy greater than the 13 cm dbh class were tallied within a 404 m2 

circular plot.  A merchantable height to a 10 cm top was measured on trees less than 25 

cm in dbh (pulpwood) using a clinometer.  Trees greater than 25 cm in dbh were 

measured to a 20-cm top (sawlogs) using a Biltmore stick.  For each tree species on the 

plot, the radius of the last ten years inside the bark and bark depth were measured using 

an increment borer.  Cores were gathered for each even dbh class starting with 15 cm.  

Tree measurements were used to generate regression equations for predicting 

merchantable stem height and dbh at rotation age (Appendix E).  Stands planted to 

hardwoods were projected to an age of 60 years, while conifer plantings were projected 

to an age of 30 years. Two exceptions included mined sites planted to pine in Indiana 

(IN-1, IN-2), which were projected to an age of 60 due to their older age (50 and 55 

years) at measurement, and the two hardwood sites in Kentucky (KY-1, KY-2), which 

were projected to an age of 30 due to their early stand ages (34 and 35 years).   

Forest productivity is a reflection of management techniques as well as soil and 

site quality.  It takes into account management activities in addition to inherent site 

conditions.  Examples of management practices that influence forest productivity include: 

fertilization, drainage, changes of species, tree spacing, and use of genetically altered 

plants, as well as soil and site properties.  Mean annual increment (MAI) of wood 

produced per unit area per year was used to estimate forest productivity.  Stand volumes 

were generated from species-specific volume equations and tables (Smith, 1986; Clark 

and Saucier, 1990; Clark and Souter, 1996; Ter-Mikaelian and Korzukhin, 1997).  Stand 

volumes were then divided by the rotation age to generate mean annual increment 

estimates in m3 ha-1 yr-1.  For non-mined, reference sites, stand ages were based on the 

average tree age across the site.  Stand volumes were projected to a rotation age of 60 and 

divided by the rotation age. 

Stand green weights (commercial value) were generated from species-specific 

equations (Ter-Mikaelian and Korzukhin, 1997; Clark and Saucier, 1990; Clark et al., 

1986a; Clark et al., 1986b; Clark and Souter, 1996; Smith, 1986; McNab and Clark, 
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1982; Clark et al., 1980).  Individual stand weights were divided into pulpwood and 

sawlog weights for conifers, mixed hardwoods, and oak. The stumpage value of these 

species groups was applied to the tonnage of wood in each species class per plot.  

Stumpage estimated for sites in eastern states were taken from Timber Mart-South (2000) 

for Virginia (region 1).  For sites in midwestern states, Timber Mart-South (2000) for 

Tennessee (region 2) was used.  Value estimates were doubled for pine sites and KY-1 

and KY-2 to approximate two 30-year pine rotations (pine sites).  A rotation age of 60 

was used for all hardwood stands. 

 

Site Carbon Capture  

Carbon captured in the above ground biomass was estimated in conjunction with 

the diversity, productivity, and value estimates.  Merchantable stand volumes were 

converted to total tree volume (m3) by multiplication factors for total above ground 

volume and total below ground volume (Birdsey, 1992).  Estimates of total tree volume 

included tops and branches, rotten trees, small trees (< 5.0 in dbh), snags, stumps, roots 

and bark using ratios reported for softwoods and hardwoods in different forest regions of 

the U.S. (Birdsey, 1992).  These total forest volumes were converted to kilograms of 

carbon with a conversion factor for different species groups by region (Birdsey, 1992). 

Soil carbon estimates were gathered during the soils investigation described 

below.  Organic carbon (kg ha-1) present in the soil to the maximum depth measured was 

used in this portion of the study.  This depth varied on each plot but was never greater 

than 152 cm. 

Forest floor estimates were gathered from four randomly-located litter samples, 

each 0.25 m2 in size. The four samples, randomly located throughout each plot, were 

gathered and bulked in a large paper bag, which amounted to 1m2 composite sample per 

plot (or 4 m2 per site).  Samples were dried, ground, and total carbon was determined 

using a LECO carbon analyzer. Forest floor estimates were corrected for the mineral 

earth fraction, so that overlap in carbon estimates between the forest floor and mineral 

soil A horizon did not occur. Total forest carbon, soil organic carbon, and forest floor 

carbon in kg ha-1 were then summed, and estimates of total site carbon were generated in 

Mg ha-1. 
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Field Collection and Laboratory Analysis of Soil Chemical and Physical Properties 

A soil pit was dug at the four plot centers on each site (non-mined and mined).  

Pits were described using standard soil description techniques. Soil samples were air-

dried, sieved (2-mm), and weighed to determine coarse fragments.  Complete soil 

descriptions for each plot included, a sketch of the profile to 152 cm or bedrock; the 

depth and designation of each layer, layer boundary descriptions, soil color, structure, 

texture, mottles, consistence, effervescence, roots, and soil rock content (Appendix D).  

Site characteristics including slope, aspect, and topography were also noted at each plot.  

Visual rock content was determined by estimating the percent area of the face of the 

profile that was occupied by rocks greater than 8 cm in diameter.  Loose samples and 

duplicate bulk density samples were collected from each horizon.  Soil properties were 

analyzed on samples from all horizons described. 

Laboratory soil analysis included both soil physical and chemical analysis.  

Particle size was determined using the hydrometer method (Gee and Bauder, 1986).  Bulk 

density and porosity, also corrected for coarse fragment content, were determined using 

soil cores.  Soil pH was determined in a 1:2 soil/water suspension (McLean, 1982).  

Electrical conductivity (EC) was determined in a 1:5 soil/water suspension (Rhoades, 

1982).  Total carbon was determined using a Leco carbon analyzer and pedogenic carbon 

was estimated by the Walkley-Black wet oxidation procedure (Nelson and Sommers, 

1982).  Exchangeable acidity was determined using the potassium chloride extraction 

method (Thomas, 1982).  Total nitrogen was determined by Kjeldahl digestion and 

analyzed with a Bran and Luebbe TRACCS 2000 spectrophotometer (Bremner and 

Mulvaney, 1982).  Total phosphorus was extracted with sodium bicarbonate (Olsen and 

Sommers, 1982).  Exchangeable cations (Ca, Mg, K, Fe, Al and Mn) were extracted with 

1 M ammonium acetate (Thomas, 1982).  Total phosphorus and cations were determined 

using a Jarrell-Ash ICAP-9000. 

For the purpose of regressing site productivity against soil properties, the soil 

properties were bulked by the A horizon and the subsoil horizon on each plot.  The 

subsoil horizon consisted of the top meter of soil material below the A-horizon.  This 

reduced complications from missing data as the regression procedure was performed.  
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Multiple linear regression includes only observations that had complete independent 

variable sets.  Due to the heterogeneous nature of mine soils and the number of sites 

measured soil profiles did not have uniform horizonation. 

 

Study Design and Statistical Analysis 

To accomplish objective 2, mined site productivity was regressed against soil and 

site factors using multiple linear regression to determine if a relationship existed.  The 

best model for determining the relationship between soil and site factors and site 

productivity was determined using SAS (2000) (statistical software package).  With the 

model including data from only the mined sites, the degrees of freedom of the original 

dataset were 52 (53 observations minus 1).  Data gathered from each plot on every mined 

site was included in the regression dataset. 

Prior to selection of a final model, standard diagnostic tools were used to prepare 

the dataset.  Variables with known biological functions were transformed.  Preliminary 

diagnostics included necessary variable transformations; highly influential observation 

diagnostics, multicollinearity analysis, and residual plot analysis.  Andrews et al. (1998) 

and Torbert et al. (1988) indicated that multicollinearity problems commonly existed 

within data sets used for models relating mine soil and site properties to early white pine 

height growth. Torbert et al. (1988) mentions that multicollinearity problems existed 

between soil nutrient concentrations.  After all diagnostics were performed the dataset 

included 22 independent variables.  

Model selection procedures, including the maximum R-square, stepwise, and R-

square routines, were used to generate a group of best models from which the final model 

was selected.  Final model selection was based on the model mean squared error, adjusted 

R-square, the variables with 0.10 partial test significance, model parsimony, the final R-

square value, and biological and operational utility.  Models in this study were developed 

with the express intent of identifying those soil properties important in driving site 

productivity on mined sites.  The power of this analysis comes from knowledge of soil 

properties important to mine site productivity and the range of sites included in the study.  

Linear regression was also used to test the significance among mined sites between stand 
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age and richness, regional evenness, site productivity and forest productivity, and carbon 

capture.  

This study retrospectively measured forest response on mined land in a seven 

state region, for which forest productivity, woody species diversity, commercial product 

value, and carbon sequestration were measured and compared to forest response on 

natural non-mined sites (Objective 5).  Paired t-tests were used within the midwestern 

and eastern regions to test differences in forest response between non-mined and mined 

sites.  A preliminary F-test was used to test for equality of variances between the two 

populations.  If the variance of the two populations was equal, than the pooled t-test was 

performed.  If the variance was not equal, than a separate variance t-test was used.  The 

proc procedure, TTEST, in SAS was used to perform these tests (SAS Institute, 2000).  

The general null hypotheses for all tests was that no difference existed between the mined 

site and the natural site for a given measure.  More specific to objective 5, a paired t-test 

was used to test for a significant difference between mined and un-mined sites in their 

rotation age value, site productivity, forest productivity, woody species diversity, and 

carbon content.   
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CHAPTER IV. WOODY SPECIES DIVERSITY ON MINED LAND† 

by 

J. A. Rodrigue and J. A. Burger 

Abstract 

Citizens and landowners in the midwestern and eastern coal mining regions are 

concerned that current reclamation procedures are not achieving species diversity goals 

required by the federal Surface Mining Control and Reclamation Act of 1977 (SMCRA). 

However, there is little documentation of plant diversity on pre-SMCRA mined land and 

how it compares with diversity of adjacent non-mined sites. The purpose of this study 

was to develop a species diversity baseline by measuring woody plant diversity on sites 

mined in the midwestern and eastern coalfields prior to the passage of SMCRA.  Forest 

woody species diversity of fourteen mined and eight non-mined sites in the eastern and 

midwestern coalfield regions was measured and compared.  Our results showed that 

species richness between non-mined and mined sites was about the same within each 

region, containing 14 to 15 species in the canopy.  Species richness of the canopy layers 

of eastern mined sites was less than midwestern mined sites (12 species compared to 17 

species, respectively).  Species richness of sites planted to pine increased with age, while 

richness of sites planted to hardwoods was achieved relatively quickly after reforestation.  

Species richness of the understory and woody ground layer were similar between sites 

planted to pines versus hardwoods.  The use of white pine (Pinus strobus) for reclaiming 

mined sites in the eastern region resulted in a decrease in species evenness throughout the 

three forest strata.  Consequently, midwestern mined sites, and those planted to 

hardwoods in the East, more closely approximated regional non-mined sites in 

commercial species composition.  White pine dominance of the majority of eastern mined 

sites (403 stems ha-1, and 17 m3 ha-1 basal area) lowered rates of invasion, and slowed 

natural succession. Commercial species development on midwestern mined sites closely 

approximated development on adjacent non-mined sites.  Planted species, both 

hardwoods and conifers, represented the majority of canopy layer dominance and 

abundance on mined sites (82% relative dominance and 56% relative abundance). Forests 

developing on pre-SMCRA mined lands proved to be both diverse, and valuable.  These 



 109

results provide a baseline for assessing diversity levels achieved by current reclamation 

practices. 

 

Keywords:  reforestation, mined land, species richness, reclamation 

† Prepared and submitted to for the Journal of Forest Ecology and Management. 
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Introduction 

 

Surface mining drastically disturbs land, forests, and waterways.  Before any 

mining and reclamation laws were enacted, high levels of land disturbance by mining 

prompted some mine operators, landowners, and surrounding communities to reclaim 

mined areas (DenUyl, 1955).  Many states with mining activity enacted regulations to 

control the mining and reclamation process (Davidson, 1981; Sandusky, 1980).  In the 

midwestern and eastern states, most sites were reclaimed to forests by planting trees.  

Even though many mined sites were successfully reforested, many environmental 

problems remained, including erosion, degraded water quality, toxic spoils, uneven 

landscapes, acid drainage, highwalls and subsidence.  The Surface Mining Control and 

Reclamation Act (SMCRA) was enacted to address human safety, and environmental 

problems that occurred during mining and reclamation.  However, in the process of 

meeting these objectives, disincentives to reforest mined land were created, and the post-

mining landscape is commonly unproductive for forestry land uses (Burger, 1999).  Post-

law emphasis was placed on water quality and erosion at the expense of site productivity 

and reforestation (Boyce, 1999).  Current reclamation in the Appalachian region results in 

mine soils that are usually thin, alkaline, highly compacted, and covered with competitive 

grasses, which makes reforestation difficult or impossible.  Nonetheless, the Code of 

Federal Regulations, 30, Mineral Resources (1997) interpreting SMCRA requires that 

states restore disturbed land to conditions that are capable of supporting the uses which 

they were capable of supporting before any mining (715.13(a)), and that a diverse, 

effective, and permanent vegetation cover of native species be established (715.20(a)).  In 

order to achieve these requirements of the law, baseline diversity levels are needed 

against which comparisons might be made. 

We hypothesized that mature forests on undisturbed sites and older reclaimed 

mined sites could be used to provide insight for conditions needed to achieve diversity 

levels when reclaiming mined land for forestry.  Pre-law mined sites are growing forests 

in the midwestern and the eastern coalfields over a wide environmental gradient (Burger 

et al., 1998; Andrews, 1992; Plass, 1982).  Through investigation, characterization and 

comparison of 20- to 55-year-old sites throughout the two regions, we pursued the 
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following 5 objectives:  (1) compare woody species richness in the canopy, understory, 

and ground layers between non-mined and mined sites, hardwood and conifer forest 

types, and midwestern and eastern regions, (2) compare woody species evenness in the 

canopy, understory, and ground layers between non-mined and mined, midwestern and 

eastern sites, (3) characterize overall species abundance, dominance, and succession 

between non-mined and mined sites in the midwestern and eastern coalfields, (4) 

characterize and compare dominance and abundance of the commercial species between 

non-mined and mined sites in the midwestern and eastern coalfields, and (5) determine 

the relative dominance and abundance of the planted species in the canopy layer of the 

measured forest sites. 

 

Methods 

Site Selection and Layout 

 

Fig. 1: General location of study sites in the midwestern and Appalachian coalfields.
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Table 1: Location, description, and age of study sites. 
S t a t e  
( C o u n t y )  

 

S i t e  N a m e  M in in g  H is t o r y  R e g e n e r a t io n  H is t o r y  Y e a r  P la n t e d  

I l l in o is  
 
( S a l in e )  

N o n - m in e d   
 
I L - 1  
 
 
I L - 2  

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,   
l e v e le d  w i t h  d r a g l in e  

2 n d – 3 r d  G e n e r a t io n  b o t t o m la n d  h a r d w o o d  s i t e  ( Q . c o c c i n e a ,  A .  r u b r u m ) .  
 
P la n t e d  t o  Q . a lb a  a n d  R .  p s e u d o a c a c ia .  P a r t ia l l y  u n d e r p la n t e d  w i t h   
L .  t u l ip i f e r a .   R .  p s e u d o a c a c ia  i s  n o  lo n g e r  p r e s e n t .  
 
P la n t e d  t o  P .  d e l to id e s .   

M u lt i - a g e d  
 
Q . a lb a  1 9 3 8  
L .  tu l ip i f e r a  1 9 5 3  
 
1 9 5 6  

I n d ia n a  
 
( V ig o )  

N o n - m in e d  
 
I N -1  
 
 
I N -2  
 

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 r d  G e n e r a t io n  u p la n d  Q u e r c u s  s p p . ,  L .  tu l ip i f e r a  s i t e .  
 
P la n t e d  t o  P .  r ig id a .  
 
 
P la n t e d  t o  P .  r ig id a .   P .  r ig id a  h a s  b e e n  u n s u c c e s s f u l  a l lo w in g  f o r  
in v a s io n  o f  s e c o n d a r y  s u c c e s s io n  h a r d w o o d s  a n d  s h r u b s .  

M u lt i - a g e d  
 
1 9 4 4  
 
 
1 9 4 9  

K e n t u c k y  
 
( O h io )  
 
( M u h l e n b e r g )  
 
 
 
 

N o n - m in e d  
 
K Y - 1  
 
K Y - 2  
 
K Y - 3  
 
 
K Y - 4  

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  t o p  g r a d e d  
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  t o p  g r a d e d  
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 r d  G e n e r a t io n  u p la n d  m i x e d  Q u e r c u s  s p p .  s i t e .  
 
P la n t e d  t o  L .  tu l ip i fe r a ,  P .  o c c id e n ta l i s ,  Q . r u b r a ,  P .  d e l to id e s .  
 
P la n t e d  t o  L .  tu l ip i fe r a ,  P .  o c c id e n ta l i s ,  Q . r u b r a ,  P .  d e l to id e s ,  L .  
s ty r a c i f lu a ,  F r a x in u s  s p p . .  
 
P la n t e d  t o  P .  s t r o b u s  w i t h  P .  ta e d a  p a t c h .  
 
P la n t e d  t o  P .  ta e d a .  

M u lt i - a g e d  
 
1 9 6 4  
 
1 9 6 4  
 
1 9 5 9  
 
1 9 6 6  

O h io  
 
( P e r r y )  
 
( N o b le )  

N o n - m in e d  
 
O H - 1  
 
O H - 2  

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  l ig h t ly  t o p  g r a d e d  
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 r d  G e n e r a t io n  u p la n d  m i x e d  Q u e r c u s  s p p .  s i t e .  
 
P la n t e d  t o  Q . r u b r a ,  P .  g r a n d id e n ta ta ,  F r a x in u s  s p p ,  a n d  L .  tu l ip i f e r a .  
 
P la n t e d  t o  P .  o c c id e n ta l i s ,  Q . r u b r a ,  F r a x in u s  s p p ,  L .  tu l ip i f e r a .  

M u lt i - a g e d  
 
1 9 4 9  
 
1 9 4 9  

P e n n s y lv a n ia  
 
( M e r c e r )  

N o n - m in e d   
 
P A - 1  

 
 
O p e n - p i t  m in e d ,  l e v e l e d  b y  
d r a g l in e  

2 n d – 3 r d  G e n e r a t io n  u p la n d  h a r d w o o d  s i t e  ( L .  tu l ip i f e r a ,  P .  s e r o t in a ,  A c e r  
s p p . ,  Q u e r c u s  s p p . ) .  
 
P la n t e d  t o  a l t e r n a t in g  r o w s  o f  P .  s t r o b u s  a n d  P .  s y lv e s t r i s .  

M u lt i - a g e d  
 
1 9 5 9  

W e s t  V ir g in ia  
 
( P r e s t o n )  
 
( M e r c e r )  
 

N o n -
m i n e d (N )  
 
W V -1  
 
N o n -
m i n e d (S )  
 
W V -2  

 
 
 
C o n t o u r  m in e d ,  g r a d e d  
 
 
 
 
C o n t o u r  m in e d ,  p a r t ia l ly  l e v e le d  

2 n d – 3 r d  G e n e r a t io n  u p la n d  h a r d w o o d  s i t e  ( L .  tu l ip i f e r a ,  M . a c u m in a ta ,  
A c e r  s p p . ,  Q u e r c u s  s p p . ) .  
 
P la n t e d  t o  P .  s t r o b u s .  
 
2 n d – 3 r d  G e n e r a t io n  A p p a la c h ia n  m i x e d  Q u e r c u s  s p p .  s i t e  ( Q . a l b a ,  Q .  
r u b r a ,  L .  tu l ip i f e r a ,  C a r y a  s p p . ) .  
 
P la n t e d  t o  w h i t e  p in e .  

M u lt i - a g e d  
 
 
1 9 6 1  

 
M u lt i - a g e d  
 
 
1 9 7 1  

V ir g in ia  
 
( W is e )  

N o n -
m in e d  
 
V A - 1  

 
 
 
C o n t o u r  m in e d ,  l e v e le d  

2 n d  G e n e r a t io n  A p p a la c h ia n  c o v e  h a r d w o o d  s i t e  ( L .  tu l ip i f e r a ,  
Q u e r c u s  s p p . ,  C a r y a  s p p . ) .  
 
P la n t e d  t o  P .  s t r o b u s .  

M u lt i - a g e d  
 
 
1 9 7 7  
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Fourteen forest sites across seven states, each with an average size of 2.5 ha of 

contiguous forest cover, were located on reclaimed mined lands in the midwestern and 

eastern coal fields (Fig. 1).  The 14 sites ranged in age from 20 to 55 years.  The canopy 

layer species ranged from pure hardwood stands, mixed conifer and mixed hardwood 

stands, and pure pine stands.  These sites also covered a spectrum of spoil types.  The 

measurement sites were chosen to represent a cross-section of stand size, stand age, and 

stand conditions (Table 1).   

Within each similar geographic region (e.g., southern Illinois) reference native 

forest sites representing minimally manipulated regional forests were also located and 

measured.  Based on land records, these undisturbed control sites represented land 

conditions similar to what was present on the mined sites before they were disturbed.  

Undisturbed sites were located in close proximity to the mined sites, often within the 

same mining permit area.  All sites were mature, well-stocked, native forest stands, but 

all had been harvested at some point in their history. 

Fig. 2: Diagram of site layout depicting 20 by 20 m grid, plot and subplot 
arrangement.  

Plot center

plot location; chosen at random
Chain grid intersection for

20 m by 20 m chain grid

Example site area

20 m buffer from edge effects

404 m2 Canopy layer plot

80 m2 Understory plot
One of four, 4 m2 woody ground layer plots

Plot center

plot location; chosen at random
Chain grid intersection for

20 m by 20 m chain grid

Example site area

20 m buffer from edge effects

404 m2 Canopy layer plot

80 m2 Understory plot
One of four, 4 m2 woody ground layer plots
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After the boundaries of a study site were established, a 20 x 20-meter grid was 

superimposed on cardinal directions.  Grid lines were placed perpendicular to the banks 

on open-pit mined sites where more than one spoil bank existed to ensure that the sites’ 

micro-topography was taken into account.  A 20-meter buffer strip was maintained on 

all edges of each forest site. All sampling was based from the intersections of the grid 

(Fig. 2).  Field data collection took place between May and August 1999, with the 

exception of two sites that were measured in August 1998. 

 

Woody Species Diversity and Stand Composition 

 

Tree and shrub species composition and diversity were measured on each site by 

randomly choosing four measurement points at 20 x 20-meter grid intersections.  Plots 

were established at each point.  Vegetation was divided into three strata; canopy, 

understory, and ground layer, defined as woody plants greater than 5 cm diameter at 

breast height (dbh), less than 5 cm dbh and taller than 1 m, and less than 1 m, 

respectively.  The tree species in the canopy layer were tallied within a 404 m2 circular 

plot.  Canopy-layer measurements included density, dbh, and species.  The understory 

layer was tallied within 80 m2 circular plots using the same plot center as the 404 m2 

canopy layer plot (Fig. 2).  The woody ground layer was tallied in four 4 m2 circular plots 

located in cardinal directions 4.9 m from the main plot center.  Both the understory and 

woody ground layers were tallied by number of individuals per species.  The use of the 

4.9 m radius was to remove the sampling points from the center of the plot where a lot of 

human-induced disturbance occurred as the canopy layer and understory samples were 

collected. 

Species richness values and evenness curves were calculated for the canopy layer, 

understory, and ground layer of each site, using methods described by Kimmins (1987).  

Species richness (number of species per area sampled) for the three different canopy 

layers were compared on mined and non-mined sites, pine and hardwood canopy types 

for mined sites, and between eastern and midwestern mined sites.  Evenness was 

compared between non-mined sites, midwestern mined sites, and eastern mined sites 
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using rank abundance curves.  Species abundance and dominance values were analyzed 

for species making up more than 1% of the abundance and dominance of non-mined and 

mined sites in the midwestern and eastern coal regions.  Abundance and dominance of 

commercial species were analyzed separately with the same methods used for all species 

combined. 

 

Data Analysis 

Differences in species abundance between region and mining conditions were 

tested using t-tests.  Differences in regional evenness were examined by testing the slopes 

of the rank abundance curves, as fit by regression techniques.  Results termed “different” 

in this paper have a significance level of p ≤ 0.1.  Linear regression was used to test the 

significance between richness and stand age among mined sites.  

 

Results and Discussion 

Woody Species Diversity 

 

A complete list of species found on the sites, by forest stratum, is shown in Table 

2.  Mined and non-mined sites had the same number of species on average.  This was the 

case for all forest strata within the stands (canopy layer, understory, and ground layer) 

(Fig. 3).  These results are consistent with those reported by Thompson et al. (1996), who 

found that pre-SMCRA reclaimed mined sites, after attaining an age of 14 and 21 years, 

supported species richness levels comparable to those expected on non-mined areas.  In 

our study, two to five species were planted on many of the hardwood sites, which 

increased initial richness levels (Table 1).  Of the top five canopy layer richness values, 

including both disturbed and undisturbed sites, mined sites made up three.  Many of the 

volunteers present on mined sites were present on non-mined sites.  Species such as black 

cherry, elm, and red maple were present at low to moderate levels of abundance, but 

lower levels of dominance, indicating that they were present in the suppressed to small 

pole positions in the canopy layers.  Wade and Thompson (1999) reported that red maple 

made up a dominant proportion of the saplings on a mined site in eastern Kentucky.  

Even in the younger pine stands planted on this study’s mined sites, many of the 
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volunteers were hardwoods present in a wide range of sizes, indicating the development 

of successional stages on the youngest reclaimed sites.  Thompson et al. (1996) also 

noted that the presence of black cherry and red maple on mined sites represents enhanced 

successional development. 

Many of these same species were found in the understory and ground layer of 

both the non-mined and mined sites.  Red maple, black cherry, green ash, and sycamore 

are species whose seed is easily dispersed to the mined sites to become established under 

planted trees in the canopy layer.  Black cherry and red maple have been listed as 

important invasion species on mined sites in both the eastern and midwestern regions 

(Wade and Thompson, 1999; Andrews et al., 1998; Skousen et al., 1994; Schuster, 1983). 

The presence of these species in the lower canopy level on the mined sites suggests that 

the mining and reclamation process does not change successional trends.  As is common 

with pine species planted in the mixed mesophytic and Appalachian oak hickory forest 

types, the species composition in the lower levels of the canopy layer represents similar 

secondary succession invasion species found in nearby native forests. 

Species richness on mined sites planted to pine was the same as that on mined 

sites planted to hardwoods for all forest strata (Fig. 3).  Wade and Thompson (1999) 

reported that woody species richness was greater on sites planted to mixed hardwoods 

than Virginia pine.  This is likely true when some pine sites (e.g., white pine) are 

compared to mixed hardwood plantings, but they also concluded that Virginia pine 

allowed for better seedling establishment but not necessarily for species persistence.  

Zeleznik and Skousen (1996) also found ample hardwood tree invasion in white pine 

plantations.  High richness values in the forest strata of our planted pine sites were found 

predominantly on mined sites in Indiana and Kentucky (IN-1, IN-2, KY-3, KY-4) (Table 

3).  These sites contained older plantings of pine (40 to 50 years old), open canopy 

species (pitch pine) with early-invading, wind-disseminated hardwoods interspersed (e.g., 

mined sites in Indiana), and species planted out of their native range (loblolly pine in 

Kentucky) whose canopies had thinned.  On these sites, more invading hardwood species 

were present in the canopy layer, thus increasing their species richness levels. 
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Table 2: Combined list of all woody species found on the study sites (C= Canopy, U= 
Understory, G= Groundlayer).  

C, UC, U, GC,GQuercus prinus L. Chestnut Oak

C, U, GQuercus falcata var. pagodifolia Ell.Cherrybark Oak 

UUCGCrataegus brainerdii Sarg.Brainerd Hawthorn

C, U, GC,U,GAcer negundo L.Boxelder

UVaccinium vacillans Torr.Blueberry

C, U, GC, U, GC, U, GC, U, GNyssa sylvatica Marsh. var. sylvaticaBlackgum 

CCC, GJuglans nigra L.Black Walnut

CCGQuercus velutina Lam.Black Oak

CC, GC, GRobinia pseudoacacia L.Black Locust

GViburnum prunifolium L.Black Haw 

C, U, GC, U, GC, U, GC, U, GPrunus serotina Ehrh. Black Cherry

C, U, GGC, U, GBetula lenta L.Black Birch

CCPopulus grandidentata Michx.Bigtooth Aspen

C, U, GC, U, GElaeagnus umbellata Thumb.Autumn Olive

CMalus sylvestris L.Apple 

U, GGIlex opaca Ait.American Holly

C, GC, GCastanea dentata Marsh.American Chestnut

C, U, GGFagus grandifolia Ehrh.American Beech 

C, U, GC, U, GC, GU,GTilia americana L.American Basswood

C,U,GC,U,GC,U,GC,U,GUlmus americana L.American  Elm 

GFagus grandifolia Ehrh.American  Beech 

UCGCornus alternifolia L.Alternate-Leaf Dogwood

C, GAilanthus altissima Mill.Ailanthus

Midwest
non-mined

East
non-mined

Midwest
mined

Eastern
mined

Species Scientific NameSpecies Common Name

C, GPinus taeda L.Loblolly Pine

CC, U, GC, GC,U,GCarpinus caroliniana Walt.Hornbeam 

CGleditsia triacanthos L.Honey Locust 

GGCrataegus spp.Hawthorn

UC, U, GCeltis occidentalis L.Hackberry

C, U, GC, U, GC, U, GC, U, GFraxinus pennsylvanica Marsh.Green Ash 

C, U, GMagnolia fraseri Walt.Fraiser Magnolia 

C, U, GU,GC, U, GC,U,GCornus florida L.Flowering Dogwood

C, U, GC, U, GJuniperus virginiana L.Eastern Redcedar

C, U, GC,U,GU, GU, GOstrya virginiana K. KochEastern Hophornbeam 

GTsuga canadensis L.Eastern Hemlock 

C, U, GC, U, GPinus strobus L.E. White Pine

GJuniperus virginiana L.E. Redcedar

C, U, GGAmelanchier arborea Michx. f.Downy Serviceberrry

GAralia spinosa L.Devils Walking Stick

C, GMagnolia acuminata L.Cucumbertree 

CPopulus deltoides Bartr. ex Marsh. var. deltoidesCottonwood 

GU, GGLigustrum spp.Common Privet

C, U, GDiospyros virginiana L. Common Persimmon 

C, UC, U, GC,GQuercus prinus L. Chestnut Oak

C, U, GQuercus falcata var. pagodifolia Ell.Cherrybark Oak 

UUCGCrataegus brainerdii Sarg.Brainerd Hawthorn

C, U, GC,U,GAcer negundo L.Boxelder

UVaccinium vacillans Torr.Blueberry

C, U, GC, U, GC, U, GC, U, GNyssa sylvatica Marsh. var. sylvaticaBlackgum 

CCC, GJuglans nigra L.Black Walnut

CCGQuercus velutina Lam.Black Oak

CC, GC, GRobinia pseudoacacia L.Black Locust

GViburnum prunifolium L.Black Haw 

C, U, GC, U, GC, U, GC, U, GPrunus serotina Ehrh. Black Cherry

C, U, GGC, U, GBetula lenta L.Black Birch

CCPopulus grandidentata Michx.Bigtooth Aspen

C, U, GC, U, GElaeagnus umbellata Thumb.Autumn Olive

CMalus sylvestris L.Apple 

U, GGIlex opaca Ait.American Holly

C, GC, GCastanea dentata Marsh.American Chestnut

C, U, GGFagus grandifolia Ehrh.American Beech 

C, U, GC, U, GC, GU,GTilia americana L.American Basswood

C,U,GC,U,GC,U,GC,U,GUlmus americana L.American  Elm 

GFagus grandifolia Ehrh.American  Beech 

UCGCornus alternifolia L.Alternate-Leaf Dogwood

C, GAilanthus altissima Mill.Ailanthus

Midwest
non-mined

East
non-mined

Midwest
mined

Eastern
mined

Species Scientific NameSpecies Common Name

C, GPinus taeda L.Loblolly Pine

CC, U, GC, GC,U,GCarpinus caroliniana Walt.Hornbeam 

CGleditsia triacanthos L.Honey Locust 

GGCrataegus spp.Hawthorn

UC, U, GCeltis occidentalis L.Hackberry

C, U, GC, U, GC, U, GC, U, GFraxinus pennsylvanica Marsh.Green Ash 

C, U, GMagnolia fraseri Walt.Fraiser Magnolia 

C, U, GU,GC, U, GC,U,GCornus florida L.Flowering Dogwood

C, U, GC, U, GJuniperus virginiana L.Eastern Redcedar

C, U, GC,U,GU, GU, GOstrya virginiana K. KochEastern Hophornbeam 

GTsuga canadensis L.Eastern Hemlock 

C, U, GC, U, GPinus strobus L.E. White Pine

GJuniperus virginiana L.E. Redcedar

C, U, GGAmelanchier arborea Michx. f.Downy Serviceberrry

GAralia spinosa L.Devils Walking Stick

C, GMagnolia acuminata L.Cucumbertree 

CPopulus deltoides Bartr. ex Marsh. var. deltoidesCottonwood 

GU, GGLigustrum spp.Common Privet

C, U, GDiospyros virginiana L. Common Persimmon 



 118

Table 2 continued: Combined list of all woody species found on the study sites (C= 
Canopy, U= Understory, G= Groundlayer).   

UP in u s  e c h in a t a M i l l .S h o r t  L e a f  P in e

C ,GR h u s  c o p a l l in a L .S h in in g  S u m a c  

C ,UC ,U ,GCQ u e r c u s  im b r ic a r ia  M ic h x .S h in g le  O a k  

C ,U ,GC ,U ,GU ,GU ,GC a r y a  o v a t a K .K o c hS h a g b a r k  H ic k o r y  

C ,GP in u s  s y lv e s t r i s L .S c o t s  P in e  

CC ,UCQ u e r c u s  c o c c in e a  M u e n c h h .S c a r le t  O a k  

C ,U ,GC ,U ,GC ,U ,GC ,GS a s s a f r a s a lb id u m N u t t .  S a s s a f r a s

U ,GC ,GC ,GB e t u la  n ig r a L .R iv e r  B i r c h

C ,U ,GR h o d o d e n d r o n  m a x i m u m  L .R h o d o d e n d r o n  

C ,U ,GM o r u s  r u b r a L .R e d  M u lb e r r y

C ,U ,GC ,U ,GC ,U ,GC ,U ,GA c e r r u b r u m L .R e d  M a p le

C ,U ,GUC ,U ,GC e r c is  c a n a d e n s is L .R e d  B u d  

CQ u e r c u s  s t e l la ta  W a n g e n h .P o s t  O a k  

C ,U ,GP in u s  r i g id a M i l l .P i t c h  P in e

C ,U ,GC ,GC ,U ,GGC a r y a  g la b r a K . K o c hP ig n u t  H ic k o r y

U ,GA s i m in a  t r i lo b a L .P a w p a w  

U ,GV ib u r n u m  d e n t a t u m F e r n .N o r t h e r n A r r o w w o o d

UUV ib u r n u m  le n t a g o L .N a n n y b e r r y

C ,U ,GC ,U ,GC ,U ,GC ,U ,GQ u e r c u s  r u b r a L .  N .  R e d  O a k

UUU ,GU ,GR o s a m u lt i f lo r a T h u m b .M u l t if lo r a R o s e

CC a r y a  t o m e n t o s a  P o ir .M o c k e r n u t H ic k o r y

U ,GV ib u r n u m  a c e r i f o l ia L .M a p le  L e a f V ib u r n u m

M id w e s t  

m in e d

E a s t  n o n -

m in e d

M id w e s t  

m in e d

E a s t e r n
m in e d

S p e c i e s  S c ie n t i f i c  N a m eS p e c i e s  C o m m o n  N a m e

C ,U ,GA e s c u lu s  o c t a n d r a B r i t to n .Y e l lo w  B u c k e y e

C ,U ,GGH a m a m e l is  v ir g in ia n a L .W it c h - h a z e l

C ,U ,GC ,U ,GC ,U ,GC ,U ,GQ u e r c u s a lb a  L .  W h it e  O a k  

C ,U ,GF r a x in u s  a m e r ic a n a L .W h it e  A s h

CP in u s  v ir g in ia n a M i l l .V i r g in ia  P in e  

UU n id e n t if ie d  s p e c ie s  5U n id e n t if ie d  s p e c ie s  5

UU n id e n t if ie d  S p e c ie s   4U n id e n t if ie d  S p e c ie s   4

U ,GU n id e n t if ie d  S p e c ie s  3U n id e n t if ie d  S p e c ie s  3

C ,UU n id e n t if ie d  s p e c ie s  1U n id e n t if ie d  s p e c ie s  1

C ,U ,GC ,GC ,U ,GC ,U ,GL ir io d e n d r o n t u l ip i f e r a L .T u lip  p o p la r

UUC a m p s is  r a d ic a n s L .T r u m p e t  C r e e p e r

GC ,GCP la t a n u s  o c c id e n ta l i s L .S y c a m o r e  

C ,UA ila n t h u s a l t is s im a M i l l .T r e e  o f  H e a v e n
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Fig. 3: Woody species richness comparisons. Different letters depict values statistically 
different from each other at ∝ < 0.10.  
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Table 3: Increasing richness values for non-mined and mined sites in the central and 
eastern coalfields. 

† KY-1 contained five sample plots; VA-1 contained three sample plots, all others contained four sample points.

Eastern Mined

Midwestern Mined

Non-mined

9WV-1 (38)4WV-2 (28)9WV-1 (38)

Number of sp.Site (age in yrs.)Number of sp.Site (age in yrs.)Number of sp.Site (age in yrs.)

Woody Ground Layer RichnessUnderstory RichnessOverstory Richness

9WV-2 (28)2WV-1 (38)7VA-1 † (20)

9VA-1 † (20)5VA-1 † (20)10WV-2 (28)

11OH-1 (50)8OH-1 (50)13OH-2 (50)

13OH-2 (50)10PA-1 (40)15OH-1 (50)

18PA-1(40)15OH-2 (50)16PA-1 (40)

9KY-3 (40)3IL-2 (43)10IL-1(54)

9IL-2 (43)7KY-3 (40)11KY-2 (35)

10KY-4 (33)7IL-1(54)15IL-2 (43)

11IN-2 (50)11KY-1 † (35)16KY-4 (33)

13KY-2 (35)12KY-2 (35)18KY-3 (40)

13KY-1† (35)15IN-2 (50)19IN-2 (50)

13IL-1(54)17KY-4 (33)20KY-1 † (35)

15IN-1(55)23IN-1(55)23IN-1 (55)

6IL-C (Uneven)3IL-C (Uneven)9IL-C (Uneven)

12PA-C (Uneven)9OH-C (Uneven)12PA-C (Uneven)

12WV-C1 (Uneven)9VA-C (Uneven)12WV-C1 (Uneven)

14KY-C (Uneven)9WV-C2 (Uneven)14KY-C (Uneven)

17VA-C (Uneven)11WV-C1 (Uneven)15OH-C (Uneven)

17OH-C (Uneven)12KY-C (Uneven)18VA-C (Uneven)

17WV-C2 (Uneven)15IN-C (Uneven)20WV-C2 (Uneven)

19IN-C (Uneven)16PA-C (Uneven)20IN-C (Uneven)

Eastern Mined

Midwestern Mined

Non-mined

9WV-1 (38)4WV-2 (28)9WV-1 (38)

Number of sp.Site (age in yrs.)Number of sp.Site (age in yrs.)Number of sp.Site (age in yrs.)

Woody Ground Layer RichnessUnderstory RichnessOverstory Richness

9WV-2 (28)2WV-1 (38)7VA-1 † (20)

9VA-1 † (20)5VA-1 † (20)10WV-2 (28)

11OH-1 (50)8OH-1 (50)13OH-2 (50)

13OH-2 (50)10PA-1 (40)15OH-1 (50)

18PA-1(40)15OH-2 (50)16PA-1 (40)

9KY-3 (40)3IL-2 (43)10IL-1(54)

9IL-2 (43)7KY-3 (40)11KY-2 (35)

10KY-4 (33)7IL-1(54)15IL-2 (43)

11IN-2 (50)11KY-1 † (35)16KY-4 (33)

13KY-2 (35)12KY-2 (35)18KY-3 (40)

13KY-1† (35)15IN-2 (50)19IN-2 (50)

13IL-1(54)17KY-4 (33)20KY-1 † (35)

15IN-1(55)23IN-1(55)23IN-1 (55)

6IL-C (Uneven)3IL-C (Uneven)9IL-C (Uneven)

12PA-C (Uneven)9OH-C (Uneven)12PA-C (Uneven)

12WV-C1 (Uneven)9VA-C (Uneven)12WV-C1 (Uneven)

14KY-C (Uneven)9WV-C2 (Uneven)14KY-C (Uneven)

17VA-C (Uneven)11WV-C1 (Uneven)15OH-C (Uneven)

17OH-C (Uneven)12KY-C (Uneven)18VA-C (Uneven)

17WV-C2 (Uneven)15IN-C (Uneven)20WV-C2 (Uneven)

19IN-C (Uneven)16PA-C (Uneven)20IN-C (Uneven)
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Significantly lower richness in the canopy layer on sites in the eastern coal region 

(Fig. 3) is most likely due to four of the six eastern mined sites being reclaimed to pine 

more recently than sites in the Midwest (Table 3).  This difference was not apparent in 

the understory or woody ground layer comparisons of pine and hardwood sites (Fig. 3).  

Succession on most mined sites was dominated by invasion from nearby natural stands, 

which contain shade-tolerant, readily disseminated tree species such as red maple, black 

cherry, and sourwood (Wade and Thompson, 1999; Thompson et. al., 1996). 

Normally, species richness increases with stand age (Kimmins, 1987).  However, 

this general statement does not apply to all forest sites under all environmental 

conditions.  Canopy layer richness was not a function of time for our hardwood mined 

study sites (Fig. 4).  The planting of pre-SMCRA mined sites in the midwestern and 

eastern regions with multiple hardwood species ensured the establishment of a diverse 

canopy. Four of the six hardwood sites in this study were planted to four or more 

hardwood species.  Conversely stand age for midwestern and eastern pine sites, explained 

76% of the variation in richness. The strong correlation between stand age and richness in 

pine sites suggests that as pine canopies age beyond stand closure, light levels increase, 

allowing for further species invasion.  Light levels are higher at earlier ages for hardwood 

plantings, which allow species to invade sooner.  Holl and Cairns (1994) reported that 

tree and shrub species richness greatly increased with age, stating that a larger part of the 

floral community was found on mined sites older than 25-30 years.  However, in the 

understory and woody ground layers on our mined study sites, richness was not affected 

by stand age.  As stands develop, sub-canopy conditions improve through organic matter 

inputs, increased shade, reduced temperatures, and improved moisture conditions.  

Furthermore, the ameliorative effect of planted species allows for the invasion of 

additional native woody species into all three-forest strata (Game et al., 1982).  



 122

5

10

15

20

25

10 20 30 40 50 60

R
ic

hn
es

s 
(n

um
be

r 
of

 s
pe

ci
es

)

Stand age (years from establishment)

5

10

15

20

25

R
ic

hn
es

s 
(n

um
be

r 
of

 s
pe

ci
es

)

Part A: Hardwood

Not significant

Part B: Pine

Richness = – 1.5174  + 0.4281 age

P = 0.0050

R2 = 0.7569
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A) and Pine (Part B) mined sites across both midwestern and eastern coal fields.  

 

Evenness 

 

Species evenness (number of individuals of a species compared to other species 

present) was compared between natural sites and mined sites in the eastern and 

midwestern coal regions using rank abundance curves (Fig. 5).  Eastern mined sites were 

less even than non-mined sites or midwestern mined sites, through the canopy and
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Fig. 5: Comparison of species evenness for non-mined and mined study sites in the 
midwestern and eastern coal regions by canopy layer.
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understory layers.  On each site, one species tended to dominate in terms of numbers per 

hectare.  In the east, almost 50% of the canopy layers on mined sites were made up of the 

most abundant species planted.  White pine was planted on the majority of eastern mined 

sites, making the relative density (%) of the first species higher for the East in all layers.  

In the canopy layer, the midwestern and non-mined sites had lower relative densities but 

a greater number of species, suggesting that these stands were more even.  The canopy 

layers of midwestern mined sites were mainly planted to mixed hardwoods and open-

canopied pines.  The higher light levels present on these sites allowed greater numbers of 

volunteers into the canopy.   

In the eastern region, the majority of mined sites were planted to white pine, 

which limited the amount of light through the main canopy and prohibited volunteers 

from invading.  Schuster (1983) reported that woody tree invasion was low under stands 

of white pine planted on spoils in Pennsylvania.  The relative densities for the second 

most numerous species in the canopy layer were similar among all regions (18%).  The 

eastern mined sites’ canopy layers continued to maintain similar evenness values for the 

next three species, mainly due to sites in eastern Ohio which were planted to mixed 

hardwood species.  By the fifth species in the sequence, eastern mined sites’ relative 

densities began to approach zero.  The abundance of species following in the sequence 

was severely limited by the planted species in higher abundance earlier in the sequence.  

This was not the case with the non-mined and midwestern sites, whose species relative 

densities leveled out around 5%.  The eastern sites also had the lowest total number of 

species on site (12); the midwestern mined sites had the most species present (23); and 

the non-mined sites fell in between (19). 

Trends in understory evenness were similar to those in the canopy layer, but with 

different species representing the most numerous species.  Understory evenness in the 

East dropped from relative densities of 60% to 13% by the second species in the 

sequence (Fig. 5).  Species such as sourwood, autumn olive, and black cherry dominated 

the understories of eastern mined sites.  Both midwestern sites and non-mined sites 

maintained higher levels of relative density for longer portions of the sequence.  On non-

mined sites and mined sites in the Midwest, species such as hickory, elm, dogwood, and 

sourwood dominated the understory.  Again, the eastern sites contained the lowest 
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number of species (15), re-emphasizing the impact of a vigorous, planted white pine 

canopy layer (Fig. 5). 

The general trends found in the canopy and understory layers were less apparent 

in the ground layer suggesting that succession of woody species is still operating on 

reforested mined sites in the ground layer.  All sites were similarly even.  Non-mined 

sites had a relative density controlled by red maple at 53% and the eastern mined sites 

were only slightly higher (55%) (Fig. 5).  The midwestern mined sites had the lowest 

relative density for the most abundant species (38%).  All sites converged to 

approximately 20% relative density by the second species.  All sites had species with 

relative densities less than 8% by the 4th species in the sequence indicating that light 

levels on all three site-types were uniformly low in the ground layer.  The non-mined 

sites had the most species present (19 species), followed closely by the eastern sites (18 

species) and finally by the midwestern sites (15 species).  Less evenness in the east is 

strongly influenced by common use of white pine for reclamation.  White pine controls 

understory light levels much more uniformly than hardwoods of varying species 

composition.   

More generally, the data reflect the effect of one or two dominant species on the 

distribution of species in the sequence.  With one species monopolizing a large 

percentage of available resources, the ability of other species to become established and 

thrive on the site is greatly diminished.  The woody ground layers of the non-mined and 

mined sites in the East were dominated by red maple, reflecting its ability to thrive at 

lower resource levels.  The most numerous species in the understory varied for both 

eastern site types, but commonly consisted of black cherry and sourwood.  Autumn olive 

was numerous on eastern mined sites, reflecting its planting history in the region and bird 

dispersal of its seed.  The understory of non-mined and mined sites in the midwestern 

region was also variable, reflecting the competitive environment under mixed hardwood 

species.  However, greater evenness later in the species sequence (>6) of midwestern 

mined sites, suggested better conditions for seedling establishment.  Conditions were 

similar enough with the woody ground layer of all sites to result in similar evenness 

levels.   
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Species Density, Dominance, and Succession  

Canopy Layer 

 

The abundance and dominance of species present in the canopy layer of mined 

and non-mined sites were compared across the eastern and midwestern coal regions (Fig. 

6).  In Fig. 6, the bars represent species abundance (stems ha-1) and the solid lines 

represent dominance in basal area (m2 ha-1).  The species are ordered from highest to 

lowest dominance.  Each species listed makes up greater than 1% of the average 

population across the sites.  A species with a large abundance but a small dominance is 

one that may occupy a suppressed or sapling position.  These species, along with species 

in the understory and woody ground layer, are most likely to replace the present mature 

stand if it were harvested.  Trees both abundant and dominant are the trees that were best 

positioned in the upper canopy.
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Fig. 6: Canopy layer species composition on non-mined and mined study sites in the midwestern and eastern coal regions. 
Note: Each species listed has a density greater than 1%.
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The canopy layer of non-mined sites in the eastern region contained an average of 

13 species, making up more than 1% of the population on the sites (Fig. 6).  Red maple is 

the most abundant and dominant in the canopy, but red oak, tulip poplar, white oak, and 

black cherry are important components, making up the larger-size trees in the stands.  

Tulip poplar was also present in larger sizes, though not as abundant in mature forests of 

the eastern region.  Other species such as green ash, pignut hickory, cucumber tree, and 

basswood were larger trees but are more scattered than tulip poplar.  Elliott et al. (1997) 

found that red oak, black oak, tulip poplar, and hickory were the most common species in 

southern Appalachian cove and mixed oak sites. Gilliam et al. (1995) listed sugar maple, 

tulip poplar, black cherry, and red oak as the four most important species on mature 

central Appalachian sites.  Gilliam et al. (1995) also reported finding an average of 800 

stems ha-1 and a basal area of 43m2 ha-1 on mature central Appalachian sites.  The non-

mined sites in the eastern region of this study contained an average of 827 stems ha-1 and 

32 m2 ha-1.  

On the eastern study sites, 11 species made up greater than 1% of the abundance 

on the mined sites (Fig. 6).  White pine, commonly used for reforestation of mined sites 

in the eastern region, dominates in both numbers/ha and basal area/ha.  On our study 

sites, white pine abundance levels were 403 stems ha-1.  Andrews et al. (1998) reported 

that white pine abundance levels for sites in Virginia and West Virginia averaged 687 

stems ha-1.  This average was measured on mined sites five to nine years after stand 

establishment.  Zeleznik and Skousen (1996) found that an average of six species invaded 

mined sites planted to white pine in Southeastern Ohio.  The other species planted on the 

study sites in the eastern region included red oak, tulip poplar, sycamore, Scots pine, 

black locust, big tooth aspen, and ash, which were less abundant but were co-dominant in 

the main canopy, having large dominance values for their smaller abundance.  The four 

remaining species were volunteers onto our sites indicated by low dominance and high 

abundance.  Two sites in eastern Ohio (OH-1, OH-3) planted to hardwoods represented 

an exception to the rule in the eastern region.  Both sites were planted to mixed 

hardwoods that more closely approximated natural sites in the region containing a 

mixture of red oak, tulip poplar, and sycamore.  Therefore, some planted hardwood 
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species found on eastern mined sites were also found as invaders onto other eastern sites 

that inflated abundance and dominance (i.e., tulip poplar and red oak).   

The non-mined sites of the midwestern region also contained a large array of 

species (15) (Fig. 6).  Red and sugar maples were the most abundant species but not the 

most dominant.  Scarlet oak was the most dominant species in the canopy layer, followed 

by sweetgum and tulip poplar.  The large presence of scarlet oak may reflect its low 

desirability as a timber species.  Tulip poplar, red oak, and white oak made up similar 

proportions of the stand, while red maple, sugar maple, American elm, and blackgum 

were found in large numbers in subordinate positions.  The mined sites in the midwestern 

region had the same number of species as eastern mined sites (11).  Eight of the eleven 

species present on midwestern mined sites were present due to planting. The only 

volunteer species making up greater than 1% of the total population on the sites were 

American elm, black cherry, and hackberry.  Zeleznik and Skousen (1996) also found 

high numbers of elm invading white ash, white pine, and tulip poplar sites in Ohio.  The 

compositions of mined stands in the midwestern region were similar to non-mined sites, 

with five species in common.  Species found on mined sites but not found on non-mined 

sites were planted conifers and planted shade-intolerants such as cottonwood, species that 

are uncommon within the mixed mesophytic and oak-hickory forest regions.  The forests 

on mined sites in the midwestern region are more representative of their undisturbed 

counterparts than mined sites in the eastern region planted to eastern white pine.  

Through the use of multiple planted hardwood species on mined sites in the midwestern 

region, as well as two sites in the eastern region, the mature canopy layer of these sites 

contained species numbers similar to the canopy layer composition of native forest 

communities.  

 

Understory 

 

Similarities in canopy layer species composition between midwestern non-mined 

and mined sites were also found in the understory.  Midwestern non-mined sites 

contained 21 woody species, 11 of which were present on mined sites in the region (Fig. 

7).  Midwestern mined sites also contained a total of 21 species making up greater than 
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1% of the stands.  Both the midwestern non-mined and mined sites contained roughly 12 

tree species capable of developing into future canopies.  Tree species on midwestern 

mined sites had slightly higher abundances in the understory.  However, the understory 

also contained a number of woody species whose growth forms prevented them from 

entering the main canopy.  Eastern non-mined sites contained 20 species in the 

understory; 9 were shared with the eastern mined sites (Fig. 7).  Of those 20 species on 

eastern non-mined sites, 11 were tree species capable of existing in the main canopy. 

Eastern mined sites contained 17 species, 11 of which are capable of reaching the main 

canopy.
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Fig. 7: Understory species composition on non-mined study sites in the midwestern and eastern coal regions. Note: Each 
species listed has a density greater than 1%. 
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The pine species planted in the canopy layer of four eastern mined sites and four 

of the midwestern mined sites were not present in the understory.  In all cases, pines were 

less than 1% of the species present on sites planted to pine.  This indicates the inability of 

softwoods to regenerate in their own shade and exemplifies the trends of all mined sites 

in the midwestern and eastern regions towards returning to mixed hardwood forest 

communities if left to their own design.  Overall species abundance was similar between 

mined and non-mined sites within region, but individual species varied in abundance.  

For example, hornbeam, which was third in abundance on eastern mined sites, was 

twelfth on eastern non-mined sites. 
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Fig. 8: Woody groundlayer species composition on non-mined and mined study sites in the midwestern and eastern coal 
regions. Note: Each species listed has a density greater than 1%.
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Woody Ground Layer 

 

Midwestern mined sites contained more invading species than non-mined sites 

(17 versus 14) (Fig. 8).  The sites shared 11 species.  However, species found on the non-

mined sites but not found on the mined sites included silver maple, basswood and 

sourwood.  Trees found on mined sites that were not present on non-mined sites included 

hophornbeam, hackberry, sweetgum, and persimmon. Two shrub species were also 

present on midwestern mined sites that were not found on non-mined sites (privit, 

spicebush). The mined sites contained 10 tree species that might make up future canopy 

layers, while non-mined sites contained 11 such trees.  Eastern sites contained similar 

numbers of species (11 and 12), but shared only 7.  The woody ground layer of eastern 

mined sites contained 7 tree species capable of reaching the main canopy, while non-

mined sites contained 9.  Black birch along with rose, autumn olive, and hornbeam were 

found exclusively on eastern mined sites. Non-mined sites exclusively contained white 

oak, sassafras and the shrubs maple leaf viburnum, spicebush, and alternate-leaf 

dogwood. Dominance of the ground layer by red maple and black cherry was common on 

mined and non-mined sites in the East (Fig. 8).  Conditions are developing that allow 

more tolerant species to establish themselves on mined sites.  The woody ground layer of 

both midwestern and eastern mined sites did contain a mix of later-successional species 

that were found on non-mined sites (white oak, hickory, red oak).  

A comparison of species held similar between the forest strata provides insight 

into the successional patterns developing on reclaimed mined land.  Between 36 to 45% 

of the tree species found in the canopy were also present in the understory and woody 

ground layer on mined sites in the Midwest and East.  Twenty-three to 40% of the tree 

species on non-mined canopy layers were present in the understory and woody ground 

layers.  However, the understory and woody ground layer of many mined sites also 

contained several tree species not found in the canopy.  This was especially common on 

sites revegetated with pine.  On eastern non-mined sites the woody ground layer 

contained 40% of the woody species in the understory, while mined sites shared 53% of 

the tree species between the woody ground layer and understory.  The presence of similar 

tree species in the understories and woody ground layers on mined sites indicate that 
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successional processes are progressing.  Even on sites where different types of trees are 

present in the different vegetative layers, the species present perform that same function 

or role in the developing community.   

Certainly, on natural forest sites, those species found in the understory and the 

ground layer are those species that fill the gaps made in the canopy layer by disturbance. 

These mechanisms are still present on mined sites in both regions.  Succession seems to 

be capable of supplementing planted species diversity creating self-perpetuating forest 

systems on mined sites.  Midwestern sites are progressing towards stands similar in 

species composition to non-mined sites.  The woody ground layer contains woody 

species invading from nearby non-mined sites and regeneration from species planted 

during reclamation.  Eastern mined sites do possess species similar to non-mined sites, 

but given the current canopy cover of planted white pine, redevelopment of hardwood 

forests will be slower, relying primarily on invasion from nearby non-mined sites. 
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Fig. 9: Canopy layer commercial species composition on non-mined and mined study sites in the midwestern and eastern coal 
regions. 
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Commercial Species Composition 

Canopy Layer 

 

Deciduous and coniferous trees are commonly referred to as hardwood and 

softwoods, respectively.  Deciduous species are further separated into two groups, hard- 

and soft-hardwoods, based on wood density and wood product use.  Non-mined sites in 

the midwestern region contained seven hard-hardwood species while the mined sites in 

the midwestern region contained three (Fig. 9).  In the Midwest, red oak was present on 

non-mined and mined stands at similar levels of abundance and dominance, while white 

oak was less abundant on mined sites.  On sites in the midwestern region, sugar maple 

was very abundant in non-mined stands but was not present on mined sites, suggesting 

that it is not competitive at this stage of mined land succession.  The non-mined sites in 

the midwestern region contained four soft-hardwood species while mined sites contained 

two soft-hardwoods.  Tulip poplar, which was present on both site types, was present in 

similar abundance but was slightly higher in dominance on the mined sites because it was 

a planted species.  Red maple, found on non-mined sites, maintained a subordinate 

position in the community, while green ash and sweetgum maintained position within the 

main canopy.   

On the mined sites in the region, the abundance of red maple was low and 

dominance almost negligible, as it was not a planted species.  Cottonwood and sycamore 

were planted species, and their high abundance and dominance reflected this.  The mined 

sites also contained a significant proportion of planted softwoods (pine species) that were 

not present in the non-mined canopies.  Pine species will not readily regenerate under 

their own canopy.  After their removal, a secondary successional hardwood stand will 

likely emerge.  This is a typical fate of pine stands planted in the midwestern hardwood 

forest region. 

The eastern mined areas contained mostly softwoods that were dominant in the 

canopy layer.  The ability of the mined sites in the eastern region to support hard-

hardwoods and soft-hardwoods seemed deterred by the presence of densely-planted pine 

canopies (Fig. 9).  As mentioned, the only species present in the canopy layers with white 

pine were those species that can withstand low light levels.  However, significant levels 



 

 138

of red oak and tulip poplar were present from their use as planted species on mined sites 

in Ohio.  The non-mined sites in the eastern region contained greater amounts of hard- 

and soft-hardwoods compared to mined areas.  In addition to white pine, eastern mined 

sites contained four hard-hardwood species and three soft-hardwood species compared to 

the seven hard-hardwood species and five soft-hardwood species present on non-mined 

sites.  Those species that were able to utilize the gaps in the pine canopies were able to do 

so successfully because of the lack of competition in the lower levels of the canopy.  

Though the mined sites in the eastern region contained higher abundance and dominance 

of a single species, the mined sites in the midwestern region were comparable to the 

natural sites, and will ultimately provide higher-value wood products at rotation age.  The 

principle product of the mined sites in the eastern region will be lower-value softwood 

and soft-hardwood products. 
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Fig. 10. Understory commercial species composition on non-mined and mined study sites in the midwestern and eastern coal 
regions. 
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Understory 

 

The same numbers of hard-hardwoods were found in the understory on both 

midwestern non-mined and mined sites (Fig. 10).  All species abundances were greater 

on mined sites than non-mined sites, indicating black cherry’s and shingle oak’s ability to 

invade and red and white oak’s higher dominance on sites where they are also 

regenerating from seed of the planted canopy.  Of the five soft-hardwood species, non-

mined and mined sites varied by only one species.  Green ash was found at higher 

abundances on mined sites while red maple and tulip poplar were more abundant on non-

mined sites, reflecting the presence of species that were in higher abundance in their 

respective canopy layers.  Tulip poplar was of similar abundance on both site types.  

Sweetgum was present on mined sites in the Midwest as both a successful invader and 

regenerating from seed on sites where it was planted. 

Distinctly higher abundances of black cherry were found on non-mined sites in 

the eastern region.  These high abundances were offset slightly by an increased richness 

of hard-hardwood species in the understory on eastern mined sites (5 vs. 2 species) (Fig. 

10).  Though species abundances on eastern mined sites were lower, two of the four soft-

hardwood species were the same for both mined and non-mined sites.  Planted pines in 

the canopy were not represented at significant abundances (>1%) in the understory of 

eastern mined sites.  The lack of planted pine regeneration in the understory was also 

noted on midwestern mined sites. 
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Fig. 11:Woody ground layer commercial species composition on non-mined and mined study sites in the midwestern and 
eastern coal regions. 
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Woody Ground Layer 

 

Non-mined and mined sites in the midwestern states had similar hard-hardwood 

and soft-hardwood species in the woody ground layer (Fig. 11).  Commercial species 

were less abundant on mined sites.  Again, softwood species were not found in the 

ground layer on mined sites in the midwestern region.  On eastern sites, most commercial 

species found on non-mined sites were also present on mined sites.  Eastern non-mined 

and mined sites were dominated by black cherry and red maple.  Softwoods were also 

missing on eastern mined sites.  Across all site types, mined versus non-mined sites 

species composition was least similar in the canopy and most similar in the ground layer.  

Successional forces commonly start “from the ground up,” providing new species inputs 

to woody ground layers to fill gaps in community structure (sites planted to 

monocultures), and to enhance and stabilize mixed species sites. 

The similarities between mined and non-mined sites in the midwestern region 

further suggests that sites reclaimed to hardwoods are capable of returning to 

communities similar in composition to those of non-mined areas.  These similarities are 

also noticed on those sites planted to hardwoods in the eastern region.  Ashby et al. 

(1980) reported the rapid development of oak-hickory forest types in planted strip-mined 

understories of Illinois and Indiana, a result of the invasion of several oak species as well 

as other subordinate species.  Future stands developing from our sites will continue to 

contain species similar to non-mined sites through advanced regeneration, further species 

invasions, and coppice regeneration.  Wade and Thompson (1999) also reported that 

hardwood species as well as some softwood species were most common in the ground 

layer on sites where they made up a component of the planted canopy.  However, our 

study shows that sites planted to pine will revert to forest stands resembling non-mined 

sites, but the process will be slower than if it had been planted to hardwoods.  The ground 

layer on mined sites in the east contains 6 out of 12 principal species in the canopy layer 

of the eastern non-mined sites, the same number as the ground layer of the non-mined 

sites.  Eastern mined sites still contain a number of lower- value species, those that can 

survive in the suppressed position within the lower light levels of the current pine 

canopy.  Furthermore, regeneration from coppice is less likely in these pine- dominated 
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communities, and the regenerating stand, after the pine is harvested, will have to rely on 

those species present as advanced regeneration. 

 

Site Dominance and Abundance of Planted Species 

 Planted species dominated the canopy of mined sites.  This was most apparent on 

young, planted monocultures of pine. Young, planted, pine sites including VA-1 (20 yr), 

WV-3 (28 yr) and KY-4 (33 yr) had dominance values of 92.8, 87.4, and 92.2%, 

respectively.  With the addition of the planted black locust, planted species dominance of 

WV-2 increased to 96.5%.  Older pine sites (KY-3, WV-1, PA-1, IN-1) were still 

dominated by pine, but to a lesser extent (Table 4).  

On mined sites planted to multiple hardwood species, the planted species are also 

clearly dominant; however, dominance differences according to age are less apparent 

(Table 4). Younger hardwood stands KY-1 (35 yr), and KY-2 (35 yr), which were 

planted to 4 or more species, had planted dominance values of 89.4 and 98.0%, 

respectively (Table 4). Older hardwood sites were also dominated by the planted species. 

Site IL-1 (54 yr), which was planted with three species (white oak, tulip poplar, and black 

locust), oak and poplar, collectively, made up 98.2% of the canopy layer basal area.  Sites 

OH-1 and OH-2 (both 50 yr) were planted to 4 and 3 species, respectively.  These planted 

species made up 80.5% and 89.0% of the canopy layer dominance, respectively.  The 

only hardwood monoculture was, IL-2, which was planted to cottonwood; it made up 

67.0 % of the stand basal area.  

The abundance of planted species was lower than invading species, reflecting the 

ability of invading species to establish themselves in and under the planted canopy.  The 

planted species on pine sites still made up the majority of the canopy (VA-1, WV-2, PA-

1, WV-1, KY-3) (Table 5); however, IL-2, IN-1, and IN-2 had relatively low planted 

species abundance.  Sites IN-1 and IN-2 were planted to pitch pine, which was out of its 

natural range. The growth of the pine on these sites had slowed numbers of invaders onto 

the sites.  This was especially the case on IN-2 because the pitch considerably by the time 

of measurement (55 and 50 years, respectively) allowing large pine was not able to 

maintain canopy dominance. On IN-2, pitch pine basal area was 46.5 %, while its 

abundance was only 16.7 %, indicating that a few scattered pines were able to hold onto 
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the site and grow adequately.  Invading species made up 83% of total stem numbers and 

over 50% of the basal area (Table 4,5).  Ashby et al. (1980) reported that species invasion 

rates were high on sites when planted species failed. 
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Table 4: Species dominance (% of m2 ha-1) of the canopy layer on mined study sites in the midwestern and eastern coal 
regions. Shaded cells represent basal area of planted species. 
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17.516.292.8VA-1

48.847.196.5WV-2

31.323.976.2WV-1

33.529.487.8PA-1

33.730.089.0OH-2

29.723.980.5OH-1

37.034.192.2KY-4

32.725.176.7KY-3

25.525.098.0KY-2

24.822.289.4KY-1
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m2 ha-1m2 ha-1% basal area (m2 ha-1)

T. site

basal area

T. basal area

planted spp.

T. rel. dominance 

planted spp

Site

17.516.292.8VA-1

48.847.196.5WV-2

31.323.976.2WV-1

33.529.487.8PA-1

33.730.089.0OH-2

29.723.980.5OH-1

37.034.192.2KY-4

32.725.176.7KY-3

25.525.098.0KY-2

24.822.289.4KY-1

18.68.646.5IN-2

31.219.161.2IN-1

35.724.067.0IL-2

32.231.698.2IL-1

m2 ha-1m2 ha-1% basal area (m2 ha-1)

T. site
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T. basal area

planted spp.

T. rel. dominance 

planted spp

Site

White Pine

White Oak

White Ash

Virginia Pine

Tulip Poplar

Sourwood

Scots Pine

Silver Maple

Shurmard Oak

Shingle Oak

S. Name

WP =

WO =

WA =

VP =

TP =

SW =

ST =

SM =

SO =

SH =

Spp. Code

SweetgumSG =CottonwoodCW =

SassafrasSF =Chestnut OakCO =

Scarlet OakSC =Black WalnutBW =

Red OakRO =Black LocustBL =

Red MapleRM =BlackgumBG =

RedbudRB =BoxelderBE =

Pitch PinePP =Black CherryBC =

C. PersimmonPE =Black BirchBB =

Loblolly PineLP =A. SycamoreAS =

HackberryHB =Bigtooth AspenAP =

Green AshGA =A. ElmAE =

S. NameSpp. CodeS. NameSpp. Code

White Pine

White Oak

White Ash

Virginia Pine

Tulip Poplar

Sourwood

Scots Pine

Silver Maple

Shurmard Oak

Shingle Oak

S. Name

WP =

WO =

WA =

VP =

TP =

SW =

ST =

SM =

SO =

SH =

Spp. Code

SweetgumSG =CottonwoodCW =

SassafrasSF =Chestnut OakCO =

Scarlet OakSC =Black WalnutBW =

Red OakRO =Black LocustBL =

Red MapleRM =BlackgumBG =

RedbudRB =BoxelderBE =

Pitch PinePP =Black CherryBC =

C. PersimmonPE =Black BirchBB =

Loblolly PineLP =A. SycamoreAS =

HackberryHB =Bigtooth AspenAP =

Green AshGA =A. ElmAE =

S. NameSpp. CodeS. NameSpp. Code
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Table 5: Species abundance (% of stems ha-1) of the canopy layer on mined study sites in the midwestern and eastern coal 
regions. Shaded cells represent stems per hectare of planted species.
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T. site 

abund.
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Site
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955.0692.072.4VA-1
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1161.0674.058.0WV-1

1205.0661.054.9PA-1

809.0439.054.2OH-2

599.0314.052.5OH-1

1032.0692.067.1KY-4

550.0240.043.8KY-3
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924.0647.470.2KY-1
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S. Name

SH =

SG =
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SC =

RO =

RM =

RC =

RB =

PP =

PO =

Spp. Code

White PineWP =Black LocustBL =

White OakWO =C. PersimmonPE =BlackgumBG =

White AshWA =MulberryMU =BoxelderBE =

Virginia PineVP =Loblolly PineLP =Black CherryBC =

Tulip PoplarTP =HornbeamHO =Black BirchBB =

SourwoodSW =HackberryHB =BigtoothAspenAP =

Sugar MapleSU =Green AshGA =A. SycamoreAS =

Scots PineST =F. DogwoodFD =AutumOliveAO =

S. Red OakSRO =CottonwoodCW =A. ElmAE =

Silver MapleSM =Chestnut OakCO =A. ChestnutAC =

ShurmardOakSO =Black WalnutBW =A. BasswoodAB =

S. NameSpp. CodeS. NameSpp. CodeS. NameSpp. Code

Shingle Oak

Sweetgum

Sassafras

Scarlet Oak

Red Oak

Red Maple

Red Cedar

Redbud

Pitch Pine

Post Oak

S. Name

SH =

SG =

SF =

SC =

RO =

RM =

RC =

RB =

PP =

PO =

Spp. Code

White PineWP =Black LocustBL =

White OakWO =C. PersimmonPE =BlackgumBG =

White AshWA =MulberryMU =BoxelderBE =

Virginia PineVP =Loblolly PineLP =Black CherryBC =

Tulip PoplarTP =HornbeamHO =Black BirchBB =

SourwoodSW =HackberryHB =BigtoothAspenAP =

Sugar MapleSU =Green AshGA =A. SycamoreAS =

Scots PineST =F. DogwoodFD =AutumOliveAO =

S. Red OakSRO =CottonwoodCW =A. ElmAE =

Silver MapleSM =Chestnut OakCO =A. ChestnutAC =

ShurmardOakSO =Black WalnutBW =A. BasswoodAB =

S. NameSpp. CodeS. NameSpp. CodeS. NameSpp. Code
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The majority of trees on hardwood sites consisted of planted species (IL-1, KY-1, 

KY-2, OH-1, OH-2) even up to 90% abundance in the case of KY-2 (Table 5).  The only 

exception was IL-2, which was planted to a monoculture of cottonwood.  Though the 

planted cottonwood made up 67% of the basal area, 73.7% of the stems in the canopy 

layer were invading species.  This was likely due to the rapid early growth of cottonwood 

that now existed as dominant trees in the canopy.  The sparse canopy of the species 

allowed other trees to advance into the co-dominant and intermediate positions.  

However, the cottonwoods were so large that their basal area was still two-thirds of the 

total. 

Comparisons of total species abundance and dominance between mined and non-

mined sites reveal that planted mined sites are developing similar species abundance and 

dominance in comparison to natural sites in the regions (Table 6).  Species invasion 

further increases diversity, which was very apparent on sites IN-1 and IN-2 (Table 4).  

There the planted species made up a small proportion of the canopy layer’s total 

abundance.  

In most cases, planted trees made up the majority of the basal area and stems per 

hectare on mined land.  This has strong implications for future forest management of 

mined sites.  Our results show that planting commercially valuable species greatly 

increases the possibility that forested mined sites will develop into stands of commercial 

importance.  Late-successional species of high value (white oak (IL-1), red oak (KY-1, 

KY-2, OH-1)) planted on mined sites can establish themselves directly in the canopy and 

maintain dominance.  Planted trees clearly have a head start on invading species.  

Furthermore, a mixed species understory made up of a significant number of mid- to late-

successional species insures species richness and commercial value for the next rotation.
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Table 6:Total abundance and dominance for non-mined sites in the midwestern and 
eastern regions. �

Conclusions 

 

Mined sites, especially sites planted to multiple hardwood species, are capable of 

developing into forest communities that possess woody diversity similar to local native 

forests. The similarity in diversities is related to the planting of multiple late-successional 

species during reclamation and the invasion of woody species into all levels of the 

developing forest community.  Sites planted to multiple species contain high proportions 

of those species in the canopy layer, both in terms of abundance and dominance.  Sites 

planted to a single species are still dominated by that planted species, but canopy layer 

richness is controlled by those species capable of invading a relatively closed canopy.  

Early-successional hardwoods and some pine species can increase species richness 

through natural species invasion.  Much of the vegetative composition found on mined 

sites are combinations of the planted species that dominate the upper levels of the canopy 

and the native species that are capable of invading into the understory and woody ground 

layers.  In situations where the planted canopy is unable to maintain its dominance, 

invading species quickly fill the gaps. 

In most cases, the planted species present in the canopies of mined sites have 

commercial value.  Invading secondary successional species such as red maple, black 
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35.9834VA-C
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24.0828OH-C
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27.51143KY-C
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Total DominanceTotal AbundanceSite
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birch, black cherry, sourwood, and sassafras will not generate into stands with the same 

value as planted hardwood stands.  Those sites planted to multiple hardwood species are 

already showing signs of future stand development similar to the composition of stands 

on undisturbed sites containing later succession hardwoods in the understory and ground 

layers.  Stand development on sites in the two regions planted to pines show trends 

toward the return of natural hardwood communities, but their commercial value may be 

lower.  On most mined sites, there is an increase in similarity between non-mined and 

mined vegetative layers as one moves from canopy to ground layer. This supports the 

presence of natural successional forces that are increasing woody species diversity.  Sites 

planted to multiple hardwoods provide further enhancement of species diversity and 

future stand development toward regional forest types. Mined site canopy layers made up 

primarily of pine provide little seed rain capable of enhancing the diversity of future 

stands whose development must rely on further species invasion. 

Planting trees on mined sites enhances the diversity of forest communities.  

Planting trees insures the species composition and commercial value of the first canopy. 

Planted late-successional hardwoods, have a chance to grow while other woody species 

are still becoming established.  However, the species planted tends to control the rate of 

advancement of the developing forest towards levels of woody species diversity 

characteristic of native hardwood forests of these regions. 
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CHAPTER V.  FOREST SOIL PRODUCTIVITY OF MINED LAND 

IN THE MIDWESTERN AND EASTERN COALFIELD REGIONS† 

by 

J. A. Rodrigue and J. A. Burger 

 

Abstract 

The public in the midwestern and eastern coal mining regions is concerned that current 

reclamation procedures are not achieving forest site productivity levels required by the 

Surface Mining Control and Reclamation Act of 1977 (SMCRA).  Anecdotal evidence 

suggests that sites mined before the Act are more productive than those mined after the 

law was implemented.  This study determined the effects of mining on forest land 

productivity prior to the passage of SMCRA, and determined how selected mine soil 

properties influenced forest productivity.  The site productivity of 14 mined and 8 non-

mined sites in the eastern and midwestern coalfields were compared.  Results show that 

site productivity between non-mined sites and 12 of the 14 mined sites was similar. Sites 

with low productivity were shallow, had high coarse fragment contents, and lower 

fertility.  Regression analysis identified the five most influential soil properties effecting 

site quality, which included soil profile base saturation, total coarse fragments, total 

available water, C horizon total porosity, and soil profile electrical conductivity.  These 

five properties explained 52 % of the variation in tree growth.  Forests on most pre-law 

mined lands were productive and can be used as a benchmark to assess the impacts of 

current reclamation on mine soil quality and forest productivity. 

 

Additional Key Words: reforestation, site productivity, reclamation, strip mines 

Abbreviations: SMCRA, Surface Mining Control and Reclamation Act; BS, 

Profile base saturation; CF, Total coarse fragments; AWHC, Available water 

holding capacity; TPc, Total porosity C horizon; EC, Profile electrical 

conductivity  

 

†Prepared and submitted to for the Soil Science Society of America Journal. 
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Introduction 

Surface mining has been disturbing land, forests, and waterways of the 

midwestern and eastern US for over a century.  Prior to federal regulations controlling 

mining, the drastic nature of mining disturbance prompted some mine operators, 

landowners, and surrounding communities to reclaim mined areas (DenUyl, 1955), and 

several states with mining activity enacted regulations to control the mining process and 

minimize adverse effects (Davidson, 1981; Sandusky, 1980). In the midwestern and 

eastern states, many sites were reclaimed with trees to control erosion and reduce 

sedimentation. However, there was little or no expectation for commercial wood 

production, and the productivity of these mined lands is still largely unknown.  Most 

mined sites planted to trees developed good vegetative cover for erosion control, but 

many other environmental problems remained, including degraded water quality, toxic 

spoils, uneven landscapes, acid drainage, highwalls and subsidence. 

The Surface Mining Control and Reclamation Act (SMCRA) was enacted in 1977 

to address human safety, land productivity, and environmental problems that occurred 

during mining and reclamation.  However, in the process of attaining these goals, 

reforestation disincentives were created because the reclaimed landscape was difficult to 

plant to trees and it was commonly unproductive for forestry (Burger, 1999).  Post-law 

emphasis was placed on water quality and erosion control at the expense of site 

productivity, reforestation, and productive land uses (Boyce, 1999).  Current reclamation 

in the Appalachian region results in mine soils that are commonly thin, alkaline, highly 

compacted, and covered with competitive grasses, which makes it difficult to re-establish 

forests and causes them to grow poorly.  Nonetheless, the Code of Federal Regulations, 

30, Mineral Resources (1997) interpreting SMCRA requires that states restore disturbed 

land to conditions capable of supporting the uses which they supported prior to mining 

(section 715.13(a)). 

An example of the mine soil productivity problem was documented by Torbert et 

al. (2000) who reported 11 yr results of a test planting of three pine species on a pre-law 

mined site and a post-law mined site.  They established their study during the transition 

period when the new law was first implemented.  Trees planted on the pre-law mined site 

were planted on the flat bench that remained after contour coal extraction, while the post-
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law mined site was reclaimed to its “approximate original contour” required by the new 

law.  The height and diameter growth of all three pine species (loblolly (Pinus taeda L.), 

Virginia (Pinus virginiana Mill.), and white (Pinus strobus L.)) was greater on the pre-

law mined sites than the post-law mined sites.  The heights on the pre-law mined sites 

averaged 7, 5.6 and 3.7 m, while the heights on the post-law mined site averaged 6.7, 5.3, 

and 3.1 m for loblolly, Virginia, and white pine, respectively.  The diameter growth on 

the pre-law mined site averaged 11.2, 9.7, and 5.3 cm while on the post-law mined site 

the diameters averaged 8.9, 7.4, and 3.6 cm.  Projecting these growth rates to a harvest 

age of 20 yr indicates that stumpage value on the pre-law site will be approximately twice 

that of the post-law site. 

Unlike agricultural crops, there is no productivity standard in the regulations for 

forestland; a minimum number of trees surviving for the 5-yr bond period is the only 

performance standard associated with the tree component of forestland uses.  Therefore, 

forest land productivity is commonly degraded in the process of mining and reclamation 

(Burger, 1999), because current reclamation practice in most Appalachian states does not 

result in topsoil recovery and replacement.  Mine operators choose rock overburden 

material for the surface that supports vigorous herbaceous ground covers used for 

temporary erosion control.  Research in the Appalachian coalfield region has shown that 

the type of overburden suitable for the temporary ground cover is not usually the best 

choice for long-term forest uses (Torbert, 1995).  On midwestern sites, where topsoil is 

usually recovered and replaced, excessive grading compacts the C horizon and topsoil 

creating conditions unfavorable for tree establishment and growth (Pope, 1989).   

Land reclaimed for forestry should logically meet a minimum productivity 

standard similar to that required for other crops; however, little is known about mine soil 

quality requirements for trees.  Pre-law mined sites are growing forests in the midwestern 

and the eastern coalfields over a wide environmental gradient (Burger et al., 1998; 

Andrews, 1992; Plass, 1982).  Productivity comparisons between pre-law mined sites and 

non-mined forest sites should show the extent to which mined sites can be reclaimed to 

pre-mined productivity levels.  Furthermore, characterization of mined sites growing 

productive forests should provide insight into soil and site conditions needed for 

reclaiming mined land for forestry uses.  Therefore, the objectives of this study were to: 
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(1) compare the site productivity of a range of surface mined sites to adjacent non-mined 

forests; and (2) determine soil and site properties that influence tree growth and long-

term productivity on reforested mined sites. 
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Figure 1. General location of study sites in the Midwestern and Appalachian 
coalfields. 

 

Methods 

Fourteen forest sites across seven states, each with an average size of 2.5 ha of 

uniform and contiguous forest cover, were located on reclaimed mined lands in the 

midwestern and Appalachian coal fields (Fig. 1).  The fourteen sites ranged from 20 to 55 

years old.  The canopy layer species ranged from pure hardwood and conifer stands to 

mixed stands (Table 1).  These sites also covered a broad spectrum of spoil types.  The 

measurement sites were chosen to represent a cross-section of site, soil, and stand 

conditions.  Adjacent, non-mined, native forest sites were also located and measured.  

These undisturbed control sites represented land and forest conditions similar to that 

present on the mined sites before they were disturbed.  All non-mined sites were mature, 
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well-stocked, native forest stands, but all had been harvested to some degree at some 

point in their history.  After the boundaries of each study site were established, a 20x20 m 

grid was superimposed across the site.  Attempts were made to place grid lines 

perpendicular to spoil banks on open-pit mined sites where more than one spoil bank 

existed to ensure that the sites’ micro-topography was taken into account.  A 20 m buffer 

strip was maintained on all edges of each forest site.  Sampling was based on the 

intersections of the grid (Fig. 2).  Field data collection took place between May and 

August, 1999, with the exception of two sites that were measured in August, 1998. 

 Site productivity for forest growth is a function of soil, geology, topography and 

climate.  In forestry, site productivity is commonly estimated using site index (SI), the 

average height of co-dominant canopy trees at a selected age (e.g. age 50). To compare 

across sites growing different species, SI is standardized to a single species.  This site 

productivity estimate reflects soil and site characteristics while removing the effect of 

differences in tree species’ growth patterns, tree age and stocking levels.  Sample trees 

were healthy, intermediately shade-tolerant, in dominant or co-dominant positions in the 

canopy, and had been in free-to-grow positions for most of their lives.  On each of four, 

randomly-chosen plots, tree height and total age were measured on one tree of the three 

main species in the canopy layer.  Regional site index curves were used to estimate their 

height at age 50 (Carmean et al., 1989).  To make direct comparisons between mined 

sites and their non-mined sites, site index estimates for each species were converted to a 

site index for white oak (base age 50 yr) using Doolittle’s (1958) species curves. 
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Table 1. Location, description, age and site quality of study sites. 
S t a te  
( C o u n t y )  

 

S i t e  N a m e  M in in g  H is t o r y  R e g e n e r a t io n  H is t o r y  Y e a r  P la n t e d  S I 5 0  ( W h i t e  O a k ) †  
M e te r s  ( S .D . )  

I l l i n o i s  
 
( S a l in e )  

N o n -
m in e d   
 
I L - 1  
 
 
I L - 2  

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,   
l e v e l e d  w i t h  d r a g l in e  

2 n d – 3 r d  G e n e r a t io n  b o t t o m la n d  h a r d w o o d  s i t e  ( Q . c o c c in e a ,  A .  
r u b r u m ) .  
 
P l a n t e d  t o  Q . a lb a  a n d  R .  p s e u d o a c a c ia .  P a r t ia l ly  u n d e r p la n te d  
w i t h   L .  tu l ip i f e r a .   R . p s e u d o a c a c ia  i s  n o  lo n g e r  p r e s e n t .  
 
P l a n t e d  t o  P .  d e l to id e s .   

M u l t i - a g e d  
 
 
Q .  a lb a  1 9 3 8  
L .  tu l ip i f e r a  1 9 5 3  
 
1 9 5 6  

2 7 .7  ( 4 .2 )  
 
 
2 8 .0  ( 1 .3 )  
 
 
2 4 0 2  (0 .5 )  

I n d ia n a  
 
( V ig o )  

N o n -
m in e d  
 
I N - 1  
 
 
I N - 2  
 

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 r d  G e n e r a t io n  u p la n d  Q u e r c u s  s p p . ,  L .  tu l i p i f e r a  s i t e .  
 
P l a n t e d  t o  P .  r ig id a .  
 
 
P l a n t e d  t o  P .  r ig id a .   P .  r ig id a  h a s  b e e n  u n s u c c e s s f u l  a l lo w in g  
f o r  i n v a s io n  o f  s e c o n d a r y  s u c c e s s io n  h a r d w o o d s  a n d  s h r u b s .  

M u l t i - a g e d  
 
1 9 4 4  
 
 
1 9 4 9  

2 5 .5  ( 4 .6 )  
 
2 3 .4  ( 2 .2 )  
 
 
2 4 .2  ( 4 .2 )  

K e n t u c k y  
 
( O h io )  
 
( M u h le n b e r g )  
 
 
 
 

N o n -
m in e d  
 
K Y - 1  
 
K Y - 2  
 
K Y - 3  
 
 
K Y - 4  

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  t o p  g r a d e d  
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  t o p  g r a d e d  
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 r d  G e n e r a t io n  u p la n d  m i x e d  Q u e r c u s  s p p .  s i t e .  
 
P l a n t e d  t o  L .  tu l i p i f e r a ,  P .  o c c i d e n ta l i s ,  Q . r u b r a ,  P .  d e l to id e s .  
 
P l a n t e d  t o  L .  tu l i p i f e r a ,  P .  o c c i d e n ta l i s ,  Q . r u b r a ,  P .  d e l to id e s ,  L .  
s t y r a c i f lu a ,  F r a x i n u s  s p p . .  
 
P l a n t e d  t o  P .  s t r o b u s  w i t h  P .  ta e d a  p a t c h .  
 
P l a n t e d  t o  P .  ta e d a .  

M u l t i - a g e d  
 
1 9 6 4  
 
1 9 6 4  
 
 
1 9 5 9  
 
1 9 6 6  

2 3 .8  ( 1 .7 )  
 
2 2 .7  ( 0 .7 )  
 
2 5 .4  ( 1 .9 )  
 
 
2 5 .0  ( 4 .6 )  
 
2 3 .8  ( 1 .8 )  

O h io  
 
( P e r r y )  
 
( N o b le )  

N o n -
m in e d  
 
O H - 1  
 
O H - 2  

 
 
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n ,  l ig h t ly  to p  
g r a d e d  
O p e n - p i t  m in e d ,  c a s t  
o v e r b u r d e n  

2 n d – 3 r d  G e n e r a t io n  u p la n d  m i x e d  Q u e r c u s  s p p .  s i t e .  
 
P l a n t e d  t o  Q . r u b r a ,  P .  g r a n d i d e n ta ta ,  F r a x in u s  s p p ,  a n d  L .  
t u l ip i f e r a .  
 
P l a n t e d  t o  P .  o c c id e n ta l i s ,  Q . r u b r a ,  F r a x in u s  s p p ,  L .  tu l i p i f e r a .  

M u l t i - a g e d  
 
1 9 4 9  
 
1 9 4 9  

2 3 .1  ( 4 .0 )  
 
2 5 .1  ( 2 .4 )  
 
2 6 .8  ( 1 . . 2 )  
 

P e n n s y lv a n ia  
 
( M e r c e r )  

N o n -
m in e d   
 
P A - 1  

 
 
O p e n - p i t  m in e d ,  l e v e le d  b y  
d r a g l i n e  

2 n d – 3 r d  G e n e r a t io n  u p la n d  h a r d w o o d  s i t e  ( L .  tu l ip i f e r a ,  P .  
s e r o t i n a ,  A c e r  s p p . ,  Q u e r c u s  s p p . ) .  
 
P l a n t e d  t o  a l t e r n a t in g  r o w s  o f  P .  s t r o b u s  a n d  P .  s y lv e s t r i s .  

M u l t i - a g e d  
 
1 9 5 9  

2 4 .8  ( 2 .0 )  
 
2 0 .3  ( 0 .7 )  

W e s t  V ir g i n ia  
 
( P r e s t o n )  
 
( M e r c e r )  
 

N o n -
m in e d ( N )  
 
W V - 1  
 
N o n -
m in e d ( S )  
 
W V - 2  

 
 
 
C o n t o u r  m in e d ,  g r a d e d  
 
 
 
 
C o n t o u r  m in e d ,  p a r t ia l ly  
l e v e l e d  

2 n d – 3 r d  G e n e r a t io n  u p la n d  h a r d w o o d  s i t e  ( L .  tu l ip i f e r a ,  M .  
a c u m in a ta ,  A c e r  s p p . ,  Q u e r c u s  s p p . ) .  
 
P l a n t e d  t o  P .  s t r o b u s .  
 
2 n d – 3 r d  G e n e r a t io n  A p p a la c h ia n  m ix e d  Q u e r c u s  s p p .  s i t e  ( Q . 
a lb a ,  Q .  r u b r a ,  L .  tu l ip i f e r a ,  C a r y a  s p p . ) .  
 
P l a n t e d  t o  w h i te  p i n e .  

M u l t i - a g e d  
 
 
1 9 6 1  

 
M u l t i - a g e d  
 
 
1 9 7 1  

2 4 .7  ( 4 .1 )  
 
 

1 6 .8  ( 1 .5 )  
 

2 5 .9  ( 1 .1 )  
 
 

2 8 .7  ( 3 .4 )  

V ir g in ia  
 
( W i s e )  

N o n -
m i n e d  
 
V A - 1  

 
 
 
C o n t o u r  m i n e d ,  l e v e l e d  

2 n d  G e n e r a t io n  A p p a la c h ia n  c o v e  h a r d w o o d  s i t e  ( L .  
t u l ip i f e r a ,  Q u e r c u s  s p p . ,  C a r y a  s p p . ) .  
 
P la n t e d  t o  P .  s t r o b u s .  

M u l t i - a g e d  
 
 
1 9 7 7  

2 6 . 9  ( 1 .6 )  
 
 
2 5 . 2  ( 1 .6 )  

 
 †SI50 (White Oak): Site quality is estimated with site index (SI), the average height of a white oak canopy at age 50.
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Figure 2: Typical site and plot layout used at each study site. 

 

A soil pit was dug at the four randomly located plot centers on each site (Fig. 2).  

Pits were described using standard soil description techniques. Loose samples and 

duplicate bulk density samples were collected from each horizon.  Soil properties were 

analyzed on samples from the A and the C horizons.  Soil samples were air-dried, sieved 

(2 mm), and weighed to determine coarse fragment content.  Particle size was determined 

using the hydrometer method (Gee and Bauder, 1986).  Bulk density and porosity, also 

corrected for coarse fragment content, were determined using soil cores.  Soil pH was 

determined using a 1:2 soil/water mixture (McLean, 1982).  Electrical conductivity (EC) 

was determined by a 1:5 soil/water extract (Rhoades, 1982).  Total carbon was 

determined using a Leco carbon analyzer and pedogenic carbon was estimated by the 

Soil pit at plot center

(4 randomly chosen )
Grid intersection for  plot location

20 m by 20 m grid

Example site area
(average =2.5 ha)

20m Buffer from edge effects

404 m2 canopy
layer plot
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Walkley-Black wet oxidation procedure (Nelson and Sommers, 1982).  Exchangeable 

acidity was determined using the potassium chloride extraction technique (Thomas, 

1982).  Total nitrogen was determined by Kjeldahl digestion and analyzed with a Bran 

and Luebbe TRACCS 2000 spectrophotometer (Bremner and Mulvaney, 1982).  Total 

phosphorus was extracted with sodium bicarbonate (Olsen and Sommers, 1982).  

Exchangeable cations (Ca, Mg, K, Fe, Al and Mn) were extracted with 1 M ammonium 

acetate (Thomas, 1982).  Total phosphorus and cations were determined using a Jarrell-

Ash ICAP-9000 spectrophotometer. 

Differences in site index between non-mined and mined study sites were tested 

using t-tests.  Regression analysis was used to determine the effects of soil properties on 

site productivity (SAS Institute, 2000).  Soils on each site were thoroughly characterized 

both in the field and laboratory by measuring 37 properties that we hypothesized 

influenced tree growth (Table 2).  Values of soil properties known to be non-linear in 

their relationship with site index were transformed for linear regression analysis, and soil 

variables expressed as ratios or percent were transformed using the arcsine function.  The 

data set was then analyzed for multicollinearity, and soil properties high in 

multicollinearity were removed (filtered). 
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Table: 2 Soil and site properties hypothesized to influence site productivity†.

 

Three model selection procedures (R-square, Stepwise, MaxR) were used on the 

filtered mine soil dataset to select the best combination of soil properties for a regression 

model that accounted for the variability in site index.  The use of multiple model 

selection procedures allowed examination of the data using each procedure’s strengths, 

the examination of multiple models, and better knowledge of variable relationships.  

After regression analysis, the best model was selected based on criteria that included 

minimizing MSE and maximizing individual variable significance, adjusted R2, R2, and 

biological significance.  Results from statistical tests termed “different” in this paper have 

a significance level of p � 0.10. 

CEC, meq 100g-1

---------------------------------------------------------------- Physical Properties  ---------------------------------------------------------------

Total Porosity, %Fine Earth Bulk Density, Mg m-3 Slope, %

Fine Earth Bulk Density, Mg m-3 Silt +Clay Content, %Coarse Fragments, %

Silt + Clay Content, %Depth, cmTotal Depth, cm

Capillary Porosity, %Available Water, cm

Capillary Porosity, %Total Porosity, %Rooting Volume, m3 ha-1

Olsen P, mg kg-1Exchangeable Acidity, meq 100g-1

pHpHEC , uS cm-1

-------------------------------------------------------------- Chemical Properties  --------------------------------------------------------------

Exchangeable Al, mg kg-1Total N, mg kg-1

Exchangeable Mg, mg kg-1Olsen P, mg kg-1

Total N, mg kg-1Walkley-Black Organic C, %

Exchangeable Mn, mg kg-1Exchangeable K, mg kg-1

Exchangeable Ca, mg kg-1Exchangeable Al, mg kg-1

Exchangeable K, mg kg-1Exchangeable Mg, mg kg-1

Exchangeable Fe, mg kg-1

Exchangeable Mn, mg kg-1

Exchangeable Fe, mg kg-1Exchangeable Ca, mg kg-1

Base Saturation, %

Profile Properties C Horizon PropertiesA Horizon Properties

CEC, meq 100g-1

---------------------------------------------------------------- Physical Properties  ---------------------------------------------------------------

Total Porosity, %Fine Earth Bulk Density, Mg m-3 Slope, %

Fine Earth Bulk Density, Mg m-3 Silt +Clay Content, %Coarse Fragments, %

Silt + Clay Content, %Depth, cmTotal Depth, cm

Capillary Porosity, %Available Water, cm

Capillary Porosity, %Total Porosity, %Rooting Volume, m3 ha-1

Olsen P, mg kg-1Exchangeable Acidity, meq 100g-1

pHpHEC , uS cm-1

-------------------------------------------------------------- Chemical Properties  --------------------------------------------------------------

Exchangeable Al, mg kg-1Total N, mg kg-1

Exchangeable Mg, mg kg-1Olsen P, mg kg-1

Total N, mg kg-1Walkley-Black Organic C, %

Exchangeable Mn, mg kg-1Exchangeable K, mg kg-1

Exchangeable Ca, mg kg-1Exchangeable Al, mg kg-1

Exchangeable K, mg kg-1Exchangeable Mg, mg kg-1

Exchangeable Fe, mg kg-1

Exchangeable Mn, mg kg-1

Exchangeable Fe, mg kg-1Exchangeable Ca, mg kg-1

Base Saturation, %

Profile Properties C Horizon PropertiesA Horizon Properties

†Soil and site variables in bold contained acceptable levels of collinearity.
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Results and Discussion 

Mined Site Characterization and Productivity 

 

Mined sites included in this study were located in seven states, were mined with 

different techniques, and were planted with a variety of tree species (Table 1).  On the flat 

terrain of the Midwest, most mining was done in open-pits and overburden was cast in 

piles and left unleveled.  However, IL-2 was leveled with a dragline; KY-1 and KY-2 

were top graded, meaning that the tops of cast piles were struck off with a dozer.  Other 

midwestern sites (IL-1, IN-1, IN-2, KY-3, KY-4) were left unleveled. The eastern sites 

were a mixture of open-pit and contour mined sites, with a highwall remaining on one 

side adjacent to a relatively flat, narrow bench with overburden piled on the outslope.  

OH-1, OH-2, and PA-1 were open pit mined.  OH-1 was top graded and OH-2 was left 

unleveled. PA-1 was open-pit mined and leveled by a dragline.  The others were contour 

mined (WV-1, WV-2, VA-1).  Half of the midwestern sites were planted with hardwood 

species, while pines were commonly used on eastern sites. The oldest sites were planted 

in 1938 and the most recent in 1977. 
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Figure 3: Relative productivity of non-mined (zero baseline) and mined sites in the midwestern and eastern coalfields. Grey 
bars represent mined sites planted to pine species; open bars represent mined sites planted to hardwood species. 

* Different between mined and non-mined sites (α ≤ 0.10).

† Site index is the height of a white oak canopy at age 50.
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Mined site productivity (site index) ranged between 16 and 27 m across both 

coalfields, averaging 24 m (Table 1).  Site index on midwestern mined sites, site index 

ranged from 23 to 28 m (24.6 m average). Site index on eastern mined sites varied 

between 17 and 29 m (23.8 m average).  Non-mined site index was less variable, ranging 

from 23 to 28 m with an average of 25 m.  Soils on the mined sites have been developing 

for 20 to 55 yr and are less uniform than non-mined sites due to heterogeneous placement 

of spoil after mining. 

Average site productivity of mined sites in the midwestern region was the same as 

their non-mined counterparts (Fig. 3).  Post mining site index across all midwestern sites 

varied within a range of ± 10%, but these differences were not significant.  Most 

importantly, this result indicates that pre-law mined sites in the midwestern coalfields are 

at least as productive after mining as before.  Site productivity of the eastern mined sites 

was lower than non-mined sites on 2 out of 6 sites.  Though statistically similar, the site 

index of the mined Ohio sites appeared to be 10 to 15% higher than non-mined condition.  

Both mined sites WV-1 and PA-1 clearly had lower site indices than the non-mined 

condition.  The 32% difference in productivity on WV-1 was attributed to a soil with high 

coarse fragments and low base saturation (Table 2).  Average coarse fragment content 

was 82 %, and the base saturation was 36 %, the lowest base saturation level measured 

throughout the mined sites.  Similar soil environments have been identified on poor 

quality sites throughout the eastern coalfield region (Daniels and Amos, 1981, Torbert et 

al., 1994).  Mined site PA-1, was similar to WV-1 with low base saturation and high 

coarse fragments (Table 2).  The site indexes of WV-1 and PA-1 were 32 % and 18% 

lower than their respective non-mined sites (WV-C1, PA-C, Fig. 3).   

 

Mine Soil Properties and Site Productivity 

Regression Model 

 

Regression analyses were used to determine which mine soil properties influenced 

forest productivity.  One site property and 36 soil properties were included in the analysis 

(Table 2).  After filtering for multicollinearity, the data set contained 22 independent soil 
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and site variables, 12 physical properties and 10 chemical properties (depicted in bold 

letters in Table 2), that potentially influenced mined site productivity.  Each of the three 

regression procedures (R-square, Stepwise, MaxR) selected the same best model, which 

included five soil variables.  All five variables had partial tests that were significant in the 

model at p ≤0.10.  The final model had one of the highest adjusted R2, one of the lowest 

MSE of models that met the partial test criteria, and all variables were biologically 

relevant to developing forests on surface mines.  The model is: 

( )( )( ) ( )( )( ) ( )( )
( )( ) ( )( )ECln4.6TParcsine34.2

AWHCln16.4CFarcsineln5.1BSarcsineln8.018.5WOSI

c

50

−+
+−+=

 

where: SI WO50 is site index for white oak at age 50, ln(arcsine(BS)) is the natural log of 

the arcsine transformed base saturation, ln(arcsine (CF)) is the natural log of the arcsine 

transformed coarse fragment content, ln(AWHC) is the natural log of available water 

holding capacity, arcsine(TPC) is the arcsine transformed C horizon total porosity, and 

ln(EC) is the natural log of electrical conductivity. 

The final R2 for the model was 0.52.  The model contained four variables 

representing the entire mine soil profile (BS, CF, AWHC, EC) and one variable 

associated with the C horizon (TPC); three were physical properties (CF, AWHC, TPC) 

and two were chemical properties (BS, EC).  All soil properties included in the model can 

be measured using standard procedures. 

Scattergrams of site index as a function of these five soil properties are presented 

in Fig. 4.  For four of the five variables, the natural relationships were best approximated 

with a natural log or asymptotic function (Fig. 4F).  For example, the natural relationship 

between site productivity and base saturation increases rapidly at low base 

concentrations, but levels off as base concentrations increase and tree nutrient 

requirements are met.  Site index as a function of AWHC is similar.  Conversely, site 

index is high at low levels of coarse fragment content and soluble salt concentrations.  

The transformed soil properties represent the linearized form of the natural log 

transformations (Fig. 4 A, B, C, E), which were used in the linear regression analysis.  

Site index increased proportionally across the range of C horizon total porosity; therefore, 

the simple linear relationship was used in regression analysis for this soil property (Fig. 

4D).  
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Figure 4. Distribution of site index as a function of five selected mine soil properties across 14 mined study sites. Fig. 4F shows 
the non-transformed, general functions for the soil properties that are non-linear with site index. †Regression line depicts predicted site 
index based on observed values of each soil variable while others held constant at their average. ‡AWHC represents cm of water held 
between field capacity and wilting point for the total profile depth on each site.
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Standardized Coefficients 

 

Standardized coefficients were determined for the five soil variables in the 

regression model.  The coefficients show the relative influence of each variable on site 

index.  One standard deviation increase in the independent variable, site index, changes 

the dependent variable by the dependent variable’s standard deviation times the 

standardized coefficient of the independent variable.  For example, an increase in one 

standard deviation of profile base saturation (s.d. = 26%) results in a 1.46 m increase in 

site index (Table 3).  Profile coarse fragments (s.d. = 27%) decreased site index by 1.44 

m, while profile available water (s.d. = 9cm) increased site index by 1.33 m.  C horizon 

total porosity (s.d. = 7%) increased site index by 0.92 m.  Profile electrical conductivity 

(s.d. = 0.54dS m-1), reduced site index by 0.74 m. 

Table 3: Standardized coefficients for the independent variables in the regression 
model. 

Interaction effects of multiple soil properties are shown in Fig. 5, plots of site 

index as a function of the master variable AWHC and the other four significant soil 

properties (BS, CF, TPc, EC).  Each plot shows the predicted site index across the range 

of AWHC for five levels of a second soil property while all other variables were kept at 

their mean value.  Across the range of AWHC (18 to 57cm) and BS (13 to 100%) 

predicted site index ranged from approximately 17 to 28 m. At 35cm AWHC, site index 

varies 5 m across the range of BS.  There is a proportional increase in site index with 

m
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increasing base saturation. In other words, a 20 % increase in BS results in approximately 

a 1m increase in site index across the range of BS.  This proportional relationship also 

occurs for 10% increases in TPC, which result in 1.5 m increases in site index.  Across the 

range in AWHC and TPC (41 to 67%), site index increases 11m.  At constant AWHC, a 

4.5 m increase in site index results from an increase in TPC from 30 to 70%. 
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Figure 5. Predicted site index over a range of profile AWHC as a function of mined 
site base saturation, C horizon total porosity, electrical conductivity, and coarse 
fragments. † AWHC represents cm of water held between field capacity and wilting 
point.
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The combined influence of AWHC and EC results in an 8m change in site index 

(Fig. 5).  At constant AWHC, a five-fold decrease in EC results in a 3m increase in site 

index.  The relationship between AWHC and EC is not linear; a decrease in EC from 200 

to 160 uS cm-1 results in a smaller increase in site index (0.5m) than a decrease from 80 

to 40 uS cm-1 (1.5m). This is also the case with CF. At constant AWHC, a decrease in CF 

from 30 to 10 % results in a greater increase in site index then a decrease from 90 to 70%. 

Over the range of AWHC a decrease in CF from 90 to 10 % results in a 9.5-meter 

increase in site index.  For both EC and CF, changes at higher concentrations result in 

small changes in site index.  This suggests, that within the range of AWHC, higher levels 

of EC and CF levels are above an acceptable threshold for forest site productivity. 

 

Mine Soil Properties Influencing Tree Growth 

Base Saturation 

 

Base saturation was the single most important soil variable influencing mined site 

productivity. Across all mined sites, site productivity increased as base saturation 

increased.  Base saturation ranged from 13 to 100% and in most cases was higher than 

the non-mined sites (Table 4).  The distribution of base saturation was towards high 

levels (Fig. 4), between 80 and 100%, with the highest levels found, on average, on sites 

in the Midwest (ie. IL-1, IL-2, IN-1, IN-2, and KY-1) (Table 4).  Base saturation of these 

midwestern mine soils were the least variable. These sites contained significant amounts 

of calcium and magnesium in relation to other cations such as aluminum and hydrogen.  

High base saturation levels (> 50%) represent adequate nutrition and a low degree of 

exchangeable acidity.  Unlike typical forest soils, mine soils are commonly composed of 

freshly-weathering material containing higher amounts of permanent charge than pH 

dependent charge associated with organic matter.  After several decades, mine soils with 

base saturation levels approaching 100% indicate that buffering capacity is still strong, 

likely due to large amounts of Ca and Mg weathering directly from carbonates.  

Czapowskyj, (1978) found that calcium present in some Pennsylvania mine soils 

accounted for approximately 80 % of base saturation.   
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Mined site base saturation and cation nutrition are highly dependent on the parent 

material. In northern Pennsylvania, Czapowskyj (1978) identified a base saturation range 

of 45 to 85% depending on the parent material.  This spread in base saturation 

contributed to a wide range in poplar (Populus spp.) height growth (3 to 14 m).  The base 

saturation of our other mined sites varied widely among plots, with standard deviations as 

high as 38 % (Table 4).  WV-1, the site with the lowest forest productivity, had three 

plots with base saturation less than 30 %.  Site PA-1 had an average site index estimate of 

23 m and an average base saturation of 51 %, but with plots as low as 30%.  Other 

research on Pennsylvania mine soils reported base saturation as low as 10% (Pedersen et 

al., 1978). Cummins et al. (1965) reported that greater than 70% of eastern Kentucky 

spoils sampled were below 60% base saturation, which would adversely affect agronomic 

plant growth on these sites. 
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Table 4: Selected soil properties for 22 study sites. 

58 (7)

58 (3)

57 (9)

54 (4)

59 (6)

64 (6)

54 (6)

52 (3)

67 (3)

58 (1)

52 (5)

52 (3)

51 (8)

65 (2)

56 (6)

52 (2)

44 (3)

48 (4)

47 (3)

55 (2)

50 (2)

57 (2)

% (s.d.)

C Horizon 

Total

Porosity

58.6 (28.3)

40.7 (4.8)

47.1 (13.8)

50.7 (9.6)

37.2 (6.2)

50.0 (15.3)

74.4 (17.9)

57.4 (17.7)

51.2 (9.6)

158.7 (100.6)

50.5 (9.6)

60.2 (24.5)

88.0 (21.0)

95.6 (25.9)

116.8 (63.4)

52.2 (7.5)

158.4 (30.9)

47.4 (4.0)

47.8 (4.0)

152.4 (37.7)

57.1 (11.0)

86.8 (14.2)

uS cm-1 (s.d.)

Electrical 
Conductivity

------- †

36 (12)

51 (25)

16 (12)

70 (38)

16 (9)

36 (20)

23 (14)

94 (8)

79 (25)

66 (22)

63 (30)

83 (12)

83 (19)

99 (1)

39 (26)

100 (0)

95 (8)

68 (23)

99 (2)

94 (6)

67 (17)

% (s.d.)

Base 

Saturation

------- †

41 (20)

72 (18)

32 (1)

52 (30)

41 (28)

82 (11)

42 (7)

78 (16)

53 (33)

31 (2)

78 (8)

83 (6)

74 (12)

68 (12)

13 (9)

50 (16)

59 (13)

6 (5)

47 (10)

14 (19)

4 (1)

% (s.d.)

Coarse 
Fragments

------- †

15 (5)

36 (3)

12 (3)

39 (11)

15 (2)

24 (5)

17 (4)

41 (5)

39 (10)

14 (4)

36 (12)

49 (6)

29 (8)

35 (7)

19 (2)

33 (5)

31 (6)

25 (5)

27 (6)

32 (12)

17 (3)

cm (s.d.)

Available Water

Holding 

Capacity§

Sites

IL-C‡

VA-1

VA-C‡

PA-1

PA-C‡

WV-2

WV-C2‡

WV-1

WV-C1‡

OH-2

OH-1

OH-C‡

KY-4

KY-3

KY-2

KY-1

KY-C‡

IN-2

IN-1

IN-C‡

IL-2

IL-1

58 (7)

58 (3)

57 (9)

54 (4)

59 (6)

64 (6)

54 (6)

52 (3)

67 (3)

58 (1)

52 (5)

52 (3)

51 (8)

65 (2)

56 (6)

52 (2)

44 (3)

48 (4)

47 (3)

55 (2)

50 (2)

57 (2)

% (s.d.)

C Horizon 

Total

Porosity

58.6 (28.3)

40.7 (4.8)

47.1 (13.8)

50.7 (9.6)

37.2 (6.2)

50.0 (15.3)

74.4 (17.9)

57.4 (17.7)

51.2 (9.6)

158.7 (100.6)

50.5 (9.6)

60.2 (24.5)

88.0 (21.0)

95.6 (25.9)

116.8 (63.4)

52.2 (7.5)

158.4 (30.9)

47.4 (4.0)

47.8 (4.0)

152.4 (37.7)

57.1 (11.0)

86.8 (14.2)

uS cm-1 (s.d.)

Electrical 
Conductivity

------- †

36 (12)

51 (25)

16 (12)

70 (38)

16 (9)

36 (20)

23 (14)

94 (8)

79 (25)

66 (22)

63 (30)

83 (12)

83 (19)

99 (1)

39 (26)

100 (0)

95 (8)

68 (23)

99 (2)

94 (6)

67 (17)

% (s.d.)

Base 

Saturation

------- †

41 (20)

72 (18)

32 (1)

52 (30)

41 (28)

82 (11)

42 (7)

78 (16)

53 (33)

31 (2)

78 (8)

83 (6)

74 (12)

68 (12)

13 (9)

50 (16)

59 (13)

6 (5)

47 (10)

14 (19)

4 (1)

% (s.d.)

Coarse 
Fragments

------- †

15 (5)

36 (3)

12 (3)

39 (11)

15 (2)

24 (5)

17 (4)

41 (5)

39 (10)

14 (4)

36 (12)

49 (6)

29 (8)

35 (7)

19 (2)

33 (5)

31 (6)

25 (5)

27 (6)

32 (12)

17 (3)

cm (s.d.)

Available Water

Holding 

Capacity§

Sites

IL-C‡

VA-1

VA-C‡

PA-1

PA-C‡

WV-2

WV-C2‡

WV-1

WV-C1‡

OH-2

OH-1

OH-C‡

KY-4

KY-3

KY-2

KY-1

KY-C‡

IN-2

IN-1

IN-C‡

IL-2

IL-1

† Data not available. 
‡ Bold sites are non-mined control sites. 
§ AWHC represents cm of water held between field capacity and wilting point 
for the total profile depth on each site.
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Coarse Fragments 

 

The second most important variable in the regression model was total profile 

coarse fragments.  Coarse fragments negatively impacted site index, which decreased as 

coarse fragments increased. Average coarse fragments on mined sites ranged as high as 

83 % (Table 4).  Ten out of the 14 mined sites had coarse fragments greater than 50%. 

Conversely, the coarse fragment content of all non-mined sites was lower than 50 %.  

Mined sites in this study consisted of cast overburden or contour bench sites high in rock 

content throughout the profile.  Excessive amounts of coarse fragments limit the fine 

earth volume available for root proliferation, water-holding capacity, and long-term 

nutrient availability (Torbert et al., 1988; Childs and Flint, 1988; Thurman and 

Sencindiver, 1986; Lyford, 1964).  Other researchers have noted similar ranges in rock 

content on mined sites and their impact on plant growth (Andrews et al., 1998; Torbert et 

al., 1988; Pedersen et al., 1978).  The amount of rock present on mined sites, even after a 

period of 20 to 55 years depends on rock hardness, blasting techniques, and spoil 

handling (Daniels and Zipper, 1997).  Several researchers reported a reduction of coarse 

fragments with time in surface horizons where weathering processes are rapid (Daniels 

and Zipper, 1997; Johnson and Skousen, 1995; Haering et al., 1993).  Surface horizons 

within this study commonly contained lower coarse fragment percentages, however, the 

high C horizon rock content of some of our oldest sites indicate that weathering processes 

are only beginning to influence the mine subsoil. 

 

Available Water Holding Capacity  

 

Water availability is the most important growth-promoting factor for many native 

forest types (Pritchett and Fischer, 1987) and of significant importance on reclaimed 

mined sites (McFee et al., 1981; Czapowskyj, 1978).  Water acts as the basic support of 

all plant life, necessary for photosynthesis, protein synthesis, nutrient and waste transport, 

and physical support.  Profile AWHC was the third most important soil variable 

influencing mined site productivity (Table 3).  Higher AWHC resulted in higher site 

index.  AWHC, defined in this study as the amount of water available between field 
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capacity and wilting point for the whole profile depth (cm), ranged from 18 to 57 cm 

across all sites (Table 4). 

Mined sites can have poor water retention resulting from high coarse fragment 

content, lack of fine earth, and poor soil structure, which allow water to drain quickly 

from the soil profile (Thurman and Sencindiver, 1986, Pedersen et al., 1978).  However, 

AWHC was higher on all mined sites compared to adjacent non-mined sites.  On average, 

the mined sites were 48 % higher.  Thurman and Sencindiver (1986) also observed 

similar subsurface water retention on several mined sites compared to local native soils in 

the Appalachian region.  Similarity in AWHC levels was due to deeper mine soils 

compared to native soils.  In our case, simple relationships did exist between available 

water and total depth, coarse fragments, and C horizon silt and clay percentages.  As total 

depth and C horizon silt and clay percentages increased, profile available water increased.  

Conversely, as coarse fragments increased, total available water decreased. 

 

Total Porosity  

 

Profile total porosity was the fourth most influential variable on mine soil quality.  

Higher total porosity resulted in higher site productivity.  Total porosity of non-mined 

forest soils generally range from 30 to 65 % (Pritchett and Fisher, 1987).  Total porosity 

ranged from 44 to 67% across all mined sites, with most soils falling in the range of 50 to 

60% (Table 4).  Total porosity of mine soils reported in other studies ranged from 27 to 

83% (Andrews et al., 1998; Johnson and Skousen, 1995; Torbert et al., 1988; Indorante et 

al., 1981). Total porosity levels were similar to those found in adjacent non-mined soils 

(Table 4).  

Total porosity, is divided into capillary and non-capillary porosity.  Non-capillary 

porosity influences a soil’s ability to drain and exchange gases (Brady and Weil, 1999).  

Capillary porosity enhances the ability of soils to retain water under levels of increasing 

moisture stress.  Non-capillary porosity ranged from 13 to 42% indicating that conditions 

for gas exchange were more than adequate (Pritchett and Fisher, 1987).  Ungraded cast 

overburden suffers little compaction from traffic that commonly occurs on post-law mine 

soils (Sencindiver and Ammons, 2000).  Non-capillary porosity on contour mined sites 
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(WV-1, WV-2, VA-1) were well above 10%, indicating that traffic from mining activity 

did not excessively compact the mine soils.  However, the combination of high coarse 

fragments, high non-capillary porosity, and excess voids could make these well-drained 

mine soils droughty during dry periods of the year (Amundson et al., 1986; Thurman and 

Sencindiver, 1986).  Creating deep mine soils may be one way to offset the potential 

droughtiness of highly porous mine soils (Wade et al.,1985; Sencindiver and Smith, 

1978).   

 

Soluble Salts 

 

Profile soluble salts, estimated by electrical conductivity (EC), was the least 

significant variable in the final model (Table 3).  However, EC is a common mine soil 

variable influencing plant productivity (Andrews et al., 1998; Torbert et al., 1988; 

Davidson, 1986, McFee et al., 1981).  High levels of soluble salts inhibit water and 

carbon dioxide uptake, and also inactivate enzymes affecting protein synthesis, carbon 

metabolism, and photophosphorylation (Taiz and Zeiger, 1991).  Our regression analysis 

indicated a decrease in site productivity with an increase in the soluble salt concentration.  

Andrews et al. (1998) and Torbert et al. (1988) reported a similar trend with white pine 

planted on mined sites.   

Torbert et al. (1988) found a significant relationship between EC and finely 

textured soils derived from shale’s and siltstones, with EC increasing with finely-textured 

shale’s. EC on their study sites in Virginia ranged from 300 to 1700 uS cm-1.  To 

minimize adverse effects of EC, they recommended placing coarse textured, oxidized 

sandstone on the surface instead of finely-textured, reduced overburden.  Our field 

descriptions also showed that the finely-textured C horizons had the highest EC.  The 

plots with the five highest EC readings had textures of silty clay and silty clay loam, 

while the plots with the five lowest EC values had textures of sandy loam and loam.  

McFee et al. (1981) listed EC as one of the most influential soil properties on 

Indiana mine soils.  EC levels were high enough in some black and gray shale’s and 

sandstone to retard plant growth.  Soluble salt concentrations greater than 1000 to 3000 

uS cm-1 were found to be detrimental to plant growth, reducing tree survival and crop 
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yields (McFee et al., 1981; Cummings et al., 1965).  EC on our mined sites ranged from 

50 to 200 uS cm-1 (Table 4), falling well below established critical limits defined for 

agronomic purposes.  Davidson (1986) found specific conductance important to growth 

and survival of three pine species and two hardwood species.  These collective studies 

suggest that forest trees may be more sensitive to salty soils than most agronomic crops.  

Furthermore, the influence of total salts may be manifested through symbiotic 

relationships with soil biota, namely mycorrhizal fungi.  However, cause and effect 

relationships have not been determined or studied. 

 

Mine Soil Variables Not Important in this Study 

 

Other studies using regression techniques to link measures of site productivity to 

soil and site properties included variables similar to the five in our final model.  

However, these same studies also identified the importance of other soil variables such as 

total depth, soil N, organic carbon, and soil P.  Total depth on reclaimed mined sites is 

important to tree and plant growth (Andrews et al., 1998; Wade et al., 1985; Pederson et 

al., 1978; Scencindiver and Smith, 1978).  Mine soils deeper than native soils provide 

trees with more exploitable volume for nutrients, water, and physical stability (Plass, 

1982; Scencindiver and Smith, 1978).  Our maximum sampling depth was 1.5 m, but 

even on sites with depths less than 1.5 m, depth was usually limited by excessively large 

coarse fragments rather than bedrock or compacted layers.  Soils were loose enough to 

allow tree roots to explore avenues around large coarse fragments. 

Other soil properties such as soil nitrogen, organic carbon, and phosphorus have 

been reported as growth limiting on mined sites (Andrews et al., 1998; Torbert et al., 

1988; Czapowskyj, 1978; Woodmansee et al., 1978; Ashby and Baker, 1968).  Nitrogen 

is commonly found limiting on mined sites soon after reclamation when little organic 

matter is present and nitrogen fixing organisms have yet to become established.  Soil 

profile total-nitrogen levels in this study ranged from 1208 to 5868 kg ha-1.  The lower 

end of this range is equivalent to levels found in agricultural soils of the Piedmont region 

of the Southeast.  The higher end of the range is equivalent to levels found in undisturbed 

forest soils throughout the U.S. (Pritchett and Fischer, 1979). 
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Intimately linked with soil nitrogen content, plant-derived organic carbon is 

scarce on recently mined sites and re-accumulates as the forest community develops.  

This process will occur across all mined sites varying by site age, vegetation type, site 

productivity, soil type, and climate.  Walkley-Black organic carbon levels indicated that 

organic carbon on our mined sites ranged from 1.9 to 8%, encompassing levels of soil 

organic carbon reported for soils from the southeastern region of the U. S. (3 to 6%) 

(Brady and Weil, 1999).  However, tests for organic carbon on mined sites commonly 

include portions of the geogenic carbon pool left after mining, which inflates the 

estimates (Thurman and Sencindiver, 1986; Indorante et al., 1981; Pedersen et al., 1978; 

Cummins et al., 1965). 

Conversely, phosphorus, usually present in adequate supply immediately after 

mining, has been found to decrease as soil weathering takes place (Howard et al., 1988).  

Soil P ranged from 2 to 89 kg ha-1 on mined sites in this study.  A commonly accepted 

critical P level for agricultural crops using the sodium bicarbonate extractant is 20 kg ha-1 

(Ministry of Agriculture, Fisheries, and Food, 1973), which indicated that 7 out of 13 

mine soils may be deficient in P.  The presence of mature forests on these mined sites 

suggests that P was not limiting early on, giving the trees time to acquire and cycle much 

of their P internally.  Other properties such as water supply may be more limiting, 

masking the P deficiency. 

 

Conclusions 

The Surface Mining Control and Reclamation Act requires that reclaimed mined 

sites be capable of the same productive land uses that occurred prior to mining.  Our 

study demonstrated that mined sites can be as productive as their non-mined counterparts.  

Trees planted on reclaimed mined sites in the Midwest prior to the passage of SMCRA 

grew as productively as before mining.  Mining in the East degraded the quality of some 

sites.  Sites with degraded productivity had high coarse fragment contents and shallow 

depths, preventing trees from exploiting the soil volume to meet their nutrient and water 

requirements.  Improper spoil selection also created growth-limiting chemical conditions 

such as low base saturation and high salt content. 
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Soil characteristics that had the greatest effect on tree growth included, profile 

base saturation, profile coarse fragments, profile available water, C horizon total porosity, 

and profile EC; these properties explained 52 % of the variation in site index.  Productive 

mine sites were commonly well-drained, ungraded mixtures of weathered coarse and fine 

textured materials.  Base saturation was commonly greater than 70 %, and coarse 

fragments averaged 59%.  Profile available water averaged 30 cm, and C horizon total 

porosity averaged 55%.  Profile EC averaged 87 uS cm-1. 

The soil properties identified by this study represent soil attributes fundamentally 

important to trees for good growth: ample rooting media, proper aeration, and adequate 

moisture and nutrient supply.  These soil properties are variable within a reclaimed mine 

soil, and individual tree species requirements are specific.  Construction of reclaimed 

mined sites should take into account not only the mechanical processes that are required 

to ensure successful reclamation, but the physical and chemical conditions that result.  

Such considerations are crucial to the interaction between the developing soil and the 

planted trees. 

The results from this study also reinforce concerns about reclaimed mined land 

conditions created by new regulations based on the Surface Mining Control and 

Reclamation Act.  Improper selection of spoil material, lack of original soil, biota, and 

seed pools, over-grading and compaction, and overly-competitive ground covers will all 

influence the excellent forest productivity shown to exist on mine soils created prior the 

enactment of SMCRA. 



 

 177

CHAPTER VI. FOREST PRODUCTIVITY AND COMMERCIAL 

VALUE OF PRE-LAW RECLAIMED MINED LAND IN THE 

EASTERN UNITED STATES† 

 

Abstract  

The purpose of this study was to investigate the effects of mining practices used prior to 

the passage of the Surface Mining Control and Reclamation Act (SMCRA) on forest 

productivity and commercial value of reclaimed forest sites.  Forest productivity and 

value of fourteen mined and eight non-mined sites throughout the eastern and midwestern 

coalfield regions were compared.  Forest productivity of pre-SMCRA mined sites was 

equal to or greater than that of non-mined forests, ranging between 3.3 m3ha-1yr-1 and 

12.1 m3ha-1yr-1.  Management activities such as planting pine and valuable hardwood 

species increased the stumpage value of forests on reclaimed mine sites.  Rotation-age 

stumpage values on mined study sites ranged between $3,064 ha-1 and $19,528 ha-1 and 

were commonly greater than stumpage values on non-mined reference sites.  Current law 

requires that mined land be restored to capability levels found prior to mining.  These 

results should provide a benchmark for reforestation success, potential forest 

productivity, and timber value for current reclamation activities. 

 

Keywords: Stumpage, sawtimber, pulpwood, surface mined 

 

† Prepared for and submitted to the Northern Journal of Applied Forestry. 
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Introduction 

For almost a century before the Surface Mining Control and Reclamation Act 

(SMCRA) was passed, surface mining disturbed vast areas of native forests in the eastern 

United States.  During this period, tree planting on disturbed land was common, 

prompted by the concern of landowners, coal operators, and civic groups.  Planting 

success on these sites was usually good and resulted in large tracts of reclaimed forests.  

Early success provided tree planters and researchers with information on suitable 

combinations of tree species and spoil conditions for enhanced planting.  Many of the 

early sites have developed into healthy, productive, and diverse forests that are 

comparable to local non-mined forests (Rodrigue and Burger 2000).  However, on sites 

where tree planting failed, environmental degradation, poor water quality, and barren 

lands resulted. 

As mining activity increased, concerns over environmental degradation grew.  

SMCRA was passed in 1977 to address human safety, land productivity, and 

environmental problems associated with surface mining.  After the passage of SMCRA, 

tree planting on reclaimed mined sites dwindled as reclamation procedures and practices 

changed (Boyce 1999, Beam 1999, Burger et al. 1998).  The post-SMCRA reclaimed 

mine landscape that developed was poorly suited for commercial forestry due to 

competitive ground cover, compacted mine soils, and unsuitable spoils left on the surface 

(Torbert et al. 2000, Ashby and Kolar 1998, Ashby 1991). 

In the Appalachian region and a number of midwestern areas, commercial forestry 

commonly represents the highest and best post-mining land use (Burger 1999).  Many 

land holding companies in these areas manage their lands for commercial forestry 

purposes.  Surface-mined coal provides short-term economic revenue for landowners; 

however, conversion of forestland to hayland/pasture land or wildlife habitat is not 

economically suitable for landowners interested in commercial forestry.  Therefore, 

landowners are not realizing the full potential of their reclaimed land (Plass and Burton 

1967, Burger et al. 1998). 

A few investigations of early plantings indicated the potential for restoration of 

commercial forestry on surface mined lands.  Wade et al. (1985) stressed that tree 

planting on mined sites in the Appalachian region was an opportunity to establish 
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commercially valuable species, provided that the site was not compacted and that acid-

producing materials were buried below rooting depths.  Plass and Burton (1967) showed 

that strip-mined lands in the South were capable of producing pulpwood for paper 

markets.  On a mined site in Alabama, under current market prices, 20-year-old loblolly 

pine (Pinus taeda L.) pulpwood averaged $858.27 ha-1.  Shortleaf pine (P. echinata Mill.) 

produced $607.44 of pulpwood ha-1 (adapted from Plass and Burton 1967).  A current 

value of $7,262.94 ha-1 would have been produced from sawtimber harvested on 54-year-

old mixed pine plantations in Pennsylvania (adapted from Davidson 1981). 

The development of commercially valuable forests on mined land would certainly 

be the highest and best land use for companies involved with forestry and wood-based 

products.  The potential value of pre-SMCRA forest plantings is becoming evident as 

those sites reach maturity.  Species selection, species mixes, and rotation length influence 

the level of forest productivity and value on a site.  A comparison of forest productivity 

and stumpage value between non-mined and mined sites could provide insight into the 

commercial potential of different planting regimes.  Therefore, the purpose of this paper 

was to (1) measure and compare forest productivity and stumpage value between non-

mined and mined forest sites in the midwestern and eastern coalfields, and (2) examine 

how management activities (species conversions, species mixes, and rotation differences) 

affected mined site forest productivity and stumpage value. 
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Figure 1. General location of study sites in the midwestern and eastern coalfield 
regions.  

 

Methods 

Site Selection and Layout 

Fourteen forest sites across seven states, each with an average size of 2.5 ha of 

contiguous forest cover, were located on reclaimed mined lands in the midwestern and 

eastern coal fields (Fig. 1).  The 14 sites ranged from 20 to 55 years old.  The canopy 

layer species ranged from pure hardwood and conifer stands to mixed stands (Table 1).  

These sites also covered a spectrum of spoil types.  The study sites were chosen to 

represent a cross-section of stand age and stand conditions.  
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Table 1: Description of mined and non-mined sites in the midwestern and eastern 
coalfield regions.  

Within each similar geographic region (e.g., southern Illinois), native reference 

forest sites representing regional forests were located and measured.  Non-mined control 

sites represented land conditions similar to those present on mined sites before 

disturbance.  For this reason, the undisturbed site was chosen in close proximity to mined 

sites.  All non-mined sites were mature, well-stocked stands which had been harvested to 

varying degrees in the past. 
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Mixed Hwd
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Pitch Pine
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Cottonwood

White Oak/ T. Poplar

Scarlet Oak/R. Maple

Canopy Type

9960.00Mined1

4316.00Non-minedCVirginia

7443.00Mined1

3657.00Non-minedCPennsylvania

19528.00Mined2

4483.00Non-minedC2West Virginia
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4527.00Non-minedC1West Virginia
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5463.00Mined1

3272.00Non-minedCOhio

16346.00Mined4

14736.00Mined3

7809.00Mined2

4541.00Mined1

4745.00Non-minedCKentucky

3064.00Mined2

4806.00Mined1

4853.00Non-minedCIndiana

4468.00Mined2

6408.00Mined1

9120.00Non-minedCIllinois

Product Value†HistorySiteState
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7.3
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5.9

(m3 ha-1yr-1)
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($ ha-1)

White Pine

Oak/ T. Poplar

W. Pine/Scots Pine

Oak/T.Poplar/Cherry

White Pine

Oak/T. Poplar

White Pine

Oak/T.Poplar

Mixed Hwd

Mixed Hwd

Oak/T.Poplar

Loblolly Pine

W. Pine/Lob. Pine

Mixed Hwd

Mixed Hwd

Oak/T.Poplar

Pitch Pine/Hardwoods

Pitch Pine

Oak/T. Poplar

Cottonwood

White Oak/ T. Poplar

Scarlet Oak/R. Maple

Canopy Type

9960.00Mined1

4316.00Non-minedCVirginia

7443.00Mined1

3657.00Non-minedCPennsylvania

19528.00Mined2

4483.00Non-minedC2West Virginia

3641.00Mined1

4527.00Non-minedC1West Virginia

5642.00Mined2
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4468.00Mined2

6408.00Mined1

9120.00Non-minedCIllinois

Product Value†HistorySiteState

Note:* non-mined reference stand age represents the average age of trees measured on site. † Current 
product value based on 60 years of growth. Hardwood sites on 60 year rotation, conifer sites on two 30 
year rotations. Values for sawtimber and pulpwood were taken from Timbermart-South 3rd quarter 2000.   
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A 20 x 20-m grid was superimposed across the site after the boundaries were 

established.  A 20-m buffer strip was maintained on all edges.  Grid lines were placed 

perpendicular to spoil banks on open-pit mined sites where more than one spoil bank 

existed to ensure that the site’s microtopography was taken into account.  All subsequent 

sampling was based from the intersections of the grid (Fig. 2).  Field data collection took 

place in August 1998 and between May and August 1999.

Figure 2: Site layout depicting 20 meter grid, plot, and subplot arrangement.  

Stand Measurements and Calculations 

 

Forest productivity and commercial value were estimated on each site by randomly 

choosing measurement points at four of the 20 x 20-m grid intersections (Fig. 2).  All 

trees in the main canopy larger than the 13-cm dbh class were tallied within a 404 m2 

circular plot.  The merchantable height to a 10-cm top was measured on trees less than 25 

cm dbh.  Trees greater than 25 cm dbh were measured to a 20-cm top.  On each plot, bark 

depth and the width of the last 10 years diameter growth (inside the bark) were measured 

for each species in even dbh classes starting with 16 cm.  These measurements were used 

to develop regression equations for predicting merchantable tree height and dbh at 

(4 plot locations chosen at random)

20 m grid intersection 
for inventory 

Square chain (20 m x 20 m.) grid

Example site area
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from edge effects
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rotation age.  Stands planted to hardwoods were projected to an age of 60 years, while 

conifer plantings were projected to 30 years.  Exceptions included two mined sites 

planted to pine in Indiana (IN-1, IN-2).  These were projected to an age of 60 due to their 

older age at measurement (50 and 55 years).  Two hardwood sites in Kentucky (KY-1, 

KY-2) were projected to 30 years due to their young stand ages (34 and 35 years). 

Mean annual increment (MAI) of wood produced per unit area per year was used to 

estimate forest productivity.  Stand volumes were generated from species-specific 

volume equations and tables (Smith 1980, Clark and Saucier 1990, Clark and Souter 

1996, Ter-Mikaelian and Korzukhin 1997).  Stand volumes were then divided by the 

rotation age to generate mean annual increment estimates in m3 ha-1 yr-1.  MAI 

measurements for non-mined reference sites were based on the average tree age across 

the site and projected to a rotation age of 60. 

Stand green weights were generated from species-specific equations (Ter-Mikaelian 

and Korzukhin 1997, Clark and Saucier 1990, Clark et al. 1986a, Clark et al. 1986b, 

Clark and Souter 1996, Smith 1986, McNab and Clark 1982, Clark et al. 1980).  

Individual stand weights were divided into pulpwood and sawlog weights for conifers, 

mixed hardwoods, and oak.  The stumpage value of these species groups was applied to 

the tonnage of wood in each species class.  Stumpage value estimates were taken from 

Timber Mart-South (2000).  Region 1 estimates were used for eastern sites, and Region 2 

estimates were used for midwestern sites.  To project value over 60 years, value estimates 

were doubled for all pine sites and the KY-1, and KY-2 hardwood sites, thus 

approximating 60 years of forest growth for all mined sites. 

Tree measurements used for non-mined sites were identical to the measurements 

used for mined sites.  Differences in forest productivity and total stumpage value between 

a mined site and its non-mined counterpart were tested using t-tests.  Results from t-tests 

termed “different” in this paper have a significance level of � � 0.1. 
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Figure 3: Comparison of forest productivity between mined and non-mined sites in the midwestern and eastern coalfield 
reg�����������	�
�������		������� �� 0.10). † Mean annual increment in m3 ha-1. 

- 1 0 0

- 8 0

- 6 0

- 4 0

- 2 0

0

2 0

4 0

6 0

8 0

1 0 0

1 2 0

1 4 0

1 6 0

1 8 0

2 0 0

2 2 0
Eastern M ined Study SitesM idw estern M ined Study Sites

*
*

*
*

*

*

K Y -3 W V-1PA-1K Y-4 W V-2IL-1 IL-2 IN -1 IN-2 K Y-1 K Y-2 O H -2O H -1 VA -1

6.2† 7.3 4.3 3.3 6.6 7.2 9.3 10.7 3.75.76.15.0 12.1 6.2

*

C
ha

ng
e 

(%
) 

in
 m

ea
n 

an
nu

al
 in

cr
em

en
t (

M
A

I)
 a

t r
ot

at
io

n 
ag

e

(b
as

el
in

e 
re

pr
es

en
ts

 n
on

-m
in

ed
 M

A
I)

G rey bars: Pine sites
B lack bars: Hardwood sites 



 

 185

Results 

Forest Productivity 

 

Forest productivity represents the rate of wood accumulation as a function of 

management and site factors.  Forest productivity and value is a function of management 

activities in addition to inherent soil and site quality.  Examples of management practices 

that influence forest productivity are fertilization, drainage, tree spacing, changes of 

species, and genetically altered species.  In the midwestern region, forest productivity 

(MAI) ranged from 3.4 to 10.3 m3ha-1yr-1  (Table 1).  Mined site forest productivity was 

between 200% greater and 38% lower than that of non-mined sites (Fig. 3).  The forest 

productivities of mined sites in Illinois and Indiana (IL-1, IL-2, IN-1, IN-2) were similar 

to those of their non-mined counterparts (IL-C, IN-C).  In Kentucky, the forest 

productivities of all mined sites (KY-1 through KY-4) were greater than that of their non-

mined counterpart (KY-C). 

The forest productivity of eastern mined sites ranged from 3.7 to 12.1 m3ha-1yr-1 

(Table 1).  Mined sites OH-1, OH-2, PA-1, WV-1, WV-2, and VA-1 ranged from 150% 

more productive to 26% less productive than non-mined sites OH-C, WV-C1, WV-C2, 

VA-C (Fig. 3).  OH-1 was similar in productivity to the non-mined site.  OH-2 was more 

productive than the non-mined site OH-C.  WV-1 was lower in productivity than its non-

mined site, while the productivity of WV-2 was greater than that of its non-mined site.  

The mined sites in Pennsylvania (PA-1) and Virginia (VA-1) were similar in productivity 

to their non-mined counterparts (PA-C, VA-C). 
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Figure 4: Comparison of forest value between mined and non-mined study sites in the midwestern and eastern coalfield 
region. † Significantly dif�������� �� 0.10). 
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Product Value 

 

Stumpage value in the midwestern region ranged from $3,064 ha-1 to $16,345 ha-1 

(Table 1).  IL-2 was the only mined site with a lower stumpage value (51%) than its non-

mined counterpart (Fig. 4).  In Indiana, IN-1 and IN-2 were similar in value to their non-

mined site, IN-C.  KY-1, a hardwood mined site, was similar in value to the non-mined 

site KY-C, while KY-2 was greater (65%).  After two 30-year rotations, planted pine 

sites in Kentucky would produce more value per hectare than the control site.  KY-3, 

planted to a mixture of white (P. strobus L.) and loblolly pines, was 211% greater in 

value than KY-C, while KY-4 was 245% greater. 

Stumpage value in the eastern region ranged from $3,640 ha-1 to $19,528 ha-1 

(Table 1).  In Ohio, after a 60-year rotation, both hardwood reclaimed mined sites (OH-1, 

OH-2) produced more value than the non-mined site (67 and 73%, respectively) (Fig. 4).  

PA-1, planted to white and Scots (P. sylvestris L.) pines, was 103% greater in stumpage 

value after two pine rotations.  WV-2, the most valuable site (Table 1), was 336% greater 

in value than its non-mined counterpart WV-C2.  Two rotations of pine on mined site 

WV-1 did not return more value than the non-mined site WV-C1.  Based on projected 

growth, the stumpage value of planted white pine on mined site VA-1 will be 131% 

higher than on the non-mined site (VA-C) after two 30-year rotations. 

 

Discussion 

Forest Productivity 

 

Prior to mining, all study sites were originally covered with mixed hardwood 

forests.  Conifer species were commonly planted during reclamation, due to ease of 

planting and availability (IN-1, IN-2, KY-3, KY-4, PA-1, WV-1, WV-2, VA-1).  Greater 

forest productivity on many of these sites reflects the greater growth rates (MAI) of 

pines.  For pines, culmination of mean annual increment (CMAI) can be reached in 30 to 

40 years.  Hardwood stands take 60 to 80 years to reach the same level of stand maturity. 

In some cases, the use of conifer species masked a reduction in site productivity, or 

at least reduced its effect (PA-1, WV-1) (Rodrigue and Burger, 2001).  In other cases, 
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forest productivity levels are much greater than on the non-mined sites (KY-3, KY-4, 

WV-C1).  This result is a combination of restored site productivity, proper reclamation, 

and the higher growth rates of conifers.  Pines are also grown at tighter spacing than 

hardwoods, allowing more volume growth on a site.  The three most productive sites (all 

pine) also contained the highest number of stems per hectare, allowing more site 

resources to be focused on growth of merchantable wood. 

Increased forest productivity also resulted when fast-growing, early-successional 

hardwood species were planted (IL-2, KY-1, KY-2).  Site IL-2 was planted to 

cottonwood.  Sites KY-1 and KY-2 contained a mixture of cottonwood (Populus 

deltoides Bartr. Ex Marsh. Var. deltoides), sycamore (Platnus occientalis L.), and tulip-

poplar (Liriodendron tuliperifera L.).  Increased volume accumulation also occurred on 

OH-1 and OH-2 due to planting of early successional hardwoods including tulip-poplar, 

sycamore, ash (Fraxinus spp.) and bigtooth aspen (Populus grandidentata Michx.).  Pine 

and early successional hardwood species are easier to establish, faster-growing, and more 

tolerant of harsh environmental conditions than oaks and mid-successional species.  Early 

successional species will quickly take advantage of available site resources, resulting in 

rapid height and diameter growth. 

The planting of some species, including conifers, may result in lowered forest 

productivity when the planting fails.   Pitch pines (P. rigida Mill.) planted on IN-2 were 

unable to establish site dominance after 50 years.  Analysis of the soil revealed that the 

average subsoil pH on this site was 7.7 (Rodrigue and Burger 2001).  The high soil pH 

may have prevented successful establishment of this acid-loving species.  The MAI 

measurements on IN-2 represent the growth of scattered pitch pine (low stems per 

hectare) and of primary successional hardwood species that have invaded the site. 

Site degradation may also prevent optimal forest productivity levels.  On WV-1, 

reduced site productivity was a result of shallow rooting depths, increased coarse 

fragment content, and poor nutrient status (Rodrigue and Burger 2002).  The resulting 

site conditions reduced the growth rates of planted white pine so that it matched the forest 

productivity of the non-mined site (Fig. 3). 

 



 

 189

Conifer Forest Productivity and Value 

After 60 years or two rotations, the majority of the planted pine sites (KY-3, KY-4, 

PA-1, WV-2, VA-1) produced 100% greater stumpage value per hectare than the non-

mined sites.  Forest productivity is important to pine site stumpage values, influencing 

the degree and time it takes for pines to produce merchantable wood.  The most 

productive mined study site (WV-2) produced close to 350% more wood than its non-

mined counterpart (Fig. 3).  Other sites (KY-3, KY-4) with productivity similar to their 

non-mined counterparts produced 60-year values that were  at least 200% higher. 

Greater pine-site stumpage values reflect the influence of management decisions on 

forest productivity.  Combinations of average or better site productivity, use of faster-

growing species, and controlled stocking increased the merchantable wood produced on 

site.  However, an increase in product value may still result where site quality levels are 

degraded or post-mine sites have inherently lower site productivity (PA-1, VA-1).  PA-1, 

whose site productivity was lower than the non-mined site (Rodrigue and Burger 2001), 

was similar in forest productivity and 100% higher in projected value after two rotations.  

The use of white pine on VA-1 allowed a contour mine site to produce almost 150% 

more value than an Appalachian hardwood cove site over the same time period. 

Planting more valuable commercial species does not make up for degraded site 

quality over the long run.  For example, site WV-1 with fast-growing conifers was unable 

to produce higher stumpage values than its non-mined counterpart.  Soil limitations 

negatively influenced tree growth on WV-1 (Rodrigue and Burger 2002).  After its first 

rotation, the stumpage value of WV-1 was lower than that of its non-mined counterpart (-

50%).  After two rotations of pine on WV-1, the sites would be similar in projected value.  

The loss of original site quality reduced forest productivity and limited the potential for 

commercial forestry. 

Conifers were planted with black locust (Robinia pseudoacacia L.) on two sites 

(WV-1, WV-2).  On both sites, living black locust trees were rarely found due to 

decadence associated with locust borer (Megacyllene robiniae).  Loss of the locust on 

WV-1 resulted in canopy gaps.  The degraded site quality resulted in low-vigor white 

pines that were unable to fill the gaps created by the dying black locust.  Thus, canopy 

gaps on WV-1 were being invaded by non-commercial species.  Conversely, restored site 
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productivity on WV-2 allowed the planted white pine, adjacent to the dying locust, to 

take advantage of newly available resources. 

PA-1 was planted with bands of white pine and Scots pine.  This site showed 

signs of compaction and poor nutrient status (Rodrigue and Burger 2001).  On PA-1, the 

white pine was faring better than the Scots pine, producing a projected rotation-age value 

of $2,200 ha-1 compared to the Scots pine’s $1200 ha-1. The poor suitability of this site 

for Scots pine resulted in many broken crowns and sparse, chloritic foliage. 

 

Hardwood Forest Productivity and Value 

Hardwoods planted on properly restored mined sites return similar or greater 

stumpage values than non-mined forests (IL-1, KY-1, KY-2, OH-1, OH-2).  Sites 

restored to high levels of forest productivity (KY-1, KY-2, OH-2) and planted with 

commercially valuable hardwoods will exceed non-mined sites, especially those with 

physical limitations.  Sites measured in Ohio provide a good example.  Rooting depth on 

the non-mined site was limited by bedrock and root-restricting layers.  This site had also 

been farmed in the past and there was evidence of severe erosion (Rodrigue and Burger 

2001).  Though forest productivity on the mined sites was similar to that of the non-

mined site (Fig. 3), they produced rotation-age stumpage values significantly higher than 

that of the non-mined site (Fig. 4). 

Other sites provide examples of the biological and economic returns associated with 

planting multiple hardwood species.  Many of the hardwood sites measured in this study 

contained a mixture of one to four shade-intolerant species and one or two shade-tolerant 

species.  These mixtures tend to approximate natural stand dynamics.  The simultaneous 

planting of both species types allows enough space for shade-tolerant species to grow.  

The intolerant hardwoods quickly become established across the site.  As the shade-

tolerant species mature, they fill in the canopy gaps.  The presence of shade-tolerant 

species such as oaks enhanced stumpage value.  Many of the sites contained light-

canopied, shade-intolerant species such as cottonwood and bigtooth aspen.  These species 

are able to grow quickly while allowing adequate light for the tolerant species to advance 

into the canopy. 
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Many of the mined sites also contained dense-crowned, shade-intolerant species, 

such as tulip-poplar, sycamore, and ash, in addition to light-canopied shade-intolerant 

species.  Success from sites such as KY-1 and KY-2 suggest that oak species are able to 

grow and mature under low light conditions.  Sites KY-1 and KY-2 shared four out of the 

five species planted (American sycamore, northern red oak (Quercus rubra L.), 

cottonwood, and tulip-poplar).  On KY-1, the percent abundance of these four hardwoods 

was similar (16% of the stems ha-1). On KY-2, more red oak was planted than any other 

species (35% of the stems ha-1).  Value differences between KY-1 and KY-2 reflect a 

greater amount of commercially valuable red oak on KY-2 than differences in site quality 

or forest productivity (Table 2). 

Another successful hardwood species mix involved two shade-intolerant and one 

mid-tolerant species.  On OH-2, tulip-poplar, ash, and sycamore were planted in a 

mixture, with tulip-poplar being the most abundant species.  Even without a higher-value 

species such as oak, this stand was the second most valuable hardwood stand.  The faster-

growing species accumulated large amounts of merchantable volume within a 60-year 

rotation, effectively canceling out the increased value of a more desirable species such as 

red oak.
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Table 2: Projected amounts and values of sawtimber and pulpwood produced on 
mined land in the midwestern and eastern coalfield regions. 

* MBF for hardwoods based on Doyle and MBF for softwoods based on Scribner.

295.1111.28092.924.6215.0OakIL-C

133.437.1500.44.237.1Mixed Hwds

428.4148.38593.328.8252.0Total

PulpwoodPulpwoodSawtimberSawtimberSawtimberMerch. GroupSite

514.074.13574.112.896.4PineIN-1

512.1146.34341.425.3222.3Total

409.6117.12206.018.9165.6Mixed Hwds

102.429.22135.46.556.8OakIN-C

580.0160.63888.066.4583.1Total

580.0160.63888.066.4583.1Mixed HwdsIL-2

567.6162.55840.431.6277.4Total

388.8111.22532.021.6189.6Mixed Hwds

178.851.33308.410.087.7OakIL-1

($ ha-1)(S. Tons ha-1)($ ha-1)(*MBF ha-1)(S.Tons ha-1)

802.3229.32606.922.3195.7Mixed Hwds

62.917.81068.63.328.7OakKY-1

566.1161.14178.515.9139.6Total

230.465.2589.35.044.2Mixed Hwds

335.795.93589.310.995.4OakKY-C

443.388.72621.012.9105.3Total

172.849.2744.56.455.8Mixed Hwds

270.439.51876.56.649.4PineIN-2

674.5121.14069.017.1133.4Total

160.546.9494.94.237.1Mixed Hwds

1030.8184.113705.555.4429.9Total

257.473.61296.411.197.4Mixed Hwds

773.4110.512409.144.3332.6PineKY-3

932.8266.66875.834.3301.0Total

453.6129.72444.920.9183.3Mixed Hwds

479.2136.94430.813.4117.6OakKY-2

865.2247.13675.525.6224.4Total

2316.2338.014029.850.9383.5Total

52.514.8156.51.411.9Mixed Hwds

2263.7323.213873.349.5371.6PineKY-4

295.1111.28092.924.6215.0OakIL-C

133.437.1500.44.237.1Mixed Hwds
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PulpwoodPulpwoodSawtimberSawtimberSawtimberMerch. GroupSite
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580.0160.63888.066.4583.1Total

580.0160.63888.066.4583.1Mixed HwdsIL-2

567.6162.55840.431.6277.4Total

388.8111.22532.021.6189.6Mixed Hwds

178.851.33308.410.087.7OakIL-1

($ ha-1)(S. Tons ha-1)($ ha-1)(*MBF ha-1)(S.Tons ha-1)

802.3229.32606.922.3195.7Mixed Hwds

62.917.81068.63.328.7OakKY-1

566.1161.14178.515.9139.6Total

230.465.2589.35.044.2Mixed Hwds

335.795.93589.310.995.4OakKY-C

443.388.72621.012.9105.3Total

172.849.2744.56.455.8Mixed Hwds

270.439.51876.56.649.4PineIN-2

674.5121.14069.017.1133.4Total

160.546.9494.94.237.1Mixed Hwds

1030.8184.113705.555.4429.9Total

257.473.61296.411.197.4Mixed Hwds

773.4110.512409.144.3332.6PineKY-3

932.8266.66875.834.3301.0Total

453.6129.72444.920.9183.3Mixed Hwds

479.2136.94430.813.4117.6OakKY-2

865.2247.13675.525.6224.4Total

2316.2338.014029.850.9383.5Total

52.514.8156.51.411.9Mixed Hwds

2263.7323.213873.349.5371.6PineKY-4
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Table 2: (Continued). 

319.5126.82852.915.1131.7Total

267.9106.31811.410.995.1Mixed Hwds

51.620.51041.44.236.6OakOH-C

PulpwoodPulpwoodSawtimberSawtimberSawtimberMerch. GroupSite

($ ha-1)(S. Tons ha-1)($ ha-1)(* MBF ha-1)(S. Tons ha-1)

1628.4158.18331.637.0277.7Total

32.312.8---------Mixed Hwds

1596.1145.38331.637.0277.7PineVA-1

405.5153.73934.522.5196.2Total

381.5151.53934.522.5196.2Mixed Hwds

24.02.2---------OakVA-C

1907.0203.617620.478.7592.5Total

97.038.5315.01.815.8Mixed Hwds

1810.0165.117305.476.9576.7PineWV-2

301.2119.64182.118.7163.6Total

162.364.51125.46.456.1Mixed Hwds

138.955.13056.712.3107.5OakWV-C2

1018.8142.32622.413.0104.3Total

161.764.21007.25.850.4Mixed Hwds

857.278.11615.37.253.9PineWV-1

304.3179.44222.819.6171.0Total

27.569.41536.18.876.6Mixed Hwds

276.8110.02686.710.894.4OakWV-C1

1393.3139.96048.727.5209.0Total

42.416.8435.32.521.7Mixed Hwds

1350.9123.15613.425.0187.3PinePA-1

267.0106.03389.517.9156.2Total

205.081.32519.814.4125.5Mixed Hwds

62.024.7869.73.530.6OakPA-C

400.4158.95489.030.0261.4Total

400.4158.95489.030.0261.4Mixed HwdsOH-2

479.0190.04983.523.3203.9Total

163.064.71941.411.196.9Mixed Hwds

316.0125.33042.112.2107.0OakOH-1

319.5126.82852.915.1131.7Total

267.9106.31811.410.995.1Mixed Hwds

51.620.51041.44.236.6OakOH-C
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24.02.2---------OakVA-C

1907.0203.617620.478.7592.5Total

97.038.5315.01.815.8Mixed Hwds

1810.0165.117305.476.9576.7PineWV-2

301.2119.64182.118.7163.6Total

162.364.51125.46.456.1Mixed Hwds

138.955.13056.712.3107.5OakWV-C2

1018.8142.32622.413.0104.3Total

161.764.21007.25.850.4Mixed Hwds

857.278.11615.37.253.9PineWV-1

304.3179.44222.819.6171.0Total

27.569.41536.18.876.6Mixed Hwds

276.8110.02686.710.894.4OakWV-C1

1393.3139.96048.727.5209.0Total

42.416.8435.32.521.7Mixed Hwds

1350.9123.15613.425.0187.3PinePA-1

267.0106.03389.517.9156.2Total

205.081.32519.814.4125.5Mixed Hwds

62.024.7869.73.530.6OakPA-C

400.4158.95489.030.0261.4Total

400.4158.95489.030.0261.4Mixed HwdsOH-2

479.0190.04983.523.3203.9Total

163.064.71941.411.196.9Mixed Hwds

316.0125.33042.112.2107.0OakOH-1
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Table 2: (Continued).  

Site IL-1 was originally planted with bands of white oak and black locust.  The site 

was underplanted with tulip-poplar 15 years later because the black locust had declined 

due to locust borer.  At the time of measurement, 46 years after tulip-poplar was planted, 

the black locust was absent and tulip-poplar was a component in the main canopy.  With 

the loss of black locust, stand conditions allowed the white oak a head start over tulip-

poplar.  However, the tulip-poplar was able to quickly fill the spaces created in the 

canopy by the black locust trees.  Results of stumpage value comparisons (IL-1 vs. IL-C) 

mask the actual success of this stand because it is compared with a bottomland hardwood 

site (IL-C) that was the most valuable hardwood site (mined or non-mined) in this study 

(Fig. 3).  IL-1 was the second most valuable hardwood mined site, producing over $6,400 

ha-1 (Table 1). 

Planting monocultures of hardwood species should be carefully considered to 

ensure that management objectives are met and that there is potential in future markets.  

IL-2, reclaimed with a monoculture of cottonwood, provided $4,400 ha-1 after a 60-year 

rotation.  The growth of the cottonwood was good, matching the yearly increment on the 

most productive non-mined site (IL-C, Fig. 3). However, the stumpage value of the 

species is low compared to the large volume of oak on IL-C.  Using monocultures of 

intolerant hardwoods may provide quicker crop rotations aimed at specialty wood 

products.  Such a niche will increase the value of sites such as IL-2. 

 

Eastern states (OH, PA, VA, WV):

Pine Sawtimber: $30.00/ton

Pine Pulpwood:$10.98/ton

Oak Sawtimber:$28.43/ton

Mixed Hwd Sawtimber: $20.06/ton

Mixed Hwd Pulpwood: $2.52/ton

Midwestern states (KY, IL, IN):

Pine Sawtimber: $37.33/ton

Pine Pulpwood:$7.00/ton

Oak Sawtimber:$37.60/ton

Mixed Hwd Sawtimber: $13.33/ton

Mixed Hwd Pulpwood: $3.50/ton

Note: Dollar estimates taken from Timber Mart-South (3rd quarter 2000). Eastern 
sites used Virginia estimates (region 1), Midwestern sited used Tennessee 
estimates (region 1).
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Conclusions 

Comparisons of forest productivity between mined and non-mined study sites 

showed that six of 14 mined sites were more productive than their non-mined 

counterparts.  Seven mined sites were as productive, and one site was less productive.  

Though this comparison suggests that the productivity of most pre-SMCRA mined sites 

is greater or equal to non-mined forests, it is important to realize that these results are a 

comparison of forest productivity, which is highly dependent on changes in species 

composition.  Planting of intolerant, site-demanding species may provide managers and 

landowners options to realize increases in value on mined sites, even those that have 

been degraded by poor reclamation techniques.  However, all types of trees will do 

poorly on sites that have been severely degraded.  Regardless of the tree’s tolerance or 

site requirements, if proper reclamation is undertaken, all species should respond well. 

The stumpage value of eight mined sites was greater than that of the non-mined 

sites.  Sites with higher forest productivity will return higher stumpage values.  This 

trend is evident on all site types (hardwood and pine), because the sites’ forest 

productivity is driving the ability of the planted species to accrue value.  However, 

subtle differences exist in the value of planted species.  A site of moderate forest 

productivity planted with more valuable hardwoods, such as oak, may be more valuable 

than a site that is planted with a species of lower desirability, even though the site may 

be of higher quality. 

On sites with average or above-average forest productivity, fast-growing pine 

species produce more product value in two 30-year rotations than a single 60-year 

rotation of hardwoods.  Pines perform better as monocultures, while hardwoods are 

capable of being planted in a variety of species mixes to meet specific landowner 

objectives.  Mixtures of shade-intolerant and tolerant hardwoods will develop rapid 

volume growth and enhanced value on the site. Establishment of a productive, valuable 

forest on mined land will also enhance diversity and protection of the site from 

environmental degradation. 

The results of this study show that commercial forestry is possible on mined land.  

With minimal reclamation and little effort to control site conditions, these early surface-

mined sites grew trees in diverse conditions.  Reducing negative site factors created under 
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SMCRA (compaction, overly competitive groundcovers, and poor selection of 

overburden) should enhance forestry options for current reclamation planners and 

landowners, resulting in more land supporting productive forests throughout the 

Appalachian and midwestern coalfields. 
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CHAPTER VII.  CARBON SEQUESTRATION OF REFORESTED 

MINED LAND IN THE EASTERN US† 

 

J. A. Rodrigue and J. A. Burger 

 

 

Abstract 

The reforestation of mined land has the potential to sequester large amounts of 

atmospheric carbon on sites where carbon-based fuels were extracted.  The extent to 

which reforested mined land captures atmospheric carbon compared to natural land is still 

largely unknown.  We compared the amount of carbon sequestered on 14 reforested 

mined sites to 8 natural sites in the midwestern and eastern coalfields. After 20 to 55 

years, total site carbon levels on mined study sites averaged 217 Mg ha-1, while total 

carbon amounts on natural sites averaged 285 Mg ha-1.  The amounts of carbon captured 

within the plant biomass and litter layer were the same on mined and natural sites.  

However, the soil carbon content of mined sites averaged 39 % lower than natural soils.  

The amount of carbon captured across mined sites was largely a function of forest stand 

age and forest and site productivity.  This study showed that successful reclamation and 

reforestation of mined sites will largely restore the potential of forests and forest soil 

systems to sequester carbon at pre-mining levels. 

 

Key words: Soil carbon, litter layer carbon, carbon capture, mined land reclamation 

† Prepared for and submitted to the Journal of Environmental Quality. 
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Introduction 

Under the 1992 Framework Convention on Climate Change, 153 nations agreed 

to mitigate global climate change by controlling greenhouse gasses.  The governments 

and industries of these nations would reduce greenhouse gasses by sequestering 

atmospheric carbon or by reducing CO2 emissions (Wright et al., 2000).  Carbon 

accreditation of forest development projects is one approach to sequester atmospheric 

carbon under the climate change agreement.  Forests provide a low cost method of carbon 

accreditation compatible with other environmental, economic, and social development 

projects (Wright et al., 2000).  Forest development projects use trees to sequester carbon 

for long-term storage.  As young forests develop, atmospheric carbon is locked into wood 

during growth and stored in litter layers.  Carbon is also incorporated into the soil via root 

turnover, litter decomposition, and biologic activity.  The carbon sequestration potential 

of a forest depends on stand growth rates, the site’s carrying capacity, stand age, and 

product utilization.  Furthermore, carbon sequestration and storage may be increased if 

forests are harvested and trees are converted into wood products (Skog and Nicholson, 

1998). 

The eastern deciduous hardwood forest of the midwestern and eastern regions of 

the United States stores large amounts of carbon in forest biomass and forest soils.  

Anderson (1991) estimated average worldwide carbon levels for temperate deciduous 

forests at 175 Mg ha-1, with 90 Mg ha-1 in the plant biomass, and 85 Mg ha-1 in the soil 

and litter layer.  The average carbon content of forests in the eastern half of the U.S. was 

179 Mg ha-1, including 81 in the forest biomass, 9 Mg ha-1 in the litter layer, and 89 Mg 

ha-1 in the soil (derived from Turner et al., 1995).  However, a comprehensive study of 

forest carbon pools of a northern hardwood forest at Hubbard Brook in New Hampshire 

found 134 Mg ha-1 of C in tree biomass, 30 Mg ha-1 in the forest floor, and 130 Mg ha-1 in 

the soil, for a total of 294 Mg ha-1 (Johnson et al., 1995). These studies provide baseline 

examples of carbon content in temperate deciduous forests, and they show that carbon 

content can be highly variable and forest specific. 

Most of the trees from the eastern and central hardwood forests of the U.S. are 

utilized for solid wood products rather than short-lived paper products, which extends the 
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storage time of sequestered carbon (Skog and Nicholson, 1998).  Keeping the forest 

intact and managing it properly for carbon sequestration and wood products would 

provide long-term carbon sequestration benefits.  

Coal mining and the use of the mined coal for power generation are major sources 

of C02 emissions.  In addition to coal combustion, surface mining for coal contributes 

further to CO2 emissions because it totally removes the forest vegetation.  Some forest 

biomass is harvested, but the majority is typically bulldozed in piles and burned. 

A compelling argument can be made for restoring forestlands mined for coal back 

to carbon-rich forests that existed prior to mining.  The new forest will absorb some of 

the CO2 emitted from the coal for which the original forest was sacrificed.  Maximizing 

the productivity of the restored forest is also compelling.  Productive forests will enhance 

the site’s ability to recapture the carbon contained in the original forest and some of the 

carbon contained in the coal that was mined beneath it.   

The carbon sequestration potential of forested mined land is not well understood.  

It must be characterized in order to make comparisons with other carbon sequestration 

projects, and to better understand differences in carbon capture levels under varying 

forest and mined land conditions.  Therefore, we characterized fourteen 20- to 55 year-

old mined sites throughout the midwestern and eastern coal regions to accomplish the 

following objectives:  (1) quantify the carbon sequestered under varying mined site and 

forest stand conditions and (2) compare the carbon sequestered on these sites to adjacent 

natural forested sites.   

 

Methods 

Site Selection and Layout 

Fourteen forest sites across seven states, each with an average size of 2.5 ha of 

contiguous forest cover, were located on reclaimed mined lands in the midwestern and 

eastern coal fields of the U.S. (Fig. 1).  The 14 sites ranged from 20 to 55 years old.  The 

canopy layer species ranged from pure hardwood and conifer stands to mixed stands 

(Table 1).  These sites also covered a spectrum of spoil types.  Natural site soils included 

inceptisols, ultisols, and alfisols.  Mined sites were classified as udorthents.  The study 

sites were chosen to represent a cross-section of stand age and conditions. 
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Within each similar geographic region (e.g. southern Illinois) reference native 

forest sites were located and measured.  These control sites represented land conditions 

similar to those present on mined sites before they were disturbed.  The undisturbed 

reference sites were located in close proximity to selected mined sites.  All sites were 

mature, well-stocked, native forest stands, but all had been harvested to varying degrees 

at some point in their history.  From this point forward the native, non-mined control sites 

will be referred to as natural stands. 
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Figure 1. General location of study sites in the midwestern and Appalachian 
coalfields. 
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Table 1: Description of study sites including dominant canopy species, and stand age 
at time of measurement. 

† represent average age of trees measured on non-mined reference sites.
20

72†

40

62†

28

60†

38

62†

50

50

59†

33

40

35

35

52†

50

55

40†

43

54

43†

Stand Age

White Pine

Oak/ T. Poplar

W. Pine/Scots Pine

Oak/T.Poplar/Cherry

White Pine

Oak/T. Poplar

White Pine

Oak/T.Poplar

Mixed Hwd

Mixed Hwd

Oak/T.Poplar

Loblolly Pine
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A 20x20-m grid was superimposed across the site after the boundaries were 

established.  A 20 m buffer strip was maintained on all edges of each forest site.  Grid 

lines were placed perpendicular to the banks of open-pit mined sites where more than 

one spoil bank existed to ensure that the site’s micro-topography was taken into account. 

All subsequent sampling was based from intersections of the grid (Fig. 2). Field data 

collection took place between May and August, 1999, with the exception of two sites 

that were measured in August, 1998. 

Figure 2: Typical site layout and plot diagram used at each study site.  

(4 randomly chosen )
Grid intersection for plot location 

20 m by 20 m grid

Example site area 
(average = 2.5 ha )

20m buffer from 
edge effects

404 m2 canopy
layer plot

Soil pit at 
plot center

Forest floor sample points (1/4 m2)
(One of four chosen randomly)

Forest floor sample points (1/4 m2)
(One of four chosen randomly)
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Site Carbon Capture Calculations 

Carbon captured in the above ground biomass was estimated on each site by 

randomly choosing measurement points at four of the 20x20 m grid intersections (Fig. 2).  

Trees in the main canopy greater than 13.0 cm in diameter were tallied within a 404 m2 

circular plot.  A merchantable height to a 10 cm top was measured on trees between 13 

and 25 cm in diameter.  Trees greater than 25 cm were measured to a 20 cm top.  

Merchantable stemwood volumes for all trees measured on a site were generated from 

species-specific volume equations and tables (Clark and Saucier, 1990; Clark and Souter, 

1996; Clark et al., 1986a; Clark et al., 1986b; Tritton and Hornbeck, 1982; Clark et al., 

1980).  Merchantable stem volumes were converted to total tree volume (m3) using above 

and belowground ratios reported for softwoods and hardwoods in US forest regions 

(Table 2) (Birdsey, 1992).  Total tree volume includes merchantable stems, tops, 

branches, rotten trees, small trees (< 5.0 in dbh), snags, stumps, bark, and roots.  Total 

tree volumes were converted to kilograms of carbon with a conversion factor for different 

regional species groups (Birdsey, 1992).  Total tree carbon content was summed per plot 

and expanded to m3 ha-1.  Carbon in ground layer woody or herbaceous biomass was not 

included because carbon estimates could not be generated for this portion of the forest 

community.  However, carbon contained in these understory components is often ignored 

in biomass estimates because it only amounts to 1 to 2 % of the aboveground carbon 

content (Birdsey, 1992; Bormann and Likens, 1979). 

A soil pit was dug to a depth of 1.5 m at the four plot centers on each site (Fig. 2) 

to develop estimates of soil carbon.  Pits were described using standard soil survey 

techniques to obtain total depth, horizon depth, and the percent coarse fragments greater 

than 7.6 cm.  Loose samples and duplicate bulk density samples were collected from 

each horizon.  Soil samples were air-dried, sieved (2 mm), and weighed to determine 

coarse fragments (< 7.6 cm).  All soil carbon determination procedures were performed 

on the sieved 2 mm fraction.  Soil properties were analyzed on samples from all 

horizons found in the profiles.  Bulk density, corrected for coarse fragment content, was 

determined using soil cores.  Organic carbon was determined by the Walkley-Black wet 

oxidation procedure (Nelson and Sommers, 1982).  This procedure is used to better 

discriminate between recently plant-derived pedogenic carbon and geologically-derived 
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geogenic carbon in coal.  Litter layer estimates were generated from four ¼ m2 random 

samples at each measurement plot and bulked to form a 1 m2 sample.  Bulked samples 

were dried, ground, and total carbon was determined with a LECO carbon analyzer. 

Litter layer estimates were corrected for ash and the mineral material that the samples 

contained.  Total forest carbon, litter layer carbon, and soil organic carbon in kilograms 

per hectare were converted to metric tons per hectare (Mg ha-1).  Results from t-tests 

termed “different” in this paper have a significance level of � � 0.1. 

 

Results and Discussion 

Total Carbon 

Total carbon sequestered on natural reference sites ranged from 220 to 365 Mg 

ha-1, with an average of 285 Mg ha-1 (Table 2). Total carbon sequestered on mined sites 

ranged from 107 to 322 Mg ha-1.  The average across all mined sites was 217 Mg ha-1. 

Most of the carbon present on both the natural reference sites and mined sites was 

associated with the above- and below-ground tree biomass (Table 2).  This component 

contained 71% of the sequestered carbon on natural sites. On mined sites tree biomass 

made up 75% of the total.  Natural forest litter layers contained 4% of the total carbon 

and mined site litter layers contained 6%.  The soils of natural and mined sites contained 

25 and 20% of the sequestered carbon, respectively.   

In all cases the carbon distribution among tree, litter, and soil components was 

more variable on mined sites (Table 2). The lower variation within the natural sites 

reflects the uniformity that develops in the tree community, litter layer, and soil during 

millennia of development, while mined site variation reflects a variety of site and stand 

conditions including age, tree species, mine soil construction, and site productivity.  The 

tree carbon of natural sites varied between 65 to 77% of the total.  On mined sites the 

range was 44 to 84%.  Litter layer carbon varied between 2 and 5% on natural sites, and 2 

to 15% on mined sites. Soil carbon on natural sites varied between 19 to 30% of the total, 

on mined sites the range was 12 to 41%. 
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Tree Carbon 

Carbon present within the developing tree biomass (merchantable volume, tops, 

branches, rotten trees, small trees (< 5.0 in dbh), snags, stumps, roots and bark) on natural 

sites ranged from 142 to 250 Mg ha-1 (Table 2).  Mined site tree carbon ranged from 47 to 

272 Mg ha-1.  Carbon found in tree biomass was comparable to other natural forests in the 

East, though tree carbon pools vary from study to study depending on site productivity, 

site age, tree species, management impacts, and local topography and climate.  Little has 

been done to quantify the carbon pools associated with tree biomass of mature, planted 

forests on mined sites.   

Tree carbon averaged 203 Mg ha-1for our natural sites and 162 Mg ha-1 for mined 

sites.  Carbon associated with tree biomass of hardwood forests in Indiana were measured 

by Kaczmarek et al. (1995).  Carbon pools ranged from 61 to 117 Mg ha-1.  Our estimates 

for both natural and mined hardwood sites in Indiana, Illinois, and western Kentucky 

were higher than these estimates (188 Mg ha-1).  However, our estimation procedures, as 

outlined by Birdsey, (1992), include carbon estimates for large woody debris and 

complete root systems.  Richter et al. (1995) found 140.6 Mg ha-1 carbon in the tree 

biomass of a 35-year-old loblolly pine site in South Carolina.  Within our study, sites 

KY-3 and KY-4 both contained loblolly pine.  They had 186 and 190 Mg ha-1of carbon in 

total woody plant biomass at ages 40 and 33, respectively. Pine sites in the Appalachian 

region (WV-1, WV-2, PA-1, VA-1) were dominated by white pine, averaging 100 Mg ha-

1.  These pine sites compared favorably with carbon estimates for mixed pine and 

hardwood canopies on southern and western aspects in North Carolina (Vose and Swank, 

1992).  

Mined site carbon content associated with the tree community had returned to 

average natural site levels (Table 2).  The average age of the natural sites was 

approximately 60 years old.  Many mined sites, especially those whose stand age 

approached 60 (IL-1, OH-1, OH-2), had levels within the range of the natural sites. 

Mined sites planted to pine (KY-3, KY-4, WV-2) and fast growing hardwoods (IL-2) 

rapidly sequestered carbon in rapidly growing wood (Fig. 3).  Overall, these mined sites 

were new forest communities that accumulated nearly as much carbon in the tree biomass 

as that sequestered in trees on the natural sites.  Most of these new forests contained 
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valuable species, were planted on an ideal spacing, and had the potential to develop 

greater amounts of tree carbon per unit area then under-stocked, high-graded forests 

commonly found in the eastern US. 



 

 208

Table 2: Carbon sequestered by ecosystem component on mined and non-mined site 
in the midwestern and eastern coalfields.  

† Carbon distribution as a percent of the  site total. 

‡ Natural and mined averages are statistically different at α ≤ 0.10.
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Figure 3: Total carbon sequestered on mined study sites separated into forest system components. 
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Litter Layer Carbon 

Natural-site litter layer carbon pools ranged from 5 to 15 Mg ha-1 (Table 2).  Litter 

layer carbon pools on mined sites ranged from 4 to 23 Mg ha-1.  Litter layer carbon 

estimates also compared favorably with other investigations.  Overall, our litter layer 

carbon estimates from natural sites averaged 10 Mg ha-1 and mined sites averaged 12 Mg 

ha-1.  Litter layer carbon pools from other studies in the eastern US ranged from 4 to 14.4 

Mg ha-1 depending on age and the forest species composition (Hoover et al., 2000; 

Kaczmarek, 1995; Van Lear et al., 1995; Vose and Swank, 1993). However, sites with 

higher conifer components tend to develop greater carbon pools within the litter layer.  In 

Ohio, Vimmerstedt et al. (1989) found that hardwood litter layer carbon pools (3 Mg ha-1) 

were significantly lower than litter layer carbon pools under pine sites (8 Mg ha-1).  On a 

35-year-old loblolly pine site in the piedmont of South Carolina, litter layer carbon 

averaged 32.8 Mg ha-1 (Richter et al., 1995).  Our 33-year-old loblolly pine mined site in 

western Kentucky (KY-4) averaged 23 Mg ha-1. 

The carbon content of litter layers under our natural hardwood sites averaged 10 

Mg ha-1, compared to 6 Mg ha-1for litter under hardwoods on mined sites.  Carbon 

content of litter layers under pine canopies was significantly greater, averaging 17 Mg ha-

1.  Litter decomposition rates differ with litter type, a result of variation of litter quality, 

litter chemical composition, availability of nutrients from other site resources, and 

climatic factors (Vogt et al., 1986). 

Mined site litter layers also appeared to be approaching a steady state relative to 

carbon accumulation.  VanLear et al. (1995) found that pine litter layers in the southeast 

tend to reach a steady state 15-20 years after a disturbance such as logging.  Yanai et al. 

(2000) found that litter layers in logged northern hardwood forests increased with age 

after disturbance until about 50 to 55 years.  However, over the chronosequence of their 

study, litter accumulation was also related to the logging practice used on each site.  If 

conditions for litter layer redevelopment are similar for mined sites, then the majority of 

sites in this study should have, or will, be approaching equilibrium. 
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Soil Carbon 

Natural site soil carbon ranged from 49 to 108 Mg ha-1 (Table 2).  The amount of 

carbon in the mine soils ranged from 16 to 67 Mg ha-1.  Average natural site soil carbon 

levels were similar to estimates for temperate forest soil carbon levels reported in the 

literature.  Post et al. (1982) reported average soil carbon levels of 79 and 60 Mg ha-1 

within 1 m for dry and moist warm temperate forests, respectively.  Researchers in the 

eastern US reported carbon levels for depths from 0.5 m to bedrock ranging from 36 and 

130 Mg ha-1 (Hoover et al., 2000; Johnson et al., 1995; Kaczmarek, 1995).  Our natural 

sites averaged 71 Mg ha-1 and mined sites averaged 43 Mg ha-1 (Table 2). 

Soil carbon levels of mined study sites were 39% lower than natural site 

estimates, however, the mined site average carbon was comparable to a degraded natural 

pine site on the Piedmont of South Carolina, (Van Lear et al., 1995) which had 37.2 Mg 

ha-1 carbon within 1 m.  Prior to pine establishment, poor farming practices severely 

eroded this site resulting in loss of the surface horizons.  Mined soil carbon pools also 

correlated well with carbon pools reported in other investigations.  Akala and Lai (1999) 

reported that 30-year-old reforested mined sites (to 0.5 m) contained 51.5 Mg ha-1of soil 

carbon; 50-year-old sites contained 54.9 Mg ha-1.  Sites approximately 30 years old in our 

study contained 47 Mg ha-1; while 50-year-old mined sites contained an average of 55 

Mg ha-1.   

For both natural and mined sites, the carbon associated with the plant community 

and the litter layers make up similar percentages of the total system carbon.  However, 

there was an important difference in soil carbon content between mined and natural soils.  

Average, soil carbon made up 25% of the total on natural sites and only 20% on the 

mined sites. After mining, study sites were left devoid of soil organic matter and carbon.  

Soil carbon levels of even the oldest and most productive mined sites had not reached the 

average soil carbon level of measured natural sites (Table 2) (Fig. 3). 

As with natural forest communities, carbon sequestration on reforested mined 

sites is a function of age (Fig. 4).  Projection of the regression line shows that the average 

mined site carbon content will approach the natural stand average between ages 60 to 65 

years.  This is roughly the average rotation length for commercially-valuable 

Appalachian hardwoods.  Therefore, by age 60 to 65, under average site conditions, 
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mined land returned to forests will have the commercial value of a mature forest and 

carbon content approaching pre-mining carbon levels.  As time goes on, further 

incorporation of organic matter into the mine soils is expected.  If mined site productivity 

levels were similar or greater than natural sites, the potential for greater mined site carbon 

storage exists as mined sites accumulate more tree biomass and incorporate more carbon 

into their soils. 

However, current organic carbon determination techniques, including the 

Walkley-Black method, invariably include some amounts of geogenic carbon in the 

estimate (Thurman and Sencindiver, 1986; Indorante et al., 1981; Pedersen et al., 1978; 

Cummins et al., 1965).  If this is the case, then mine soil pedogenic carbon estimates are 

actually lower than projected, and replenishment of soil carbon levels may take longer. 
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Figure 4: Total carbon accumulation of mined sites and predicted return to average non-mined levels. 
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Conclusions 

The development of productive forests on reclaimed land satisfies multiple goals.  

Successful reforestation on productive minelands meets SMCRA guidelines that require 

the return or enhancement of pre-mining productivity levels.  Reforestation also 

establishes a long-term sink for atmospheric carbon.  Land that has been mined for coal 

contributes to atmospheric carbon via land use change and by producing a carbon based 

fuel.  Considering that very little organic carbon is present on a recently reclaimed mined 

site, there is great potential for sequestering carbon by restoring the forest at a level of 

productivity equal to or greater than that present before mining. 

This study showed that restored forest ecosystems have the potential to build 

carbon pools that will eventually approximate natural forest levels.  This is especially the 

case for carbon levels in trees and litter layers.  Average carbon pools of these two 

components were similar to natural sites in this study after 55 years.  However, the 

variation of the carbon pools was greater within the trees and litter layer on mined sites, 

representing the greater variability of forest and site conditions on mined sites. Mined soil 

organic carbon levels were lower than average natural sites due to the pre-law mining 

process, which removes original topsoil and buries it at the bottom of the previous cut.  

Reincorporating organic matter into the soil requires establishment of a biological 

community including plants for primary production and soil fauna and flora to process 

the detritus.  A projection of carbon sequestration rates established by this study indicated 

that mined sites would achieve pre-mining carbon levels after 60 to 65 years. 
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CHAPTER VIII.  SUMMARY AND RECOMMENDATIONS 

 

Summary 

 

Reforested pre-law mined sites in this study provided an excellent example of 

successful forest growth on mined land.  Planting trees enhanced woody diversity 

ensuring the species composition and commercial value of the future forest.  Planting 

multiple hardwood species enhanced succession and invasion of natural forest 

components.  Successional forces operating on mined sites enhanced richness and 

evenness, especially sites planted with multiple hardwood species.  Dense-canopied pine 

sites had lower species diversity; further invasion is needed to approximate regional non-

mined forests diversity levels.  

The site productivity of non-mined and mined sites was similar in the midwestern 

region and for a majority of sites within the eastern region.  Productivity levels were 

significantly lower on two mined sites in the eastern region, a result of lower base 

nutrition and excessive coarse fragments.  Mined site productivity was related to mine 

soil base saturation, coarse fragment content, available water, total C horizon porosity, 

and electrical conductivity.  These soil properties explained 52% of the variation in site 

index across mined sites; they represent soil properties fundamental for tree growth, 

rooting volume, aeration, nutrition, and water supply. 

When management inputs were accounted for, forest growth was enhanced, 

commonly out-producing the volume growth and rotation age value on non-mined 

forests.  The effect of mined site forest productivity was especially apparent when fast-

growing, early-successional species were planted.  In some cases, the growth rate of the 

species overcame reductions in site productivity that resulted from mining.  However, 

heavily degraded sites significantly reduced forest productivity.  Enhanced forest 

productivity ensured rotation age commercial value that was similar to or greater than 

non-mined forest values.  Both planted hardwoods and pines were very productive; 

however, the wood value of certain species influenced the final harvest value.  Planted 

pines will outgrow hardwood species, producing more value over the same time period.  

However, this study did not account for specialty hardwood timber markets, which may 
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have increased the value of sites planted with hardwood species of otherwise low timber 

desirability. 

Reforested lands were capable of restoring carbon pools to pre-mining levels, 

especially within the developing tree community and the litter layer.  Woody biomass 

carbon pools were similar between mined and non-mined sites.  However, after 20 to 60 

years of forest development, carbon pools in the mine soils were still lower than non-

mined levels.  Nevertheless, forest carbon content increased with mined site age.  

Projection of this trend indicated average mined site carbon would approximate pre-

mining levels in 60 to 65 years. 

Examination of forest attributes on sites in this study suggested an 

interrelationship between productivity, diversity, commercial value, and carbon 

accumulation.  Those sites that were most productive contained large woody diversity 

levels, commercial value, and carbon pools.  Evidence from planted species compositions 

suggest that late-successional species can be successfully established on mined sites even 

in the presence of early- successional species.  The presence of late-successional species 

enhanced stand value, increased community stability, and jumpstarted succession for 

future rotations.  Sites planted to monocultures of pines contained similar successional 

trends, but were advancing at a slower successional rate. 

Return of pre-mining site productivity is critical for restoration of healthy forests 

on mined land.  Mined site conditions soon after mining were harsh, however planted 

trees were able to survive and grow.  On these mined sites, base saturation, available 

water, and total porosity were actually more favorable than that found on adjacent non-

mined sites.  Productive mined sites had heterogeneous mixtures of oxidized and non-

oxidized sandstone, shale, and siltstone.  Most mined sites, especially open-pit sites, 

received very little grading, which minimized the effects of compaction.  Evidence of 

erosion existed on these sites, but microtoprography apparently trapped large amounts of 

sediment at the bottom of the slopes or the back of the highwall.  At the time of 

measurement, there was little evidence of active erosion. 
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Recommendations 

The reclamation manager has the responsibility to restore a mined site to 

conditions required by state and federal regulations.  While this is a large undertaking, it 

is also a unique opportunity.  Evidence from this study shows that mined lands have great 

potential for forest post mining land uses.  Properly planned operations should 

incorporate mixtures of overburden and soil material.  In the Appalachian region, 

removal of the native soils and immediate subsurface material should contain acceptable 

levels of oxidized spoil as well as finer textured material, native seed pools, large coarse 

woody debris, and microbiologic communities.  In the Midwest, where excessive fines or 

natural root limiting layers may occur in native soils, incorporation of coarse fragments 

may enhance future productivity.  Limiting traffic on sites reduces compaction, deepens 

the rooting zone, and decreases the effect of large coarse fragment contents, allowing 

trees to exploit site resources.  On sites where slope stability is of concern, proper 

construction (and compaction) of engineering material is necessary.  However, 

compaction of the rooting zone, which should be overlain on top of the constructed fill, is 

not.  In natural forests, on steep slopes, some erosion occurs.  Erosion can be tolerated on 

properly reclaimed mined sites with forestry post mining land uses if future harvest 

operations are not compromised.  Tree compatible ground covers should keep soil losses 

at a minimum while providing trees the chance to become established.  On AOC variance 

sites permitted to forestry, rooting material could be end dumped in large piles on the 

engineered surface, similar to pre-law dragline operations.  Microtopography and tree 

compatible ground covers will trap soil movement internally and provide a non-

compacted rooting media for tree growth.  Near edges of the mined area, proper water 

control structures and tree compatible covers will keep peripheral sediment on site.  

Creation of diverse topography will also increase successional diversity, creating 

gradients of aspect, moisture, and exposure. 

Planting trees allows the reclamation manager to set the framework of the future 

forest, meeting future landowner objectives, and the spirit of SMCRA.  Succession 

appears capable of filling the gaps.  Tree planting should be done in both operationally 

and ecologically effective ways.  Trees should be planted in mixtures of hardwoods 

suitable for the microtopography, local climate, and future wood markets.  Wildlife 
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corridors and aesthetics should also be considered because they increase the value of 

reclaimed sites in many ways. 

The reclamation process should include all those concerned at the earliest stages 

and keep all parties involved until completion of the project.  Permits should specify what 

type of growth medium is needed to fit the post mining land use.  When forestry is 

permitted as a post mining land use, state inspectors should work with coal operators to 

recreate forest soil characteristics on the mined site.  There should be an understanding 

that forestry post mining land uses require different initial conditions for future success.  

Good planning will help the coal operator save money though coordination of equipment 

and labor during the reclamation phase.  With careful coordination during the permit 

phase, the inspector will know what to look for during reclamation, and will be able to 

help both the landowner and operator meet the reforestation plan. 
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Site Plot SI TD TCF Slope A D A pH SS pH P EC T Acid A S+C SS A+C A BD C BD

Units ft cm % % cm us cm-1 meq 100g-1 % % g cm-3 g cm-3

SAS Code a b c d e f g by k l m q r
IL-1 B1 98 152 1.0 0.0 3.8 6.1 5.2 54.8 0.7 78.8 40.7 1.3 1.4
IL-1 E2 94 152 39.6 53.0 5.1 6.0 5.8 48.5 1.4 56.5 37.7 1.3 1.3
IL-1 G2 86 132 18.1 25.0 7.6 6.4 5.2 52.1 2.1 66.8 57.3 1.2 1.3
IL-1 I1 89 137 1.0 51.0 5.1 5.8 5.1 73.1 4.9 76.0 82.2 1.0 1.4
IL-2 A2 82 91 38.9 1.0 2.5 5.4 5.8 173.3 0.0 92.4 43.1 1.1 1.1
IL-2 C2 79 102 38.5 1.0 3.8 6.5 6.2 96.4 0.0 63.5 36.7 1.0 1.2
IL-2 E1 79 97 58.4 1.0 2.5 6.8 5.7 163.3 0.4 78.0 25.1 0.9 1.2
IL-2 G4 78 135 50.5 15.0 3.8 7.4 7.6 176.4 0.0 57.7 24.8 1.0 1.1
IN-1 B7 81 152 63.3 35.0 8.9 6.1 5.8 47.5 0.0 26.1 21.4 1.2 1.4
IN-1 D1 85 152 73.2 35.0 6.4 5.1 5.6 43.5 1.1 23.2 9.3 1.2 1.3
IN-1 E3 71 152 56.2 45.0 7.6 5.9 5.7 52.9 0.3 36.3 30.4 1.2 1.5
IN-1 G2 71 152 42.0 2.0 7.6 5.4 5.6 45.5 0.4 39.9 28.7 0.9 1.4
IN-2 A9 79 152 70.9 40.0 3.8 6.5 7.4 114.3 0.0 42.5 28.7 1.1 1.6
IN-2 D3 89 145 50.6 5.0 5.1 7.4 7.6 175.0 0.0 59.0 43.6 1.2 1.5
IN-2 E6 60 152 33.6 20.0 7.6 7.3 7.9 183.8 0.1 54.4 44.1 1.1 1.4
IN-2 F10 89 152 44.3 30.0 5.1 7.3 7.9 160.6 0.0 56.6 45.1 1.2 1.5
KY-1 B4 75 152 76.7 45.0 3.8 6.9 7.8 222.2 0.0 68.6 18.6 0.7 1.0
KY-1 F2 71 122 80.0 50.0 10.2 6.8 4.8 79.9 0.3 49.9 12.1 1.0 1.1
KY-1 G1 79 122 56.7 50.0 10.2 6.7 6.7 70.8 0.1 74.3 67.5 1.2 1.3
KY-1 H2 72 152 53.3 50.0 12.7 6.5 7.3 80.5 0.0 54.9 31.8 1.1 1.2
KY-1 J2 76 112 71.2 0.0 6.4 7.0 7.4 130.7 0.1 51.4 20.3 1.0 1.4
KY-2 A5 85 132 88.6 45.0 5.1 6.2 4.4 90.7 5.3 61.3 9.8 1.0 0.9
KY-2 E4 77 102 72.6 1.0 7.0 6.7 7.0 75.7 0.0 62.2 15.8 1.2 1.0
KY-2 G5 83 114 77.0 35.0 8.9 6.3 3.2 133.3 6.2 71.2 24.1 1.0 0.9
KY-2 K1 89 117 58.6 30.0 6.4 5.3 6.6 82.6 0.2 77.0 12.9 1.3 1.0
KY-3 A4 89 152 86.0 35.0 10.2 6.7 5.1 66.9 9.8 74.9 36.8 1.0 1.3
KY-3 B2 73 152 79.9 45.0 6.4 5.3 4.9 89.8 3.5 70.6 24.3 0.9 1.0
KY-3 C3 84 132 89.2 30.0 5.1 5.1 6.0 116.2 3.3 77.2 19.1 1.0 1.2
KY-3 D1 83 145 76.3 25.0 6.4 5.8 5.2 79.2 2.4 82.6 62.7 1.0 1.4
KY-4 L1 71 132 88.0 35.0 3.8 4.8 4.3 83.9 7.7 56.8 13.2 1.1 1.2
KY-4 M3 74 152 80.8 60.0 7.6 3.9 3.8 78.6 10.2 62.0 25.4 1.0 1.3
KY-4 S2 86 152 69.4 15.0 5.1 5.8 5.6 41.3 0.7 67.3 43.1 1.1 1.4
KY-4 X2 78 152 74.0 45.0 7.6 5.7 4.8 36.8 0.3 14.7 15.3 1.1 1.3
WV-1 B3 53 76 90.2 2.5 1.9 4.3 4.3 93.5 8.0 57.8 5.2 1.1 0.9
WV-1 D1 60 61 91.0 2.5 1.3 4.3 5.7 50.6 4.0 37.7 5.3 0.7 0.7
WV-1 E3 49 91 80.4 2.5 2.5 4.0 4.8 73.7 8.0 38.8 10.5 1.1 1.4
WV-1 F3 57 99 68.0 2.5 3.8 4.2 4.5 79.8 11.2 51.1 17.8 1.0 1.1
OH-1 A1 79 152 15.6 30.0 3.8 5.6 4.3 122.5 15.6 77.9 69.8 0.9 1.1
OH-1 B3 83 152 34.2 60.0 2.5 6.9 5.0 102.7 3.6 72.7 49.7 0.9 1.1
OH-1 D4 72 152 82.3 45.0 7.6 8.2 7.6 308.9 0.1 74.1 41.2 1.0 1.1
OH-1 F5 89 152 78.3 55.0 5.1 4.8 3.9 100.6 18.4 73.6 32.2 0.9 1.1
OH-2 B2 85 152 87.9 45.0 7.6 6.9 5.1 62.6 1.9 60.1 5.4 0.9 0.9
OH-2 B7 94 152 80.0 45.0 11.4 6.6 6.6 49.1 0.6 74.6 2.2 0.9 0.8
OH-2 C3 91 152 90.4 40.0 5.1 6.5 6.0 39.6 0.2 63.4 5.0 1.0 0.8
OH-2 D4 84 152 54.8 47.5 7.6 7.0 5.7 53.6 1.3 65.2 44.7 1.0 0.9
PA-1 A4 68 152 80.2 12.5 3.8 4.6 4.2 55.5 3.1 29.2 7.5 0.9 1.0
PA-1 B3 63 152 71.7 15.0 2.5 5.1 5.5 29.3 1.0 28.4 15.8 1.2 1.4
PA-1 C5 74 152 90.1 0.0 1.9 4.4 4.8 60.1 4.4 29.8 3.1 0.7 0.6
PA-1 F2 69 152 47.4 7.5 4.4 4.8 5.0 43.3 4.3 90.0 13.0 0.8 1.3
WV-2 A2 75 97 13.7 1.0 5.1 4.5 4.8 44.4 7.5 33.4 22.7 0.9 1.3
WV-2 C4 105 137 51.1 7.5 6.4 5.2 3.9 32.4 1.3 43.8 24.6 1.0 1.1
WV-2 D2 85 97 85.3 20.0 3.8 5.1 5.4 40.2 1.0 40.3 6.1 1.0 0.9
WV-2 G2 98 152 58.4 25.0 6.4 4.9 5.9 31.7 1.7 38.3 19.7 0.7 1.0
VA-1 P1 76 135 1 13 10.16 . 4.8 51.0 . . . 0.82 1.31
VA-1 P2 86 152 1 10 10.16 4.55 5.0 34.9 . . . 1.35 1.43
VA-1 P3 85 135 1 22 15.24 4.49 3.6 90.0 . . . 1.04 1.47
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Site Plot Tpor A C Tpor A CP C CP RV T A h2o WB C  T P T N T Mg T Al T K

Units % % % % m3 ha-1 cm % mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1

SAS Code s t u v ae af bb bc bd be bf bg
IL-1 B1 52.8 49.1 41.7 33.5 9554.0 21.2 3.2 30.6 4288.6 1822.5 3.3 317.0
IL-1 E2 52.3 52.2 34.4 40.6 5731.8 48.9 3.9 34.4 4595.1 1030.1 2.5 220.6
IL-1 G2 56.3 49.8 39.8 32.5 4118.3 30.3 3.9 25.9 3258.4 922.7 1.5 230.5
IL-1 I1 61.7 49.1 39.8 32.1 11786.2 27.8 4.5 21.2 2437.6 1036.2 3.5 190.3
IL-2 A2 56.9 56.7 33.2 31.1 3789.3 22.5 7.9 24.6 4575.0 1013.1 0.0 385.5
IL-2 C2 62.4 53.5 32.4 31.7 3758.2 24.7 7.8 49.6 4554.9 1062.1 2.0 325.9
IL-2 E1 67.5 53.4 38.6 30.6 1413.1 27.2 10.2 35.6 8152.5 1679.1 16.4 746.4
IL-2 G4 64.1 56.9 30.3 29.4 2361.2 35.5 6.0 19.3 3983.4 1500.5 16.5 739.1
IN-1 B7 56.5 47.1 19.7 26.8 5600.0 35.4 1.2 11.8 614.4 499.5 0.0 125.0
IN-1 D1 56.1 52.8 21.4 17.2 4078.4 24.2 1.2 19.2 590.0 595.5 4.3 166.1
IN-1 E3 54.2 44.2 28.2 28.2 6680.0 35.5 2.0 14.4 1048.8 271.4 2.0 151.7
IN-1 G2 65.5 47.9 36.9 22.0 8833.8 28.4 2.2 20.8 1091.2 531.8 5.6 192.4
IN-2 A9 57.1 41.0 34.0 25.8 4440.2 27.9 2.0 20.6 2516.6 883.9 0.4 255.4
IN-2 D3 55.1 44.6 31.7 32.8 7153.3 39.2 3.5 10.3 2584.5 741.7 0.0 188.5
IN-2 E6 56.8 47.2 34.4 29.6 10112.1 32.9 3.1 14.0 2034.0 443.3 4.2 174.8
IN-2 F10 55.9 43.7 30.5 27.9 8495.2 32.9 2.7 10.4 1588.6 640.2 1.7 153.0
KY-1 B4 72.4 63.8 46.3 33.0 3558.3 45.9 6.6 0.1 3822.4 1712.0 0.0 359.3
KY-1 F2 62.6 58.5 30.9 29.8 2439.1 33.9 2.8 7.1 1661.3 866.0 4.9 307.5
KY-1 G1 55.0 49.9 38.4 36.2 5276.9 32.9 4.2 10.5 2516.2 706.2 0.0 287.1
KY-1 H2 58.1 56.6 38.9 30.6 7109.9 32.4 3.1 9.0 2114.1 652.3 2.4 201.5
KY-1 J2 48.6 48.6 28.8 28.8 3213.1 27.7 4.9 14.4 2816.7 825.5 3.9 193.1
KY-2 A5 61.2 66.9 31.7 30.0 1510.6 37.3 5.0 12.1 2989.4 1587.2 7.6 571.1
KY-2 E4 56.5 64.8 41.8 31.7 2784.8 28.1 4.2 8.5 2805.8 1725.4 2.8 345.0
KY-2 G5 63.5 63.5 37.6 30.6 2623.2 31.7 5.5 15.9 3995.9 1026.2 13.2 519.1
KY-2 K1 51.9 63.1 33.8 30.7 4842.1 19.0 3.3 9.7 2454.2 1450.7 3.1 307.2
KY-3 A4 63.6 50.0 37.3 43.1 2127.0 57.1 3.2 9.4 2354.1 2660.1 51.0 648.0
KY-3 B2 65.1 60.6 28.8 31.0 3066.0 41.4 3.1 15.6 2345.7 2193.6 0.0 514.9
KY-3 C3 60.8 53.4 34.6 33.9 1423.4 48.1 4.1 21.0 2888.1 4945.3 26.5 747.6
KY-3 D1 62.0 40.6 38.2 8.0 3433.2 48.3 3.2 18.0 2786.5 3801.4 9.7 400.0
KY-4 L1 60.3 54.9 24.2 27.0 1587.8 31.8 4.0 18.3 1967.0 371.3 53.5 318.7
KY-4 M3 63.0 52.0 27.5 31.4 2926.2 41.3 2.3 13.9 1281.8 134.8 97.1 286.3
KY-4 S2 56.8 48.6 37.8 35.3 4667.5 50.1 2.8 7.5 1661.0 2325.1 1.2 432.5
KY-4 X2 59.8 51.1 13.9 14.9 3962.7 21.3 1.7 10.9 641.9 63.0 0.0 25.0
WV-1 B3 58.5 51.7 30.3 29.8 745.1 22.1 4.2 21.5 2640.3 624.5 81.8 688.7
WV-1 D1 72.4 59.2 49.9 29.9 551.6 18.1 2.9 21.5 857.7 2955.7 7.1 544.7
WV-1 E3 59.9 46.2 31.0 33.2 1792.9 28.1 2.9 19.0 1959.7 613.7 6.9 188.0
WV-1 F3 62.2 59.5 33.5 30.7 3171.9 28.2 2.9 15.0 2057.8 394.8 29.6 175.9
OH-1 A1 64.9 57.0 34.9 34.3 12860.3 27.6 4.4 107.4 917.5 804.5 4.4 494.4
OH-1 B3 66.1 58.3 32.2 31.6 10023.3 32.0 3.6 22.6 2875.3 379.8 4.0 338.8
OH-1 D4 61.2 56.7 42.1 35.2 2698.7 47.6 2.8 10.7 2458.9 2112.1 0.0 1171.4
OH-1 F5 64.3 58.2 30.8 34.0 3306.6 47.0 2.5 13.9 1642.5 1096.0 168.1 632.1
OH-2 B2 65.5 67.2 31.2 25.3 1839.7 37.3 3.6 15.5 2363.5 1128.0 0.5 530.4
OH-2 B7 65.4 68.8 37.8 31.4 1456.6 44.2 3.8 18.2 2713.6 6431.2 0.0 2205.4
OH-2 C3 62.2 68.8 30.7 32.2 1456.6 45.7 2.3 16.2 2110.8 2726.0 0.0 800.8
OH-2 D4 62.6 63.1 16.6 43.7 6881.4 35.3 4.1 28.9 3288.2 1661.7 0.0 388.6
PA-1 A4 66.6 61.9 22.0 26.2 3019.0 38.7 1.4 19.5 . 34.3 39.5 134.6
PA-1 B3 54.4 49.0 25.4 26.2 4311.1 37.5 1.8 25.0 1043.2 349.5 2.4 109.3
PA-1 C5 65.5 67.3 24.9 22.9 1508.2 34.6 2.4 31.3 1327.8 183.2 32.0 363.9
PA-1 F2 63.5 51.2 21.9 24.2 8023.3 32.8 2.3 52.0 1882.0 125.4 11.5 92.9
WV-2 A2 66.3 52.6 26.3 29.8 8332.7 28.0 5.8 12.8 2500.2 58.1 20.3 108.7
WV-2 C4 63.0 57.0 33.1 36.0 6701.3 51.1 3.1 20.5 1602.7 846.7 0.0 176.0
WV-2 D2 63.3 64.7 31.7 35.0 1421.3 32.6 3.0 12.5 1844.4 769.6 0.0 173.2
WV-2 G2 75.2 62.9 31.3 33.0 6343.5 44.1 2.2 19.9 1399.3 1799.5 7.1 356.0
VA-1 P1 57.4 65.2 21.4 28.2 6603.1 . . . . . . .
VA-1 P2 60.4 51.2 19.0 23.0 9473.2 . . . . . . .
VA-1 P3 54.7 57.8 20.1 19.0 7915.7 . . . . . . .
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Site Plot T Ca T Mn T Fe SS P SS N C Mg C Al C K C Ca C Mn C Fe Prof BS Prof Cec

Units mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 mg kg-1 % meq 100g-1

SAS Code bh bi bj bk bl bm bn bo bp bq br bw bx
IL-1 B1 7211.6 41.4 0.4 5.4 323.4 730.2 1.7 128.8 2376.3 25.9 0.1 98.0 13.7
IL-1 E2 5305.4 47.8 0.5 7.9 322.9 400.2 0.9 77.7 1648.1 15.6 0.1 95.8 10.6
IL-1 G2 6162.6 28.8 0.3 5.4 372.4 349.1 0.0 65.6 1633.7 12.3 0.0 97.3 12.9
IL-1 I1 4002.1 85.8 0.9 2.2 272.0 383.2 0.7 51.8 840.1 18.9 0.0 85.8 12.9
IL-2 A2 10605.7 23.9 0.4 5.0 443.0 628.8 0.0 237.7 6564.9 10.9 0.0 100.0 20.5
IL-2 C2 9623.5 13.4 0.7 23.0 330.1 608.4 0.0 180.6 5783.5 4.3 0.1 96.4 19.1
IL-2 E1 16703.1 119.1 4.8 9.0 648.3 1237.5 16.4 650.0 11249.0 110.1 3.9 99.3 21.6
IL-2 G4 18752.7 21.4 3.6 4.0 451.9 1173.0 16.5 577.0 15129.7 11.7 3.4 100.0 19.3
IN-1 B7 3100.5 43.6 0.3 6.0 170.0 397.4 0.0 94.9 2274.6 18.1 0.2 100.0 5.5
IN-1 D1 2070.4 78.2 0.8 6.0 191.0 532.1 2.9 128.0 1743.7 21.9 0.0 82.9 3.6
IN-1 E3 2437.7 67.6 0.8 7.0 179.0 155.0 1.8 90.6 1274.8 25.3 0.4 98.0 5.9
IN-1 G2 2827.9 81.3 1.9 9.0 179.0 187.0 1.0 50.1 783.7 6.3 0.2 96.8 6.1
IN-2 A9 16621.8 28.9 0.4 3.0 170.7 401.0 0.1 113.1 9267.7 12.4 0.0 100.0 17.8
IN-2 D3 11529.1 17.6 0.2 0.1 487.0 370.1 0.0 99.6 7988.9 9.9 0.0 100.0 21.8
IN-2 E6 8974.9 11.0 0.1 8.0 309.0 215.1 4.2 83.2 5655.4 3.7 0.0 99.7 19.8
IN-2 F10 10114.2 12.3 0.1 2.0 290.0 312.9 1.7 91.2 7120.1 8.7 0.0 100.0 20.1
KY-1 B4 10410.9 27.2 0.5 0.1 851.0 1330.9 0.0 257.3 7760.3 19.0 0.0 100.0 14.7
KY-1 F2 4893.4 39.1 0.0 3.0 464.0 670.7 4.9 229.5 3135.0 30.1 0.0 97.4 7.9
KY-1 G1 4404.1 128.6 0.6 3.0 536.0 412.0 0.0 144.8 2745.0 122.3 0.5 99.7 9.7
KY-1 H2 3429.6 6.6 0.5 2.0 652.0 447.2 2.4 135.6 1980.0 1.3 0.3 100.0 8.0
KY-1 J2 5862.1 10.1 1.5 1.0 515.0 532.2 0.0 113.7 2735.6 3.9 0.0 99.8 12.1
KY-2 A5 3933.2 135.6 7.0 5.0 3.0 1125.5 7.6 451.2 2326.9 121.4 7.0 68.6 10.3
KY-2 E4 5973.4 28.6 0.2 0.1 601.0 1315.9 2.8 219.2 3787.1 10.2 0.1 100.0 11.9
KY-2 G5 3307.0 24.6 7.1 4.0 1302.0 444.8 13.2 293.3 918.0 17.5 6.9 65.0 13.1
KY-2 K1 4374.8 26.6 0.2 4.0 655.0 1315.9 3.1 171.5 2580.6 16.4 0.2 99.1 11.6
KY-3 A4 5735.0 223.8 0.1 1.0 529.0 2263.2 51.0 509.0 4640.9 170.3 0.0 66.4 13.3
KY-3 B2 5120.2 66.4 0.6 8.0 803.0 1782.3 0.0 407.0 3707.0 41.9 0.0 83.8 11.1
KY-3 C3 9931.2 112.5 0.8 2.0 687.0 4502.8 25.4 618.8 8194.9 88.1 0.4 89.5 13.2
KY-3 D1 5948.3 50.2 0.7 0.0 525.0 3230.7 8.8 293.8 4196.1 20.4 0.4 92.3 14.9
KY-4 L1 1682.3 81.7 5.7 3.0 600.0 243.3 51.0 248.3 926.8 30.5 3.9 45.7 7.2
KY-4 M3 680.7 47.6 6.8 3.0 396.0 46.2 97.1 225.3 97.5 5.8 6.3 30.8 7.2
KY-4 S2 9570.3 35.7 0.3 2.0 264.0 2118.0 0.0 363.3 7602.6 9.4 0.0 96.3 10.2
KY-4 X2 1153.8 15.7 0.2 0.9 58.2 3.4 0.0 1.8 243.6 5.0 0.0 79.5 1.9
WV-1 B3 2401.0 167.2 61.0 11.0 1293.0 564.9 77.5 603.3 2192.6 149.9 55.2 29.8 5.7
WV-1 D1 5201.6 168.9 6.0 2.0 475.0 2898.4 0.0 494.4 4951.4 120.3 0.1 65.1 5.4
WV-1 E3 809.7 125.0 4.9 0.1 370.0 594.4 0.0 147.6 737.6 104.7 0.0 25.2 5.3
WV-1 F3 468.9 153.6 9.3 0.1 868.0 342.2 7.0 130.7 270.2 124.0 1.2 22.1 7.2
OH-1 A1 7611.5 56.2 0.8 31.3 540.0 101.4 0.7 57.4 970.6 5.9 0.7 77.2 20.3
OH-1 B3 10622.5 13.8 0.3 12.0 509.0 121.7 4.0 179.0 6673.0 6.6 0.0 92.9 25.1
OH-1 D4 39695.4 5.4 0.2 0.1 380.0 1817.2 0.0 954.9 32565.1 2.5 0.0 99.8 38.9
OH-1 F5 3837.5 97.1 1.9 7.0 415.0 873.7 151.8 389.2 2408.1 52.3 1.0 44.2 16.6
OH-2 B2 5197.0 100.8 1.8 7.0 490.0 789.0 0.5 386.6 3048.8 95.1 1.3 82.5 9.6
OH-2 B7 28195.1 282.2 0.7 4.0 237.0 6012.0 0.0 2027.8 25776.7 275.2 0.0 96.0 11.7
OH-2 C3 13369.6 24.1 0.1 2.0 554.0 2365.0 0.0 664.1 11143.5 18.1 0.0 99.0 12.1
OH-2 D4 7012.6 22.8 0.2 7.0 485.0 582.6 0.0 117.6 1846.2 9.0 0.0 96.9 16.1
PA-1 A4 219.8 65.2 8.3 8.0 . 14.1 27.8 97.9 62.6 50.1 3.8 36.3 2.1
PA-1 B3 2179.2 79.5 1.6 1.0 200.0 300.6 0.0 70.9 1803.8 27.4 0.3 84.7 3.5
PA-1 C5 1363.3 252.7 13.1 8.0 273.0 167.3 25.2 321.3 1235.6 219.8 9.3 28.9 3.1
PA-1 F2 767.7 98.2 6.2 8.6 195.8 74.1 2.0 26.0 416.2 7.3 0.5 53.4 2.9
WV-2 A2 93.7 39.0 2.5 3.0 447.0 19.0 10.1 29.5 2.9 19.5 0.4 12.5 4.3
WV-2 C4 1913.6 67.2 0.6 3.0 509.0 684.0 0.0 104.5 1200.0 40.6 0.0 89.1 5.9
WV-2 D2 1840.1 86.8 0.8 12.0 617.0 550.0 0.0 97.9 1086.9 35.1 0.0 91.7 6.1
WV-2 G2 4416.1 125.7 2.6 10.0 597.0 1634.0 7.1 310.6 3971.8 75.8 2.4 83.6 5.6
VA-1 P1 . . . . . 272.5 . 115.3 645.1 0.6 20.3 . .
VA-1 P2 . . . . . 66.6 . 76.0 80.2 22.5 14.9 . .
VA-1 P3 . . . . . 15.9 . 51.9 74.0 4.7 22.7 . .
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Appendix B: Forest Amenities
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Mined Sites Projected Projected Measured Measured Projected Measured
Site Plot Site Index MAI Volume MAI Volume Value Carbon

WO 50 (ft.) m3 ha-1yr-1 m3 ha-1 m3 ha-1yr-1 m3 ha-1 $ ac-1 Mg ha-1

IL-1 B1 98 3.7 224.2 4.2 228.7 3335 254
E2 94 6.8 410.2 7 379.6 2564 343
G2 86 9.1 547.5 8.9 478.5 2344 417
I1 89 5.1 306 4.9 264.9 2129 264

IL-2 A2 82 6.5 392.1 7.5 320.5 1637 308
C2 79 5.2 313 6.5 279.6 1237 243
E1 79 9.1 544.9 11.1 478.7 2266 372
G4 78 8.5 512 10.1 434.8 2093 364

IN-1 B7 81 6.37 382 7.32 365.9 3047 280
D1 85 2.55 152.9 2.78 138.8 1284 124
E3 71 3.8 230.1 4.07 203.7 1086 167
G’2 71 4.48 268.6 5.03 251.6 1641 211

IN-2 A9 79 4.61 276.8 4.44 244.4 2070 200
D3 89 2.28 137.1 1.73 95.2 933 103
E6 60 2.62 156.9 2.73 150 743 182
F10 89 3.64 218.2 3.38 185.9 1215 212

KY-1 B4 75 6.8 203.2 6.4 222.4 1492 178
F2 71 3.7 111.5 3.3 114 1397 123
G1 79 10.6 319.2 9.4 328 3221 296
H2 72 6.5 193.8 5.9 205.3 1443 198
J2 76 5.4 162.3 5 175.2 1635 159

KY-2 A5 85 5.7 162.5 5.7 200 2844 168
E4 77 7.7 275.1 7.7 268.4 3368 215
G5 83 8.4 258.8 8.4 294.6 3238 272
K1 89 6.9 234.2 6.9 241.5 3190 193

KY-3 A4 89 9.3 279.1 7.7 309.4 6160 267
B2 73 8.6 256.9 7.8 311 5657 240
C3 84 12.1 363.1 10.2 407.8 8263 294
D1 83 7.1 211.5 6.3 251.1 3775 195

KY-4 L1 71 11.9 357.9 11 364.6 7477 286
M3 74 9.0 271.3 8.3 274.9 5704 239
S2 86 9.0 271.3 8.3 274.9 5704 214
X2 78 11.3 338.2 10.8 356.1 7577 265

WV-1 B3 53 5 149.4 5.9 225.4 2277 141
D1 60 3.9 116.6 4.9 187.3 1542 117
E3 49 2.9 88.4 4.3 161.9 1342 103
F3 57 2.8 84.5 3.7 138.7 733 125

OH-1 A1 79 5.1 308.2 4.8 238.7 2266 274
B3 83 5 299.8 7.1 353 2323 316
D4 72 4.4 264.3 5.2 262.2 1794 215
F5 89 5.3 317.5 6 302 2461 248

OH-2 B2 85 4.8 290.2 6 299.9 1870 310
B7 94 7.3 437.3 8.9 444.4 2871 233
C3 91 6.6 396.3 7.6 382.4 2361 238
D4 84 5.6 334.7 6.7 334.2 2032 280

PA-1 A4 68 6.6 198.7 8.1 322.1 3526 183
C5 63 4.9 148.5 5.1 204.3 2392 138
B6 74 5.4 161.4 4.5 178.8 2653 100
F2 69 5.7 171.8 6.3 252.8 3476 147

WV-3 A2 75 9.3 279.9 8.9 257.8 5338 217
C4 105 16.9 506.4 16.7 517.9 11310 306
D2 85 10.6 318.7 10.3 318.5 7381 166
G2 98 11.5 345.8 11.1 342.9 7582 226

VA1 P1 76 4.1 122.3 2.94 58.9 2706 94
P2 86 8.2 245.7 6.29 125.7 5156 121
P3 85 6.5 195.5 5.1 102 4230 105
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Mined Sites Projected Projected Measured Measured Projected Measured
Site Plot Site Index MAI Volume MAI Volume Value Carbon

WO 50 (ft.) m3 ha-1yr-1 m3 ha-1 m3 ha-1yr-1 m3 ha-1 $ ac-1 Mg ha-1

IL-C A2 110 6.3 375.5 10.4 447.6 4822 475
B9 91 4.6 273.9 5.8 248.7 2392 341
G4 85 7.8 469.7 10.6 455.2 4784 333
F8 78 4.8 287.6 6.3 271.1 2766 310

IN-C B1 80 4.4 264.3 5.2 260.6 1184 283
C4 83 4.7 280.4 5.4 269.9 1180 266
D1 94 8.8 525.3 10.1 504 4205 466
D6 67 3.7 221.9 3.4 185.6 1288 207

KY-C C 82 5.7 340.3 6.4 333.6 3061 314
E 81 3.3 195.4 3.6 189.3 1393 192
J 79 2.2 133.6 2.5 128.4 1513 181
O 41 3.0 258.7 3.6 185 1713 192

OH-C A3 95 4.2 249.6 4.2 246.2 1388 228
C10 74 3.2 192.3 3.3 193.8 1058 195
C4 68 3.5 208.3 3.6 210.9 1053 185
E3 67 5.2 313.5 5.1 301.1 1797 271

PA-C A2 90 8.8 529.5 8.7 537.3 2866 395
C2 78 1.4 85.8 1.4 86.5 308 123
G2 83 3.9 234.5 3.8 238.6 1484 231
J1 75 3.5 208.2 3.3 205.5 1261 200

WV-C1 B4 80 4.4 262.4 4.2 259.9 1708 268
D4 70 4.7 282.4 4.6 286.7 1723 255
E4 83 5.5 331.3 6.4 398.6 2047 380
A2 102 4.6 274.3 4.4 272.7 1851 254

WV-C2 A6 86 4.7 281.3 4.7 281.3 1875 272
B1 91 2.1 126.1 2.1 126.1 632 229
C2 84 4.8 290.7 4.8 290.7 1717 276
D5 82 7.5 450 7.5 450 3034 372

VA-C A2 93 10.0 601.4 8.31 598.6 1938 402
B6 89 7.7 464 6.84 492.2 2322 381
C7 81 5.5 330.3 4.99 359.3 745 276
E1 91 7.8 470.4 5.97 430.1 1981 348
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Appendix C: Site Maps
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Site: IL-1
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Site: IN-C, Non-mined site
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Site: KY-C, Non-mined
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Appendix D: Soil Descriptions
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S ite  IL -C

P lo t F 8

L . P ositio n  T errace/F loo d  P la in

S lo p e 0 -2 %

S . L en gth 1 0 ’

A sp ec t N E

N am e D ep th D ep th 2 B o u n d ry C olor S tru c tu re F ield  T ex tu re M o ttles C o n sis ten ce E fferv en cen ce R o o ts R o ck

O 1 1

A 2 2 C lea r/S m o oth 1 0 Y R 5 /2 C /M /C ru m b C lay - F riab le - C F,M F,FC -

B A 9 7 G rad u a l/S m o o th 1 0 Y R 4 /2 C /S u b a  B lk y C lay C /C /D  1 0 Y R 5 /1 F riab le  V ery S lig h tly C C ,M F,FM F -

M /F/D 7 .5 Y R 5 /6

B  4 2 3 3 1 0 Y R 4 /1 C /S u b a  B lk y C lay C /D /C 1 0 Y R 6 /1 F riab le  V ery S lig h tly C V F ,M C ,F M F -

W a tertab le  a t 3 0 " C /D /M  7 .5 Y R 5 /8

S ite  IL -C

P lo t A 2

L . P ositio n  T errace/F loo d  P la in

S lo p e 0 -2 %

S . L en gth 1 0 ’

A sp ec t N E

N am e D ep th D ep th 2 B o u n d ry C olor S tru c tu re F ield  T ex tu re M o ttles C o n sis ten ce E fferv en cen ce R o o ts R o ck

O -2 2

A 5 .5 5 .5 C lea r/W av y 1 0 Y R 4 /2 C /C ru m b C lay - F irm  V ery S lig h tly C C ,M M ,FM -

A B 1 4 8 .5 C lea r/S m o oth 1 0 Y R 4 /2 C /S u b a  B lk y C lay C /D /M ’1 0 Y R 5 /4 F irm  V ery S lig h tly C M F,M C ,F F -

M /D /M 7 .5 Y R 5 /8

B  5 0 3 6 1 0 Y R 6 /1 C /S u b a  B lk y C lay M /D /M  7 .5 Y R 5 /8 F irm  V ery S lig h tly C F,M M F ,FF -

W a tertab le  a t 5 0 ’

S ite  IL -C

P lo t B 9

L . P ositio n  T errace/F loo d  P la in

S lo p e 0 %

S . L en gth -

A sp ec t -

N am e D ep th D ep th 2 B o u n d ry C olor S tru c tu re F ield  T ex tu re M o ttles C o n sis ten ce E fferv en cen ce R o o ts R o ck

O -1 1

A 3 3 C lea r/W av y 1 0 Y R 4 /2 M /C ru m b C lay F/M  7 .5 Y R 5 /8 F riab le  V ery S lig h tly C M F,M C ,F C -

B  1 0 9 C lea r/S m o oth 1 0 Y R 5 /2 M /S u b a  B lk y C lay M /C 1 0 Y R 5 /4 F riab le  V ery S lig h tly C M F,M M F,F M F -

B 2 3 8 2 8 1 0 Y R 6 /2 C /S u b a  B lk y C lay M /M F7 .5 Y R 5 /8 F riab le - C F,M C ,FM F -
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Site Il-1

Plot B1

L. Position Bottom

Slope 0

S. Length -

Aspect -

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -2 2

A 1.5 1.5 Clear 10YR4/2 Granular Silty Clay - Firm - FF None

C1 36 34.5 Gradual 7.5YR4/6 M assive/Suba-blky Silty Clay - Firm Very Slightly CM None

2Cb 36+ 24 7.5YR5/6 M assive Silty Clay Loam Coal+rk comp. Friable Very Slightly M F, FR Coarse Coal 20%

Site Il-1

Plot I1

L. Position Backslope

Slope -

S. Length 46’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -1 1

A 2 2 Abrubt/W avy 10YR4/3 M ed/Gran Silt loam - Friable Very Slightly F-M F,VF-M F

C1 12 10 Coarse/W avy 10YR5/4 M assive/Suba-blky Clay 5YR5/8 Friable Very Slightly CC,M C,F-M F structure

C2 12+ 48 10YR5/4 M assive Clay 5YR5/8 Firm -Vfirm Very Slightly CF,M -M F,FF

10YR8/4

Site Il-1

Plot G2

L. Position Toeslope

Slope 25%

S. Length 50-75’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -1 1

A 3 3 Clear 10YR4/2 M -C/Gran Loam - Friable - CF,VF,Cm

C1 28 25 Gradual 10YR5/6 M /Vcsb-agbky sandy loam 5YR4/6 Friable-Vfri - CM F(90% ) 5%

C2 52 24 5YR4/6 M assive Sandy Clay Loam 10YR7/4 Firm Very Slightly t1/4(cmf),b3/4(cvf) 25-30%

Site Il-1

Plot E2

L. Position Sholder

Slope 40-45%

S. Length 66’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -1.5 1.5

A 2 2 Clear/W avy 10YR4/2 C/Gran Silt Loam - Friable Very Slightly FF,VFF,M C

C1 26 24 Gradual/Wavy 10YR6/6 M /Csba-gbky Silty Clay 10YR5/4 Friable Very Slightly CF,M M F,FM F(1/2) 5%

10YR5/6

C2 60 34 10YR4/4 M assive/Csb-agbky Clay 10YR5/6 Firm Very Slightly M F,VFF U(1/2)15-20%

L(1/2)40%
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Site Il-2

Plot C2

L. Position Flat

Slope 0-2%

S. Length 50-100’

Aspect N-NW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O 1.5 1.5

A 1.5 1.5 Clear/Wavy 10YR3/2 C/Gran Loam - Friable Very Slightly CF,MF

C 40 38.5 10YR5/4 Massive 10yr6/4 Friable Very Slightly MVF,FVF, >30 10%

10yr8/1 

Site Il-2

Plot E1

L. Position Flat

Slope 0-2%

S. Length 50-100’

Aspect N-NW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O

A 1 1 Clear/Wavy 10YR2/1 M/Gran Loam - Vfriable Very Slightly FMF,MF

C 38 37 Massive Clay Loam C10yr6/6 Friable Very Slightly MFM,FMF 60%

M10yr7/2

Site Il-2

Plot G4

L. Position Backslope

Slope 15%

S. Length 10’

Aspect NE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rock

O -2 2

A 1.5 1.5 Clear/Wavy 10YR4/3 M-C/Crumb Loam - Friable Slightly MC,CF

C 53 51.5 10YR3/3 Massive Silty Clay Loam VC10yr7/2(28-36in) Friable Slightly CF,MF,FFintop2/7 52%

VFC,VFMlower5/7

Site Il-2

Plot A2

L. Position Bottom

Slope 0-2%

S. Length -

Aspect NW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rock

O -1.5 1.5

A 1 1 Clear/Smooth 10YR3/3 Crumb Silt Loam - Friable Very Faint CF,MMF,FC

C 36 35 10YR4/3 Massive Silty Clay M/C10yr7/2 Friable Slightly CF,MF,FMF 40%
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Site IN-C

Plot C4

L. Position Broad Sum m it

Slope 0-2

S. Length -

Aspect SE

Nam e Depth Depth2 B oundry C olor Structure Field  Texture M ottles Consistence Effervencence Roots R ocks

LFH -1 1

A 2.5 2.5 C lear/W avy 10YR 3/2 M /C rum b Silty C lay Loam - Friable - CC ,M M ,FM -

E 12 9.5 Gradual/Sm ooth 10YR 4/4 M /Suba blky Silty C lay - Friable - CM F,M C,FC -

Bt 60 48 10YR 5/4 M -C /Suba blky C aly - Friable Very Slightly CVF,M F,FF -

Site IN-C

Plot D6

L. Position Sideslope

Slope 5%

S. Length 5 ’

Aspect SW

Nam e Depth Depth2 B oundry C olor Structure Field  Texture M ottles Consistence Effervencence Roots R ocks

LFH -2 2

A 2 2 C lear/Irregular 10YR 4/2 M /C rum b Silt Loam - Friable Very Slightly CF,M F,FM -

E 11 9 Gradual/Sm ooth 10YR 5/8 M /Suba blky Silt Loam - Friable Very Slightly CC ,M M ,FM -

Bt 29 18 Gradual/Sm ooth 10YR 5/6 M -C /Suba blky Silty C aly - Firm Very Slightly CF,M M F,FF -

BtC 60 31 7.5YR 4/4 C/Suba blky-M Silty C lay Loam D/C/M  10YR6/6 Firm Very Slightly CVF,M F,FF -

Site IN-C

Plot D1

L. Position Backslope

Slope 35%

S. Length 100+ ’

Aspect N

Nam e Depth Depth2 B oundry C olor Structure Field  Texture M ottles Consistence Effervencence Roots R ocks

LFH -1 1

A 3.5 3.5 C lear/W avy 10YR 3/3 M /C rum b Loam - Friable - CC ,M M ,FM -

E 15 11.5 Gradual/Sm ooth 10YR 5/3 C/Crum b-Suba blky Sandy Loam - Friable - CM F,M C,FC -

BE 29 14 Gradual/Sm ooth 7.5YR 4/6 M /Suba blky Laom C /C /D 10Y5/3 Friable Very Slightly CM F,M M F,FC -

Bt 60 31 5YR5/6 C/Suba blky Sandy Clay C /C /D 7.5YR 5/6 Firm Very Slightly CVF,M VF,FVF -

Site IN-C

Plot B1

L. Position Sideslope

Slope 2-7%

S. Length 100+ ’

Aspect W

Nam e Depth Depth2 B oundry C olor Structure Field  Texture M ottles Consistence Effervencence Roots R ocks

LFH -1 1

A 1.5 1.5 Abrubt/W avy 10YR 3/2 M /C rum b Silt Loam - Friable - M C,FM -

E 9 7.5 Gradual/Sm ooth 10YR 4/4 C/Crum b-Suba blky Silt  - Friable Very Slightly CC ,M M ,FM -

Bt 32 23 C lear/Sm ooth 7.5YR 5/6 C/Suba blky Silty C lay 10YR4/4 Friable Very Slightly CM F,M M ,FM -

BtC 60 28 7.5YR 4/4 M /Suba blky Silty C lay Laom F/C /F10YR 6/4 Firm Very Slightly CF,M F,FF -
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Site IN-1

Plot G’2

L. Position Summit

Slope 45%

S. Length 66’

Aspect SE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 3 3 Clear/wavy 10YR3/3 Med/Crumb Laom - Friable Very Slightly CMF,MC,FM

C 60 57 10YR5/4 MassivetoCSuba blky Sandy Clay Loam F/F/C5YR5/8 Friable Slightly C. VCMF,CC,MC,FMF <15%

Site IN-1

Plot B7

L. Position Backslope

Slope 35%

S. Length 50’

Aspect NE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 3.5 3.5 Clear/wavy 10YR4/4 Med-C/Crumb Sandy Loam Friable Slightly CMF,MC,FM

C 60 56.5 10YR5/4 MassivetoWSuba blky Sandy Clay Loam F/F/VC5YR4/6 Friable V.Slightly CC,MF,CF top2.5’(20%)

<35"cf,mmf,ff <35"(45%)

Site IN-1

Plot D1

L. Position -

Slope 35%

S. Length 40’

Aspect NE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -5 5

A 2.5 2.5 Clear/wavy 10YR4/3 F-M/Crumb Sandy Loam - Friable - CF,MM,FM

C 60 57.5 10YR5/6 Massivr to Sgrain Loamy Sand F/F/VC7.5YR5/8 Weak - CF,MC,FM top2.5’(75%)

top2.5’cc,mc,fm <2.5’(38%)

<2.5’cf,mc,fc

Site IN-1

Plot E3

L. Position Bottom

Slope 2%

S. Length 5’

Aspect NW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -3 3

A 3 3 Clear/smooth 10YR3/2 M/Crumb Sandy Clay Loam - Friable Very Slight CF,MC,FM

C1 19 16 Clear Abrubt 7.5YR4/6 M Sandy Loam - Friable siltstone CC,MM,FM

Shale 23 4 100%

C2 23+ 37 7.5YR5/6 Suba Blky Sandy Clay Loam - Friable Very Slight CF,MF,FMF 15%
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Site IN-2

Plot F10

L. Position Sholder

Slope 20%

S. Length 10’

Aspect NE

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -2 2

A 2 2 Clear/Irregular 10YR4/1 MC/Crumb Silty Clay Loam - Friable Calcareous CF,M M F,FM

C 60 58 10YR5/3 M assive Clay Loam D/C10YR6/6 Weak-Friable Very Cal CC,MC,FC top2.5’6/15

F/M /PC2.5YR2/1 bot2.0’3/12

Site IN-2

Plot D3

L. Position Footslope

Slope 40%

S. Length 50’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -1 1

A 2 2 Clear/Smooth 10YR4/2 M/Crumb Silty Clay Loam Friable Slightly CMF,MC,FM < 20% 

C 60 58 10YR4/2 M assive Silty Clay Loam P/C/F10YR8/1 Friable strong on silt st. CC,MMC,FC through out C

CV/CD/M10YR4/6

Site IN-2

Plot A9

L. Position Footslope

Slope 30%

S. Length 40’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -2 2

A 1.5 1.5 Clear/Wavy 10YR3/1 MF/Crumb Silty Clay Loam Friable Slightly CMF,MC,FM 0-10(30%)

C1 36 34.5 Clear/Smooth 10YR5/3 M assive Clay Loam V/C/C10YR6/6 Friable strong on mottles CMF,MC,FMF Rest none

C2 60 24 10YR5/4 Massive Silty Clay   Friable strong on mottles CC,MC,FC Rest none

Site IN-2

Plot E6

L. Position Bottom

Slope 5%

S. Length 10’

Aspect

Name Depth Depth2 Boundry Color Structure Field Texture M ottles Consistence Effervencence Roots Rocks

O -1 1

A 3 3 Clear/Smooth 10YR3/1 M/Crumb Clay Loam - Friable Strongly CF,MMF,FC -

C 60 57 10YR5/3 Massive Silty Clay Loam D/C/C10YR5/6 Friable Strongly MF,FF -
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S ite K Y -C

P lo t E

L. P osition  B ackslope

S lope 10%

S . Leng th 100 + ’

A spect W

N am e D epth D epth 2 B oundry C olor S tru ctu re Field  Tex ture M ottles C onsistence Effervencence R oots R ocks

LFH -2 2

A  3 3 C lea r/W avy 10Y R 5/3 M /C rum b Loam - Friab le - C M F,M C ,FM -

E 9 6 G radual/Sm ooth 10Y R 6/6 M /S uba b lky Loam - Friab le V ery Sligh t C F,M C ,FC -

B t 30 2 1 G radual/W avy 7 .5Y R 5/8 C /Suba b lky S ilty C lay C /M /F 1 0Y R 6/6 Fri-Firm V ery Sligh t C F,M M F,FF -

C 30+ 10Y R 8/1 C /Suba b lky-M S ilty C lay C /M /D  7 .5Y R 6/8 Firm V ery Sligh t C F,M F,FF -

S ite K Y -C

P lo t J

L. P osition  B ackslope

S lope 5%

S . Leng th 100 + ’

A spect E

N am e D epth D epth 2 B oundry C olor S tru ctu re Field  Tex ture M ottles C onsistence Effervencence R oots R ocks

LFH -1 .5 1 .5

A  2 2 C lea r/W avy 10Y R 5/6 M /C rum b Loam - Friab le - C F,M M ,FM -

E 9 7 G radual/Sm ooth 10Y R 6/6 F/Suba  b lky S andy Loam - Friab le - C M F,M C ,FC -

B t 24 1 5 C lea r/S m ooth 7 .5Y R 5/6 M /S uba b lky S ilty C lay - Friab le V ery Fain t C M F,M M F,FM F -

C 42 1 8 10Y R 5/8 F/Suba  b lky-M S ilty C lay M /F/D  5Y R 5 /8 Friab le V ery Fain t C M F,M M F,FF -

C r F/M /D  10Y R 8/1

S ite K Y -C

P lo t C

L. P osition  S holder

S lope 25%

S . Leng th 55 ’

A spect W

N am e D epth D epth 2 B oundry C olor S tru ctu re Field  Tex ture M ottles C onsistence Effervencence R oots R ocks

LFH -2 2

A  4 4 G radual/Sm ooth 10Y R 4/4 M /C rum b Loam - Friab le - C F,M F,FM -

C 21 1 8 C lea r/A brub t 10Y R 5/6 M /S uba b lky C lay C /M /D  7 .5Y R 5/8 Friab le - C M F,M C ,FC -

A b 24 3 C lea r/S m ooth 7 .5Y R 5/3 F/C rum b C lay Laom - W eak - C M F,M M ,FM M -

E b 32 8 C lea r/S m ooth 10Y R 5/8 M /S uba b lky Loam y C lay - Friab le V ery Sligh tly C M F,M C ,FF -

B tb 52 2 0 7 .5Y R 5/6 M /S uba b lky S andy C lay - Friab le V ery Sligh tly C M F,M C ,FF

C r

S ite K Y -C

P lo t O

L. P osition  S holder

S lope 15%

S . Leng th 50 ’

A spect S holder

N am e D epth D epth 2 B oundry C olor S tru ctu re Field  Tex ture M ottles C onsistence Effervencence R oots R ocks

LFH -2 2

A  5 5 G radual/Irregu lar 10Y R 5/3 M /G ranu la r Loam - Friab le - C F,M C ,FC -

E  12 7 G radual/W avy 10Y R 6/6 C /G ran-W /S uba b lky Loam - Friab le - C M F,M C ,FC -

B t 26 1 4 C lea r/W avy 7 .5Y R 5/6 M /S uba b lky S ilty C lay - Friab le V ery Fain t C M F,M C ,FC -

C  52 3 4 10Y R 5/8 M /S uba b lky C lay Laom M /M /D  10 Y R 6/6 Friab le V ery Fain t C V F,M F,FF -

C r M /M /D  10 Y R 8/1
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S ite K Y -1

P lo t B 4

L . P o s i t io n  S id es lo p e

S lo p e -

S . L e n g th -

A sp ec t -

N a m e D e p th D ep th 2 B o u n d ry C o lo r S tru c tu re F ie ld  T ex tu re M o ttle s C o n s is ten c e E ffe rv e n c en c e R o o ts R o c k s

O -1 1

A 1 .5 1 .5 G ra d u a l/ Ir reg u la r 1 0 Y R 4 /1 M /S u b a  b lk y S a n d y  L o a m F ria b le - M C ,F C -

C 6 0 5 8 .5 1 0 Y R 3 /2 M /S u b a  b lk y S i lt  L o a m 7 .5 Y R 6 /8 F ria b le - V C C ,C M F ,F F 6 2 %

5 Y 6 /1

S ite K Y -1

P lo t G 1

L . P o s i t io n  S id es lo p e

S lo p e -

S . L e n g th -

A sp ec t -

N a m e D e p th D ep th 2 B o u n d ry C o lo r S tru c tu re F ie ld  T ex tu re M o ttle s C o n s is ten c e E ffe rv e n c en c e R o o ts R o c k s

O -1 1

A 4 4 G ra d u a l/W a v y 1 0 Y R 3 /2 M /S u b a C la y  L o a m  V e ry  F ria b le C C ,M C ,F C ,V F C

C 6 0 5 6 1 0 Y R 5 /6 M /S u b a  b lk y S a n d y  C la y  L o a m 1 0 Y R 3 /1 F ria b le V C M F ,C C ,M C ,F M F ,V F M F 2 4 %

2 .5 Y 7 /6

S ite K Y -1

P lo t J 2

L . P o s i t io n  S u m m it

S lo p e -

S . L e n g th -

A sp ec t -

N a m e D e p th D ep th 2 B o u n d ry C o lo r S tru c tu re F ie ld  T ex tu re M o ttle s C o n s is ten c e E ffe rv e n c en c e R o o ts R o c k s

O -0 .5 0 .5

A 2 .5 2 .5 G ra d u a l/W a v y 2 .5 Y 3 /2 M /S u b a C la y  L o a m - F irm - C C ,M C ,F C ,V F C

C 4 3 4 0 .5 1 0 Y R 6 /4 M /S u b a  b lk y S a n d y  C la y  L o a m -  V e ry  F ria b le - C M F ,M C ,F C ,V F C 5 8 %

S ite K Y -1

P lo t H 2

L . P o s i t io n  T o e s lo p e /B o t to m

S lo p e -

S . L e n g th -

A sp ec t -

N a m e D e p th D ep th 2 B o u n d ry C o lo r S tru c tu re F ie ld  T ex tu re M o ttle s C o n s is ten c e E ffe rv e n c en c e R o o ts R o c k s

O -2 .5 2 .5

A 5 5 G ra d u a l/W a v y 1 0 Y R 4 /2 M /S u b a S a n d y  L o a m - F ria b le - C C ,M C ,F C ,V F C

C -R o c k 1 0 -2 3 1 3 M a ss iv e - -

C -R o o t  L . 2 3 -2 6 3 - -

C 5 -4 3 3 8 5 Y 6 /1 M /S u b a  b lk y S i lty C la y -  V ery  F irm - - T o p  1 /2  =  5 8 %

B o tto m  1 /2  =  4 4 %

S ite K Y -1

P lo t F 2

L . P o s i t io n  S id es lo p e

S lo p e -

S . L e n g th -

A sp ec t -

N a m e D e p th D ep th 2 B o u n d ry C o lo r S tru c tu re F ie ld  T ex tu re M o ttle s C o n s is ten c e E ffe rv e n c en c e R o o ts R o c k s

O -1 .5 1 .5

A 4 4 G ra d u a l/W a v y 1 0 Y R 4 /4 M /S u b a  b lk y S a n d y  C la y  L o a m - F irm - M C ,F C ,V F M

C 4 8 4 4 7 .5 Y R 5 /6 M /S u b a  b lk y S a n d y  L o a m - F ria b le - C F ,M C ,F C ,V F C 7 1 %
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Site KY-2

Plot K1

L. Position Backslope

Slope 30%

S. Length 15 ’

Aspect SE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 2.5 2.5 Abrubt/Smooth 10YR3/3 MedC./Crumb Silty Clay Loam Firm Very Slightly MMF,FC

Rock Layer 19 16.5 Abrubt/Smooth MC,FMF 100%

C 46 27 10YR5/4 Massive Silty Clay Loam F/M/D7.5YR4/6 Friable Slightly C. CF,MF,FF 58%

Plot G5

L. Position Footslope

Slope 35%

S. Length 10’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 3.5 3.5 Clear/Wavy 10YR4/1 Med/Crumb Clay Firm CMF,MC,FM

C 45 46.5 10YR5/4 Massive Clay Firm Very Slightly CMF,MC,FC 33%to36"

50%<36"

Plot E4

L. Position Summit

Slope 1%

S. Length 5’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1.5 1.5

A 2.75 2.75 Clear/Wavy 10YR4/1 Med/Crumb Clay Firm Very Slightly CF,MMF,FMF

C 40 37.25 10YR5/3 Massive SandyClay F/C/D 7.5YR5/8 Friable CMF,MC,FF>36" 50%

CF,MC,FF<26"

Plot A5

L. Position Sholder

Slope 45%

S. Length 65’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -3 3

A 2 2 Clear/Wavy 10YR4/1 Med/Crumb Clay Friable Very Slightly MC,FC

C 52 50 10YR5/4 Massive Sandy Loam Friable CF,MC,FC 65%
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Site KY-3

Plot D1

L. Position Sholder

Slope 45%

S. Length 65’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 2.5 2.5 Clear/Wavy 2.5YR5/2 Med/Crumb Clay Loam Friable CMF,MC,FC

C 58 55.5 10YR6/6 Massive Samdy Loam C/F/M/D5YR5/6, Friable Very faint MVF,FC to 22"

F/F/M/D10YR8/1

Plot C3

L. Position Toeslope/Bottom

Slope 30%

S. Length 50’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 2 2 Clear/Wavy 10YR4/1 C/Crumb Silty Clay Friable VCF,CF,MMF,FC

C 50 48 10YR5/3 Massive Silty Clay C/D/M/C10YR8/1, Friable-Firm Very Slight CF,MC,FMF 45%

M/F7.5YR6/8

Plot B2

L. Position Sideslope

Slope 45%

S. Length 15’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -3 3

A 2.5 2.5 Clear/Wavy 10YR4/1 Med/Crumb Loam Friable Very Slight CMF,MC,FM

C 48 45.5 10YR6/6 Massive Sandy ClayLoam F/M/D10YR8/1 Firm Very Slight 40% in u2.5’

Plot A4

L. Position Toelsope

Slope 25%

S. Length 30’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 4 4 Gradual/Wavy 10YR5/3 C/Crumb Clay Friable CVF,MC,FC

C 60 56 10YR5/3 Massive Clay C/C/D10YR8/1 Firm Very Slight MVF,FF u1/2(80%)
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Site KY-4

Plot S2

L. Position Backslope/Bottom

Slope 15%

S. Length 30’

Aspect S

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 2 2 Clear/Wavy 10YR3/2 Med/Crumb Sndy Clay Friable Very Faint CMF,MMF,FC -

C 60 58 10YR5/4 Massive Clay C/D/M10YR6/2 Friable Very Faint CMF,MMF,FF+2’ 5% >21",15<21"

CF,MMF,FF-2’

Site KY-4

Plot M3

L. Position Toeslope

Slope 60%

S. Length 100’

Aspect N

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 3 3 Clear/Wavy 10YR4/2 Med/Crumb Sandy Clay Laom VFriable Very Slightly CMF,MC,FM -

C 60 57 10YR5/3 Massive Sandy Clay M/C/D10YR7/1 Friable Very Slightly CVF,MMF,FF 44%

M/F/D7.5YR5/8

Site KY-4

Plot L1

L. Position Sholder

Slope 35%

S. Length 100’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 1.5 1.5 Clear/Wavy 10YR4/1 Fine/Crumb Sandy Loam VFriable - CF,MMF,FC -

C 50 48.5 10YR5/3 Massive Sandy Clay Laom F/C/D10YR7/4 VFriable - CF,MC,FMF 25"<85%

lot mycorr. >25"60%

Site KY-4

Plot X2

L. Position Toeslope

Slope 45%

S. Length 20’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 3 3 Clear/Irregular 10YR5/3 Fine/Gran Sandy Loam Weak Slight MC,FM

AC 8 5 Clear/Wavy 10YR6/4 Fine/Gran Loamy Sand Weak V slight MC,FM -

C 60 52 10YR6/8 Single grain Loamy Sand D/C/C7.5YR5/8 Weak V slight CMF,MMF,FF <24"50%

 in bands >24"10%
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S ite O H -C

P lo t A 3

L . P o s ition  S u m m it/S h o ld e r

S lop e 5 %

S . L en g th 1 0 0 + ’

A sp e c t W

N a m e D e p th D e p th 2 B o u n d ry C o lor S tru c tu re F ie ld  T ex tu re M o ttles C o n s is te n c e E ffe rv e n c e n c e R o ots R oc k s

O -3 3

A  5 5 C le a r /W a v y 1 0 Y R 4 /1 F in e/C ru m b S ilt  L oa m - F ria b le V e ry  S lig h tly C M F ,M M ,F M -

E 8 3 C le a r /W a v y 1 0 Y R 6 /4 F /M /C ru m b S ilt  L oa m F /F /D  7 .5 Y R 6 /8 F ria b le V e ry  S lig h tly C C ,M C ,F M -

B t 3 0 2 2 C le a r /S m o o th 1 0 Y R 6 /6 M /S u b a  b lk y S ilty  C la y - F irm V e ry  S lig h tly C V F ,M V F ,F V F -

B tC 5 0 2 0 1 0 Y R 6 /6 F /S u b a  b lk y S ilty  C la y  L o a m F /F /D  7 .5 Y R 6 /8 F irm  to  S tron g V e ry  S lig h tly C F ,M F ,F F 1 0 %  B ritt le  C h ip s

C h ip s= 2 .5 Y R 5 /4

S ite O H -C

P lo t E 3

L . P o s ition  B a c k s lo p e

S lop e 8 -1 0 %

S . L en g th 1 0 0 + ’

A sp e c t W

N a m e D e p th D e p th 2 B o u n d ry C o lor S tru c tu re F ie ld  T ex tu re M o ttles C o n s is te n c e E ffe rv e n c e n c e R o ots R oc k s

O -3 3

A  4 4 C le a r /W a v y 1 0 Y R 3 /3 F in e/C ru m b S ilt  L oa m - F ria b le V e ry  S lig h tly C F ,M C ,F M -

E 6 .5 2 .5 C le a r /W a v y 1 0 Y R 6 /3 M /C ru m b S ilt  L oa m - F ria b le V e ry  S lig h tly C F ,M F ,F F -

B t 1 5 8 .5 C le a r /Ir re g u la r 1 0 Y R 6 /4 M /S u b a  b lk y S ilty  C la y  L o a m - F irm V e ry  S lig h tly V C M F ,C F ,M M F ,F C -

C 3 3 1 8 1 0 Y R 7 /4 F /S u b a  b lk y L o a m - W e a k V e ry  S lig h tly C F ,M F ,F V F 4 0 %

C r 3 3 + M a ss iv e

S ite O H -C

P lo t C 1 0

L . P o s ition  S h o ld er

S lop e 1 5 %

S . L en g th 1 0 0 + ’

A sp e c t N E

N a m e D e p th D e p th 2 B o u n d ry C o lor S tru c tu re F ie ld  T ex tu re M o ttles C o n s is te n c e E ffe rv e n c e n c e R o ots R oc k s

O -3 3

A p  (O ld ) 7 7 C le a r /S m o o th 1 0 Y R 4 /3 F in e/C ru m b S ilt  L oa m - F ria b le V e ry  S lig h tly C C ,M M ,F M -

B t 1 8 .5 1 1 .5 C le a r /W a v y 1 0 Y R 6 /4 M /S u b a  b lk y S ilty  C la y  L o a m - F ria b le V e ry  S lig h tly C C ,M C ,F C -

B tC 3 3 1 4 .5 G ra d u a l/Ir reg u la r 1 0 Y R 6 /4 M /S u b a  b lk y S ilty  C la y  L o a m - F irm V e ry  S lig h tly C V F ,M M F ,F M F < 1 5 %

C r to  R 3 3 +

S ite O H -C

P lo t C 4

L . P o s ition  S h o ld er

S lop e 5 -1 0 %

S . L en g th 1 0 0 + ’

A sp e c t W

N a m e D e p th D e p th 2 B o u n d ry C o lor S tru c tu re F ie ld  T ex tu re M o ttles C o n s is te n c e E ffe rv e n c e n c e R o ots R oc k s

O -1 .5 1 .5

A p  (O ld ) 5 5 C le a r /W a v y 1 0 Y R 4 /2 F in e/C ru m b S ilt  L oa m - F irm V e ry  S lig h tly C M ,M M ,F M -

B tx 2 7 2 2 C le a r /S m o o th 1 0 Y R 6 /4 M /S u b a  b lk y  - W /P la ty S ilty  C la y  L o a m - F ra g ic V e ry  S lig h tly F V F 6 0 -7 5 %  F ra g ic

C r 3 3 6 1 0 Y R 6 /4 M /S u b a  b lk y  - M /A n g  B lk y S ilty  C la y  L o a m F /F /M  7 .5 Y R 5 /6 F irm  to  F ra g ic V e ry  S lig h tly M V F 3 0 %  F ra g ic

R 3 3 +
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Site O H -1

Plot A 2

L. Position Toeslope

Slope 30%

S. Length 100 ’

Aspect S

Nam e D epth D epth2 B oundry C olor Structure Field Texture M ottles Consistence Effervencence Roots R ocks

O ? ?

A 1.5 1.5 C lear/W avy 10Y R 3/3 Fine/Crum b Silty C lay  - Firm CM F,M M ,FM -

C 15 13.5 C lear/Irregular 10Y R 6/4 M assive Silty C lay Loam C/F/D 10Y R 5/6 Friable V ery Slightly CC ,M M ,FM -

C/M /D 10Y R6/1

Cr 15+ 45 10Y R 5/4 M assive Silty C lay Loam M /C/D 10Y R5/6 Friable V ery Slightly CF,M C,FM F 27-32"(35% coal)

C /M /D 10Y R6/1

Site O H -1

Plot B3

L. Position Sideslope/Sum m it

Slope 60%

S. Length 100 ’

Aspect N

Nam e D epth D epth2 B oundry C olor Structure Field Texture M ottles Consistence Effervencence Roots R ocks

O -1 1

A 1 1 C lear/B roken 10Y R 3/2 Fine/Crum b Silt Loam - Firm - CF,M M F,FC -

C 1+ 59 10Y R 5/3 M assive Silty C lay Loam C/D /C  10Y R 5/1 Friable V ery Slightly CM F,M C,FC >22" 25%

C/F/D  10Y R8/1 <22" 40%

Site O H -1

Plot F5

L. Position Sideslope

Slope 55%

S. Length 15’

Aspect N

Nam e D epth D epth2 B oundry C olor Structure Field Texture M ottles Consistence Effervencence Roots R ocks

O -3 3

A 2 2 C lear/W avy 10Y R 4/2 M /Fine/C rum b Silt Loam - Friable - CF,M M F,FM -

C 2+ 58 2.5Y R6/4 M assive Silty C lay Loam M /D /C  10Y R8/1 Friable V ery Slightly CC ,M C ,FC 43%

C/M /D  10Y R6/8

Site O H -1

Plot D 4

L. Position B lackslope

Slope 45%

S. Length 70’

Aspect SE

Nam e D epth D epth2 B oundry C olor Structure Field Texture M ottles Consistence Effervencence Roots R ocks

O -2 2

A 3 3 Gradual/Sm ooth 10Y R 4/1 Fine/Crum b Silt C lay Loam - Friable Strong CF,M C,FM 30%

C 3+ 57 10Y R 5/3 M assive Silty C lay Loam M /D /C  10Y R8/6 Friable Strong CM F,M C,FC 31%

C/D /C  10Y R 7/1
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Site OH-2

Plot B7

L. Position Toeslope

Slope 45%

S. Length 100+’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -3 3

A 4.5 4.5 Clear/Wavy 10YR3/1 Fine/Crumb Clay Friable CC,MM,FM

C 60 55.5 10YR5/4 Massive Laom Friable Very Slightly CF,MF,FF 85% (rock+blocks)

Site OH-2

Plot D4

L. Position Footslope

Slope 45-50%

S. Length 100+’

Aspect S

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 3 3 Clear/Wavy 10YR3/1 M/Fine/Crumb Loam - Friable - CC,MC,FM

C1 20 17 Gradual/Smooth 10YR6/4 M/Suba blky Silty Clay D/F/M10YR6/8 Firm Very Slightly CMF,MF,FF

C2 60 40 10YR6/4 Massive Silty Clay F/F/F10YR7/8 Friable Very Slightly CF,MF,FF 67% (bolders,coal)

F/C/D2.5YR2/0

F/C/D7.5YR71

Site OH-2

Plot C3

L. Position B-Footslope

Slope 40%

S. Length 10’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 2 2 Clear/Smooth 10YR4/1 M/Crumb Clay - Firm Very Slightly CF,MC,FM -

C 60 58 10YR5/4 M/M/Crumb Silty Clay Loam - Friable Very Slightly CVF,MF,FF >10cm 80-90%

Site OH-2

Plot B2

L. Position Sideslope

Slope 45%

S. Length 20’

Aspect NE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -2 2

A 3 3 Clear/Wavy 10YR3/1 Fine/Crumb Clay - Firm Very Slightly CC,MM,FM <25"(50-60%)

C 60 57 10YR4/2 M/Single Crumb Silty Loam - Loose-weak Very Slightly CVF,MF,FF >25"(75-80%)
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Site PA-C

Plot J1

L. Position Sideslope

Slope 5-10%

S. Length 15-20’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LF -3 1.5

H -1.5 1.5

A 3.5 3.5 Clear/Wavy 10YR3/3 Med-F/Crumb Loam - Friable Very Slightly CM,MM,FM -

E 8 4.5 Gradual/Smooth 10YR6/4 F/Crumb Loam - Friable Very Slightly CC,MM,FM -

Bt 33 25 Gradual/Irregular 10YR5/4 M/Suba Blky Clay Loam F/F/D 5YR5/8 Friable Very Slightly CMF,MMC,FF <10%

Btx 33+ 27 10YR5/3 Fragic to Massive C/Sandy Clay Laom F/F/D 5YR5/8 Brittle Very Slightly FVF <10%

F/F/D2.5YR3/1

Site PA-C

Plot C2

L. Position Sideslope

Slope 0-5%

S. Length 100+’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LF -2 1

H -1 1

Ap 9 9 Clear/Smooth 10YR4/2 M/Granular Loam - Friable Very Slightly CC,MM,FC -

Bt 25 16 Gradual/Smooth 10YR5/6 M/Suba Blky Clay Loam - Friable Very Slightly CF,MF,FVF -

Btg 44 19 Clear/Smooth 10YR7/7 M/Platy Clay M/M/P 5YR5/8 Very Firm Very Slightly MVF,FVF -

F/F/D2.5YR3/1

Bx 47 3 Clear/Smooth 2.5YR2/0 F/Platy Clay Coatings10YR5/4 Brittle - - -

BxC 47+ 10YR5/4 F/Platy Clay 2.5YR2/0 Firm - - -

Coatings10YR6/4

Site PA-C

Plot A2

L. Position Summit

Slope 0-5%

S. Length 100+’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LF -2 1

H -1 1

Ap 8 8 Clear/Smooth 10YR4/3 C/Crumb  Silt Loam - Friable Very Slightly CC,MC,FC -

Bt 16 8 Gradual/Wavy 2.5YR6/6 W/M/Pricmatic Clay Loam F/P/F5YR6/8 Friable Very Slightly CF,MF,FVF -

F/D/M 2.5YR3/2

Btg 36 20 Gradual/Wavy 10YR8/1 M/Platy Clay M/P/C10YR5/6 Firm Very Slightly MVF,FVF -

M/P/C10YR8/1

Bx 48 12 Clear/Smooth 10YR3/6 F/Platy Clay C/D/M10YR6/8 Brittle - - -

C/D/M10YR8/1

C 48+ 2.5YR6/4 M/Suba blky Clay F/F/F10YR6/8 Firm - - -

Site PA-C

Plot G2

L. Position Summit

Slope 0-10%

S. Length 20’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LF -3 2

H -1 1

A 3.5 3.5 Clear/Wavy 10YR4/3 M-F/Crumb  Loam - Friable Very Slightly CC,MM,FM -

E 5.5 2 Gradual/Wavy 10YR7/6 F/Granular  Loam - Friable CM,MM,FM -

Bt1 10 4.5 Gradual/Wavy 10YR6/4 M/Suba blky Clay Laom F/D/M 5YR5/8 Friable Very Slightly CF,MC,FMF

BT2 25 15 Gradual/Wavy 10YR7/4 M/Suba blky Clay Laom C/D/M 5YR5/8 Friable Very Slightly MVF,FVF 10%

Btgx 60 35 10YR5/4 M/Prismatic Clay Laom C/D/M10YR8/1 Brittle Slightly - 80-90% Brittle

C/D/M 5YR5/8

C/F/D  2.5Y3/0

F/M/D 10YR5/8
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Site PA-1

Plot C5

L. Position Sideslope

Slope 10-20%

S. Length 10’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH -2 2

A 1 1 Clear/S-Wavy 10YR3/2 F/Crumb Sandy Loam - Friable Very Slightly CF,MMF,FC -

C 60 59 10YR5/4 M/Suba blky-Massive  Loam mudstone 10YR4/4 Friable Very Slightly CF,MF,FVF 37%

F/F/D 7.5YR5/6

Site PA-1

Plot F2

L. Position Backslope

Slope 5-10%

S. Length 100+"

Aspect S

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH -2 2

A 1.75 1.75 Clear/Wavy 10YR3/2 W/Crumb Sandy Loam - Very Friable - CM,MM,FM -

C1 8 6.25 Clear/Wavy 10YR5/3 M/Suba blky-Massive Sandy Loam - Very Friable Very Slightly CM,MC,FMF 10%

C2 60 52 10YR5/4 Massive Loam - Very Friable Very Slightly CVF,MVF,FVF 35%

Site PA-1

Plot B6

L. Position Summit

Slope 0%

S. Length 0

Aspect 0

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH -1 1

A 0.75 0.75 Clear/Broken 10YR4/2 F/Crumb Sandy Loam -  Friable - CVF,MC,FC -

C 60 59.25 10YR5/4 Massive-Loose Sandy Loam - Very Friable Very Slightly CF,MMF,FF 79%

Site PA-1

Plot A4

L. Position Sideslope

Slope 10-15%

S. Length 75’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH -2 2

A 1.5 1.5 Clear/Broken 10YR3/1 F/Crumb Loamy Sand - Very Friable - CMF,MM,FM -

C 60 58.5 10YR5/3 M/Suba blky-Massive Sandy Loam -  Friable - CC,MC,FC 58%
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Site W V -C 1

Plot D 4

L. Position  S ideslope

S lope 15 -20%

S. Length 100+ ’

A spect N W

N am e D ep th D ep th2 B oundry C o lor S tructu re Fie ld Textu re M ottles C onsistence Effervencence R oots R ocks

LFH -1 .5 1 .5

A p 5 .5 5 .5 C lear/W avy 10Y R 3/2 Fine/C rum b Loam -  Friab le - C C ,M M ,FM -

B t 23 17.5 Gradual/Sm oo th 10Y R 6/6 M /Suba/B lky C lay Loam -  Friab le V ery S lightly C F,M C ,FF -

C 34 11 C lear/Sm ooth 10Y R 6/6 M /Suba/B lky C oarse Sandy C lay  Loam F/M /D  10Y R 7/6  Friab le - C V F,M F,FV F <  15%

F/C /D  2 .5Y R 3/1

C r

Site W V -C 1

Plot B 4

L. Position  S ideslope

S lope 15 -20%

S. Length 100+ ’

A spect N W

N am e D ep th D ep th2 B oundry C o lor S tructu re Fie ld Textu re M ottles C onsistence Effervencence R oots R ocks

LFH -3 3

A  6 6 G radual/W avy 10Y R 3/2 M /C /G ranular Loam -  Friab le - C C ,M M ,FM

E 10 4 Gradual/Sm oo th 10Y R 6/4 C /G ranu lar Loam -  Friab le - C C ,M M ,FC

B t 30 20 Gradual/W avy 10Y R 6/6 M /Suba/B lky Loam y C lay O rganic  m . around  roots  F riab le V ery S lightly C F,M C ,FC <  15%

C  42 12 Gradual/Sm oo th 10Y R 6/6 M /Suba/B lky C /Sandy/C lay Loam F/F/F 2 .5Y R 3/0 V ery S lightly C V F,M F,FV F <  15%

F/F/M  10Y R 7/6

2C too fine  textu red  to

be part of soil above

Site W V -C 1

Plot A 2

L. Position  B ackslope/Sho lder

S lope 0 -15%

S. Length 100+ ’

A spect N

N am e D ep th D ep th2 B oundry C o lor S tructu re Fie ld Textu re M ottles C onsistence Effervencence R oots R ocks

LFH 1 1 <  10%  B olders

A p 8 8 C lear/B roken 10Y R 4/3 M /F/C rum b Silty Loam -  Friab le - C C ,M M ,FM

B t 21 13 C lear/Irregular 10Y R 5/8 M /Suba/B lky C lay F/D /F 2 .5Y R 3/1  Friab le - C F,M F,FV F

C  30 9 10Y R 5/4 M /Suba/B lky C lay F/D /F 2 .5Y R 3/2  Friab le - C V F,M M F,FF <  15%

M /D /C  10Y R 7/4

C r

Site W V -C 1

Plot E 4

L. Position  S ideslope

S lope 10 -15%

S. Length 100+ ’

A spect N W

N am e D ep th D ep th2 B oundry C o lor S tructu re Fie ld Textu re M ottles C onsistence Effervencence R oots R ocks

LFH -2 2

A spect 6 6 C lear/W avy 10Y R 4/2 F/C rum b C oarse Sandy Loam -  Friab le - C F,M M ,FM

E 10 4 Gradual/Sm oo th 10Y R 6/4 M /C rum b Loam -  Friab le - C M ,M M ,FM

B t 25 15 C lear/Sm ooth 10Y R 6/6 M /Suba/B lky C lay Loam F/D /F 2 .5Y R 3/1  Friab le V ery S lightly C M F,M M F,FF

C  42 27 C lear/Sm ooth 10Y R 6/6 M /Suba/B lky C /Sandy C lay Loam F/D /F 2 .5Y R 3/1  F irm - C V F,M V F,FF <  15%

M /D /C  10Y R 7/4

C r
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Site WV-1

Plot E3

L. Position Bench

Slope 0-5%

S. Length 75’

Aspect NW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1.5 1.5

A 1 1 Clear/Wavy 10YR4/3 Fine/Crumb SandyL Friable CMF,MM,FM
C 6 5 10YR5/8 Massive C.sandyLoam Friable CF,MM,FM

C 36 30 10YR5/1 M to sablky Csand,clayloam D/M/F Friable CVF,MVF,FVF 53%

Site WV-1

Plot D1

L. Position Bench

Slope 0-5%

S. Length 100+’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1.5 1.5

A 0.5 0.5 Clear/Wavy 10YR3/2 MFine/Crumb CSandyL Friable - CF,MC,FC

C 24 23.5 10YR5/3 Massive C.sandyclayloam F/F/M10yr6/8 Friable - CMF,MC,FFM 53.00%

Cr 24+ -

Site WV-1

Plot B3

L. Position Bench

Slope 0-5%

S. Length 100+’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 0.75 0.75 Clear/Smooth 10YR4/2 MFine/Crumb CSandyL Friable - CVF,MF,FC

C-Cr 30 29.25 10YR6/3 M/subablky C.sandyclayloam C/C/D10yr6/8 Friable - CF,MF,FVF

large imbeded bolders with fines in between, and air spaces also. -22"CC,MC,FF 89%

Site WV-1

Plot F3

L. Position Bench

Slope 0-5%

S. Length 100+’

Aspect E

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -1 1

A 1.5 1.5 Clear/Wavy 10YR4/2 CFine/Crumb SandyL Friable - CC,MM,FM

C 39 37.5 10YR6/4 M/subablky Clay/coarsefrag M/C/D10yr6/8 Friable-Firm Very Slightly CF,MF,FVF

Cr 39+ - C/F/D2.5yr3/1 -22"CC,MC,FF 59%

C/M/D10yr6/4
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Site W V -C 2

Plo t B 1

L. Positio n  S id e  S lop e

S lo p e 7 0 %

S. Len gth 1 0 0 + ’

A sp ec t SE

N am e D ep th D ep th 2 B ou n d ry C olor S tru c tu re Field  Tex tu re M o ttles C on sisten ce E fferven cen ce R oots R ock s

LFH -3 3

A 4 4 C lear/Sm ooth 1 0 Y R 3 /2 M /F in e/C ru m b Loam - V -Friab le - C F ,M C ,FM -

B t 2 1 1 7 A b ru b t/S m o oth 1 0 Y R 5 /3 M /su b ab lk y San d y C lay Loam - Friab le V ery  S ligh tly C C ,M M ,FM -

C r 4 7 2 6 A b ru b t/S m o oth 9 8 %

R 1 00%

Site W V -C 2

Plo t C 2

L. Positio n  B ack slo p e

S lo p e 3 5 %

S. Len gth 3 0 ’

A sp ec t N E

N am e D ep th D ep th 2 B ou n d ry C olor S tru c tu re Field  Tex tu re M o ttles C on sisten ce E fferven cen ce R oots R ock s

LFH -2 2

A 3 3 C lear/W avy 1 0 Y R 3 /1 F in e/C ru m b Fin e S an d y Loam - Friab le - C M F,M M ,FM -

E 9 6 G rad u a l/S m oo th 1 0 Y R 7 /4 F /M ed iu m /C ru m b Fin e S an d y Loam - Friab le - C M ,M M ,FM -

B E 2 2 1 3 G rad u a l/S m oo th 1 0 Y R 6 /4 F /Su b a /b lk y Loam - Friab le V ery  S ligh tly C C ,M C ,FC -

B t1 3 2 1 0 G rad u a l/S m oo th 1 0 Y R 6 /4 F /Su b a /b lk y Fin e S an d y C lay Loam - Friab le V ery  S ligh tly C M F,M C ,FM F -

B t2 4 3 1 1 G rad u a l/S m oo th 1 0 Y R 7 /6 F /Su b a /b lk y C lay F/C /F  7 .5 Y R 6 /6 Firm V ery S ligh tly C M F,M C ,FM F -

C r 7 .5 Y R 6 /6 C V F,M M F,FV F 1 00%

Site W V -C 2

Plo t D 5

L. Positio n  S id eslop e

S lo p e 6 5 %

S. Len gth 1 0 0 + ’

A sp ec t E

N am e D ep th D ep th 2 B ou n d ry C olor S tru c tu re Field  Tex tu re M o ttles C on sisten ce E fferven cen ce R oots R ock s

LFH -6 6

A 4 4 G rad u a l/W avy 1 0 Y R 3 /2 F in e/C ru m b Loam -  V  Friab le - C M ,M M ,FM -

C 5 2 4 8 1 0 Y R 6 /6 F /Su b a /B lk y San d y Lo am - Friab le - C C ,M C ,FM F 6 0 %

R

Site W V -C 2

Plo t A 6

L. Positio n  B ack slo p e

S lo p e 6 5 %

S. Len gth 1 0 0 + ’

A sp ec t SE

N am e D ep th D ep th 2 B ou n d ry C olor S tru c tu re Field  Tex tu re M o ttles C on sisten ce E fferven cen ce R oots R ock s

LFH 3 3

A p 9 9 C lear/W avy 1 0 Y R 4 /3 F in e/M ed /C ru m b San d y Lo am -  F riab le - C M F,M M ,FM -

B t 3 4 2 5 G rad u a l/S m oo th 1 0 Y R 6 /4 M /Su b a/B lk y S ilty C lay Loam F/F /F  5 Y R 5 /8 Frim V ery S ligh tly C V F,M F,FM F -

C 4 9 1 5 A b ru b t/S m o oth 1 0 Y R 5 /4 M /Su b a/B lk y San d y C lay  Loam F/F /F  5 Y R 5 /8  F riab le V ery  S ligh tly C F ,M M F,FM F -

R +  C oa l Seam  2 .5 Y R 3 /0 V . F riab le V ery  S ligh tly C C ,M M F,FM F -
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Site WV-2
Plot G2

L. Position Side of Gully

Slope 25%

S. Length 75’

Aspect SE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O 3 3

A 2.5 2.5 Clear/Wavy 10YR4/3 FIne/Crumb SandyL Friable CMF,MM,FM

C 60 57.5 10YR5/3 Massive SandyL Friable Very Slightly CC,MM,FC <15%

Site WV-2

Plot C4

L. Position Backslope

Slope 5-10%

S. Length 100’

Aspect SE

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O 2 2

A 2.5 2.5 Clear/Wavy 10YR4/2 FIne/Crumb SandyL Friable CMF,MC,FM

C 54 51.5 10YR5/3 Massive SandyL C/P2.5yr8/1 Friable Very Slightly CVF,MVF,FVF <10%

Site WV-2

Plot A2

L. Position Bench

Slope 0-2%

S. Length 100’

Aspect SW

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O -3.5 3.5

A 2 2 Clear/Wavy 10YR3/2 FIne/Crumb SandyL - Weak CMF,MM,FM

C 5 3 Clear/Smooth 10YR5/6 Massive SandyL - Firm CM,MM,FM
Cr 42 37 10YR5/6 Massive Clay Loam F/C/D10yr8/1 Strong FVF <15%

Coal Layer 42+ 2.5Y2/0 Massive

Site WV-2

Plot D2

L. Position Backslope

Slope 20%

S. Length 66’

Aspect W

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

O 3 3.5

A 1.5 2 Clear/Smooth 10YR4/3 VF/Crumb SiltL - Friable CMF,MM,FM

C 44 42.5 10YR5/3 Mtosubanblky Loam - Friable Very Slightly CMF,MMF,FF 59%
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S i t e V A - C

P lo t B 6

L .  P o s i t i o n  B a c k s lo p e

S lo p e 3 5 - 4 0  %

S .  L e n g t h 1 0 0 + ’

A s p e c t W

N a m e D e p t h D e p t h 2 B o u n d r y C o lo r S t r u c t u r e F i e ld  T e x t u r e M o t t l e s C o n s i s t e n c e E f f e r v e n c e n c e R o o t s R o c k s

L F H - 3 3

A 5 5 C le a r / W a v y 1 0 Y R 3 / 2 M e d / F / C r u m b C la y  L o a m - F r i a b l e - C M , M M , F M -

E 8 3 G r a d u a l / S m o o t h 1 0 Y R 6 / 4 M / C r u m b S a n d y  L o a m - F r i a b l e V e r y  S l i g h t ly C C , M M , F M -

B t 2 3 1 2 3 D i f f u s e / S m o o t h 1 0 Y R 5 / 8 M / S u b a  B lk y S a n d y  C la y  L o a m - F r i a b l e  t o  F i r m V e r y  S l i g h t ly C M F , M C , F M F -

B C  o r  B t C 3 1 + 1 0 Y R 5 / 6 M / M /S u b a  B lk y S a n d y  C la y  L o a m F / C / M  2 . 5 Y R 4 / 6 F r i a b l e S l i g h t ly C V F , M V F , F V F -

C la y  f i lm s  o n  f a c e s  b u t  r o c k  s t r u c t u r e  p r e s e n t F / C / M 1 0 Y R 7 / 6

S i t e V A - C

P lo t C 7

L .  P o s i t i o n  S i d e s lo p e

S lo p e 3 5 %

S .  L e n g t h 1 0 0 + ’

A s p e c t E

N a m e D e p t h D e p t h 2 B o u n d r y C o lo r S t r u c t u r e F i e ld  T e x t u r e M o t t l e s C o n s i s t e n c e E f f e r v e n c e n c e R o o t s R o c k s

L F H - 5 5

A 1 1 1 1 G r a d u a l / S m o o t h 1 0 Y R 3 / 3 F / C r u m b C la y  L o a m - F r i a b l e - C M , M M , F M -

A B 1 4 3 C le a r / S m o o t h 1 0 Y R 6 / 4 M / G r a n u la r C la y  L o a m - F r i a b l e V e r y  S l i g h t ly C M F , M M , F C -

B T 3 0 1 6 D i f f u s e / S m o o t h 1 0 Y R 5 / 8 M / S u b a  B lk y L o a m y  C la y C / F / F  1 0 Y R 7 /6 F r i a b l e V e r y  S l i g h t ly C F , M M F , F V F -

C  3 9 9 A b r u b t / S m o o t h 1 0 Y R 6 / 6 M / M /S u b a  B lk y L o a m y  C la y C / M / F 1 0 Y R 7 / 7 F r i a b l e S l i g h t ly C V F , M F , F V F < 1 5 %

C R 4 9 1 0 8 0 %

R

S i t e V A - C

P lo t E 1

L .  P o s i t i o n  S h o ld e r

S lo p e 3 0 - 4 5 %

S .  L e n g t h 1 0 0 + ’

A s p e c t E

N a m e D e p t h D e p t h 2 B o u n d r y C o lo r S t r u c t u r e F i e ld  T e x t u r e M o t t l e s C o n s i s t e n c e E f f e r v e n c e n c e R o o t s R o c k s

L F H - 5 5

A 5 5 G r a d u a l / W a v y 1 0 Y R 3 / 2 F / C r u m b S i l t  L o a m - F r i a b l e - C M , M M , F M -

B 1 5 1 0 G r a d u a l / W a v y 1 0 Y R 5 / 4 F / S u b a  B lk y S i l t  L o a m - F r i a b l e V e r y  S l i g h t ly C M , M M , F M F 4 3 %

C 3 1 1 6 C le a r / S m o o t h 1 0 Y R 5 / 6 M / S u b a  B lk y S a n d y  C la y  L o a m C / M / D 7 . 5 Y R 5 / 8 F r i a b l e S l i g h t ly C F , M F , F V F 5 8 %

C R

S i t e V A - C

P lo t A 2

L .  P o s i t i o n  B a c k s lo p e

S lo p e 2 0 %

S .  L e n g t h 1 0 0 + ’

A s p e c t E

N a m e D e p t h D e p t h 2 B o u n d r y C o lo r S t r u c t u r e F i e ld  T e x t u r e M o t t l e s C o n s i s t e n c e E f f e r v e n c e n c e R o o t s R o c k s

L F H 4 4

A 8 8 C le a r / W a v y 1 0 Y R 3 / 2 C / M / C r u m b C la y  L o a m - F r i a b l e V e r y  S l i g h t l y C M ,M M , F M -

B t 2 2 1 4 G r a d u a l / S m o o t h 1 0 Y R 6 / 4 M / S u b a  B lk y C / S a n d y  C la y  L a o m F / C / D  1 0 Y R 5 / 6 F r i a b l e V e r y  S l i g h t ly C C , M C , F M F <  1 0 %

B C 4 3 2 1 1 0 Y R 6 / 8 M / S u b a  B lk y S a n d y  C la y  L o a m F / C / F 1 0 Y R 6 / 4 F r i a b l e V e r y  S l i g h t ly C F , M M F , F V F 4 0 %

C R C / C / D 1 0 Y R 5 / 6
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Site VA-1

Plot P1

L. Position Bench

Slope -

S. Length -

Aspect -

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH -1 1 -

Ap 4 4 - 10YR5/3 M/F/Granular Fine Sand - ns np - - -

C1 11 7 - 10YR5/6 F/F/Suba Blky Fine Sand - ns np - - -

C2 36 25 - 7.5YR2.5/1 M/M/Suba Blky Sandy Clay Loam - ss sp - - -

C3 45 11 - 2.5YR5/0 F/M/Suba Blky Clay - ns sp - - -

C4 53 8 - 7.5YR2.5/1 M/M/Suba Blky Sandy Clay Loam - ss sp - - -

Site VA-1

Plot P2

L. Position Bench

Slope -

S. Length -

Aspect -

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH -1.5 1.5 -

A 4 4 - 10YR5/4 F/F/Suba Blky Fine Sand Loam - - - FVF/MM/FC -

C1 40 36 - 10YR5/6 F/M/Suba Blky Sandy Laom - - - MF/FM -

C2 60 20 - 10YR5/6 M/M/Suba Blky Fine Sandy Loam - - - VF -

Site VA-1

Plot P3

L. Position Bench

Slope -

S. Length -

Aspect -

Name Depth Depth2 Boundry Color Structure Field Texture Mottles Consistence Effervencence Roots Rocks

LFH 0 0 -

A 6 6 - 10YR5/4 F/M/Suba Blky Fine Sand Loam - - - FVF/CF/MM/MC -

C1 39 33 - 7.5YR3/1 F/M/Suba Blky Sandy Laom - - - FF -

C2 53 14 - 10YR5/6 F/M/Suba Blky Sandy Clay Loam - - - - -

Data taken by C. Siegel
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Appendix E: Tree Diameter, Height, Volume and Weight Equations  
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A. Projection of Tree Diameters and Heights: 
 

1. At each plot, bark depth and length of last 10 yr radius inside bark were taken on 
all even dbh trees starting with 15 cm. 

 
2. Bark depth and length of last 10 yr radius inside bark were pooled by species 

across all mined and non-mined study sites.  Species groups were used for trees 
with low occurrence on sites, or similar growth patterns and life forms. Species 
listings or groups were: pitch pine, loblolly pine, white pine, Scots pine, tulip 
poplar (tulip poplar, cucumbertree, frasier magnolia), black locust, maple (red, 
silver, sugar, boxelder), cottonwood (cottonwood, aspen), ash (white, green), 
black cherry, white oak, red oak, other oak (scarlet, black, chestnut, shingle), 
blackgum, birch (black, river, yellow), small tree (sassafras, red cedar, mulberry, 
sourwood, hackberry, persimmon, tree of heaven), American sycamore, 
sweetgum, elm, hickory (pignut, shagbark, black walnut). 

 
 
3. For each species or group, the equation: ln (10 yr dbh increment) = b + X (1/ 

DBH 10 year outside bark) was fit using SAS.  Equation coefficients are listed 
below: 

 

 
 
 
 
 
 
 
 
 

Species or Group Approximate Age 
or Average Range 

b (intercept 
coefficient) 

X (slope 
coefficient) 

PP (pitch pine) 50-55 -0.2856 0.9579 
LP (loblolly pine) 30-40 -1.2730 2.3354 
WP (white pine) 20-40 0.8821 -0.7905 
SP (Scots pine) 35-40 -0.7042 0.3636 

TP (tulip poplar group) 20-60 -1.1352 3.1650 
BL (black locust) 20-60 -1.5038 4.0113 
M (maple group) 20-60 -1.5104 4.3164 

CW (cottonwood group) 40-50 -2.1406 15.9725 
A (ash group) 20-60 -0.8473 -5.2591 

BC (black cherry) 20-60 -0.0238 -7.7330 
B (birch group) 20-60 0.0160 -4.1412 

ST (small tree group) 20-60 -2.8116 8.4527 
AS (American sycamore) 30-40 -2.3189 7.1424 

SG (sweetgum) 20-60 -2.3789 5.1142 
E (elm) 20-60 -0.6262 -7.5581 

WO (white oak) 20-60 -1.3682 0.9782 
RO (red oak) 20-60 -1.5775 5.4484 

OO (other oak group) 20-60 -1.6578 0.4178 
BG (blackgum) 20-60 -5.8863 23.0740 

H (hickory group) 20-60 -1.1405 -3.6091 
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4. Present dbh was regressed against height based on field measurements taken.  For 
trees less than 25 cm, height to a 10 cm top was used; for trees greater than 25 cm,  
height to a 20 cm top was used. 

 

† No trees of log size measured on sites. 
 
5. For each species or species group, the equation: merchantable height = b + X 

(dbh) was generated using SAS. Equation coefficients are listed above: 
 

6. Once each site’s rotation age was determined, the dbh increment from step 3 
could be used to add or subtract the proper growth increment based on the trees 
present dbh to reach the projected dbh at the specified rotation age. 

 
7. The equations to project height were used on the projected, rotation age dbh to 

obtain a new height for each tree, on each plot, on each site. 
 
B. Calculation of Mean Annual Increment: 
 

1. After projections of height and dbh were made for each tree per plot per site, 
equations from the literature for calculation of merchantable volume in ft3 were 
used on each tree.  Cubic foot volumes were summed per plot on an acre basis 
and then converted to m3 ha-1.  These total plot volumes were divided by the 
rotation age to achieve m3 ha-1 yr-1. 

 

Species or Group Pulpwood Sawtimber 
 b (intercept coeff.) X (slope coeff.) b (intercept coeff.) X (slope coeff.) 

PP (pitch pine) -17.8268 6.6073 0.748 0.1459 
LP (loblolly pine) -1.2658 5.8814 0.3317 0.1639 
WP (white pine) -11.3962 5.4397 0.2109 0.1319 
SP (Scots pine) -12.3164 6.1723 -1.0435 0.2319 

TP (tulip poplar group) -17.8009 7.6828 0.9797 0.1073 
BL (black locust) 3.40 3.0178 0.0583 0.0921 
M (maple group) -5.3306 4.5971 0.7753 0.0578 

CW (cottonwood group) -17.7778 6.8519 0.2290 0.1450 
A (ash group) -16.3236 6.6472 0.7561 0.0790 

BC (black cherry) -7.1920 4.8442 -0.1886 0.1348 
B (birch group) -7.0785 5.1693 0.9716 0.0434 

ST (small tree group) -6.5323 5.0064 0.8693 0.0531 
AS (American sycamore) -0.2947 4.8174 0.1526 0.1460 

SG (sweetgum) -13.2979 5.7507 0.0167 0.1539 
E (elm) 15.1427 1.3134 1.0091 0.0204 

WO (white oak) 1.0167 4.1918 0.8404 0.0787 
RO (red oak) -10.6784 6.4706 1.6030 0.0075 

OO (other oak group) -4.4363 4.8137 0.6854 0.0947 
BG (blackgum) -11.2977 5.2308 † † 

H (hickory group) -25.8255 8.2123 1.4359 0.0284 
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2. Volume equations used from literature are included in the table above.  

 
 
C. Calculation of Stand Value Estimates: 
 

1. The procedure for projecting rotation age dbh and height was same as before. 
 
2. Value estimates calculated of trees greater than 13 cm dbh at rotation age.  For 

trees up to the 23 cm dbh class, merchantable log weight (lbs) to a 4-inch top on 
softwoods and an 8-inch top on hardwoods was calculated.  For trees greater than 
the 23 cm dbh class, both the weight (lbs) to a merchantable pulpwood top and 
sawlog top were calculated.  

 
3. Species equations for some species were found and used. 

Species or Group Trees > 13 cm dbh Trees > 61 cm pine, 66 cm hwd Source 
PP (pitch pine) Appalachian Vol. Tabl.  Clark and Souter, 1996 

LP (loblolly pine) Y= 0.01582 (D2*H4) 
.79584  Clark and Saucier, 1990 

WP (white pine) Appalachian Vol. Tabl.  Clark and Souter, 1996 
SP (Scots pine) Appalachian Vol. Tabl.  Clark and Souter, 1996 

TP (tulip poplar group) Appalachian Vol. Tabl. Y= 0.00608 (D2) 1.08014 *(H4 
.71187) Clark and Souter, 1996; 

Clark et al., 1986 
BL (black locust) Appalachian Vol. Tabl.  Clark and Souter, 1996 
M (maple group) Appalachian Vol. Tabl.  Clark and Souter, 1996 

CW (cottonwood group) Y= 0.00608 (D2) 1.08014 *(H4 
.71187)  Clark et al., 1986 

A (ash group) Appalachian Vol. Tabl.  Clark and Souter, 1996 
BC (black cherry) Appalachian Vol. Tabl.  Clark and Souter, 1996 
B (birch group) Appalachian Vol. Tabl.  Clark and Souter, 1996 

ST (small tree group) Y= 0.06472 (D2 1.16537)*0.7 for small canopy trees 
Y= 0.07462 (D2 1.10037)*0.7 for understory trees 

Smith, 1986; 
Phillips, 1981 

AS (American sycamore) Y= 0.01845 (D2*H4 
.81137) Y= 0.01472 (D2) .85844 *(H4 

.81137) Clark et al., 1986 
SG (sweetgum) Y= 0.03303 (D2*H4 

.71611) Y= 0.0039 (D2) 1.1614 *(H4 
.71611) Clark et al., 1986 

E (elm) Y= 0.0245 (D2*H4 
.78134)  Clark et al., 1986 

WO (white oak) Appalachian Vol. Tabl. Y= 0.00358 (D2) 1.16247 *(H4 
.79077) Clark and Souter, 1996; 

Clark et al., 1986 
RO (red oak) Appalachian Vol. Tabl. Y= 0.00828 D2*H4 

0.88272)‘ Clark and Souter, 1996; 
Clark et al., 1980 

OO (other oak group) Appalachian Vol. Tabl. Y= 0.00282 (D2) 1.125037 *(H4 
.74693) Clark and Souter, 1996; 

Clark et al., 1986 
BG (blackgum) Appalachian Vol. Tabl.  Clark and Souter, 1996 

H (hickory group) Appalachian Vol. Tabl. Y= 0.00247 (D2) 1.25199 *(H4 
.76123) Clark and Souter, 1996; 

Clark et al., 1986 
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4. The merchantable weight of other species found on measurement sites was 

calculated based on the stem volume from the MAI procedure.  The volumes were 
converted to weight based on estimates of individual species wood and bark 
properties (bark weight, wood weight) (Smith, 1985).  For trees that contained 
both sawlog and pulpwood sections, weights were calculated for both. The sawlog 
portion was subtracted from the pulpwood the portion.  Species whose weight 
estimates were generated in this manner include:  A. basswood, A. beech, A. 
chestnut, A. elm, apple, b. birch, b. cherry, b. locust, boxelder, river birch, 
hackberry, honey locust, mulberry, pitch pine, persimmon, redbud, red cedar, red 
maple, sweet cherry, silver maple, stripped maple, sugar maple, sourwood, tree of 
heaven, Virginia pine. 

 
5. Individual tree weights were sorted by plot on each site and then by oak, 

hardwood, and conifer categories.  Weights of theses categories for both 
pulpwood and sawtimber were converted to tons and used with stumpage value 
estimates from Timber Mart-South (2000).  Refer to value section of the methods 
for further discussion of value calculations. 

Species Pulp alone Pulp (P) and Sawtimber (S) Source 
T. Poplar, F. Magnolia, Aspen, 

Cottonwood, Blackgum 
Y = 2.26261*((D2)*HTP

0.70784)) Y = 0.42747*(((D2) 1.05531)*HTP
0.70784)) (P) 

Y = 0.74064*(((D2) 0.92519)*HTL
0.78413)) (L) 

Clark et al., 1986B 

Ash Y = 0.64813*((D2)*HTP
0.83543)) Y = 0.64813*((D2)*HTP

0.83543)) (P) 
Y = 0.63993*(((D2) 0.85174)*HTL

0.8785)) (L) 
Clark and McNab, 1982 

R. Oak, W. Oak, C. Oak, S. 
Oak, B. Walnut, Hickory 

Y = 2.13309*((D2)*HTP
0.73374)) Y = 0.58604*(((D2) 1.00313)*HTP

0.73374)) (P) 
Y = 0.66727*(((D2) 101255)*HTL

0.72001)) (L) 
Clark et al., 1986B 

American Sycamore Y = 1.57648*((D2)*HTP
0.75799)) Y = 0.59202*(((D2) 0.96221)*HTP

0.75794)) (P) 
Y = 0.67595*(((D2) 0.89328)*HTL

0.85866)) (L) 
Clark et al., 1986 

White Pine Y = 0.38556*((D2)*HTp
0.88918)) Y = 0.38556*((D2)*HTP

0.88918)) (P) 
Y = 2.7853 *(((D2) 0.91744)*HTL

0.45512))*((1-
1.2692(7 3.9458))/ D 4.07207) (L) 

McNab and Clark, 1982 

Loblolly Pine Y = 1.28713*((D2)*HTP
0.77347)) Y = 1.28713*((D2)*HTP

0.77347)) (P) 
Y = 0.44802*(((D2) 0.92139)*HTL

0.90894)) (L) 
Clark and Saucier, 1990 
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