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HEIGHT OF THREE HARDWOOD SPECIES GROWING ON MINE 

SITES RECLAIMED USING THE FORESTRY RECLAMATION 

APPROACH COMPARED TO NATURAL CONDITIONS1 

Kara Dallaire, Jeff Skousen, and Jamie Schuler2 

Abstract: Coal is an important source of energy for electricity and is used in 

making steel and various other products.  West Virginia is the largest coal 

producing state within the Appalachian region.  Surface mining of coal drastically 

disturbs ecologically diverse forests and the reforestation of these areas after mining 

is an important first step to helping restore their ecosystem functions.  After mining, 

operators are often left with brown and gray sandstone to use as topsoil substitutes.  

Brown sandstone has been more weathered and has physical and chemical 

properties that are better for tree growth (lower pH, higher percent fines, and higher 

available nutrients) than gray sandstone.  Two study sites were established on 

former mine sites in West Virginia to assess the effects of brown and gray 

sandstone, with and without mulch treatments, on tree establishment.  Tree growth 

data for tulip poplar (Liriodendron tulipifera L.), white oak (Quercus alba L.) and 

northern red oak (Q. rubra L.), and for soil samples (analyzed for pH, EC, percent 

fines, and extractable nutrients) have been collected annually for the last 10 years.  

The pH of brown sandstone was 5.2 to 5.4, gray sandstone was 6.5 to 6.8, and mulch 

treatments were 7.0.  Percent fines ranged from 42 to 60% on all treatments. The 

mulch treatment had high levels of Ca (197 cmolc/kg).  The height growth of each 

tree species on both mine sites was compared to the growth of trees growing on 

clear-cut areas at the Fernow Forest, WV.  In addition, an estimated site index prior 

to disturbance was calculated and used to predict tree growth rates based on NRCS 

soil survey data.  Tree heights (25 to 175 cm) on gray sandstone were significantly 

lower than height on brown sandstone (197 to 544 cm) for all three species.  Trees 

on mulched plots were up to 229 cm taller than trees on un-mulched plots.  Tulip 

poplar height on the brown treatment (544 cm) was greater than on a clear-cut area 

with a site index 62 at 10 years (503 cm).  Tree heights on average were 50% lower 

on mined sites compared to heights calculated from pre-mining site indices.  
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Introduction 

Coal is an important source of energy and is used to make steel and various other products 

(Bise, 2013).  There are more than 100 minable coal seams within the Appalachian region, and 

West Virginia is the largest coal-producing state within this region (Bise, 2013; U.S. EIA, 2013).  

In 2012, West Virginia had 104 active surface mines that produced over 36 million Mg of coal 

(U.S. EIA, 2013).  Approximately 78% of West Virginia is covered in valuable eastern deciduous 

forests and surface mining drastically disturbs these ecologically diverse forests.  Reforestation of 

mined lands is important because forests provide important benefits to society including wood and 

fiber production, watershed and hydrologic values, wildlife habitat, carbon sequestration, and 

ecosystem stability (Burger, 1999).  

The first surface mining legislation in West Virginia was enacted in 1939 (Bowling, 1978; 

Plass, 2000).  Revegetation of all surface mine spoils was required and specific reclamation laws 

were established.  Many hectares of mined land were successfully reclaimed to forest plantations; 

however, enforcement of these laws was difficult and large areas remained un-reclaimed.  As 

developments in mining equipment were made, the area disturbed for surface mining increased.  

Public concern of the effects of mining on human safety and the environment increased as the total 

area disturbed by mining grew (Plass, 2000).  The Surface Mining Control and Reclamation Act 

(SMCRA) was enacted in 1977 by the federal government to address safety and environmental 

issues and caused a major change in reclamation practices (Burger, 1999; Skousen and Zipper, 

2013 and 2014).  Under SMCRA, selected overburden materials are allowed to be substituted for 

topsoil when the substituted material is at least as equally sustaining to vegetation as the topsoil.  

Mass stability of slopes was required under SMCRA which encouraged excessive grading and 

smoothing of reclaimed land (Skousen and Zipper, 2014). The establishment of a grass and legume 

cover was required on all disturbances.  Fertilizer and liming treatments became accepted mine 

land reclamation treatments because they improved the growth of the ground cover crops.  

Reforestation had been previously an important reclamation strategy for mined lands, but the new 

reclamation requirements shifted the emphasis for revegetation from trees to herbaceous covers.  

With this emphasis of ground cover for erosion control, these herbaceous cover crops caused 

severe competition with tree seedlings on compacted soils, resulting in low tree survival, and tree 

planting decreased.  As a result, fewer mined areas were returned to forested lands (Plass, 2000), 



JASMR, 2015 Volume 4, Issue 2  

22 

fewer trees naturally re-colonized reclaimed mined sites, and the loss of Appalachian forests has 

been ongoing since the enactment of SMCRA (Zipper et al., 2011).  

The Appalachian Regional Reforestation Initiative (ARRI) was created to encourage 

restoration of high quality forests on reclaimed mines in the Eastern USA (Angel et al., 2005).  

ARRI developed the Forestry Reclamation Approach (FRA) to encourage reclaiming coal mines 

to forests under SMCRA (Burger et al., 2005).  The following five steps are recommended:  

1. Create a suitable rooting medium for good tree growth that is no less than 1.2 m deep and 

comprised of topsoil, weathered sandstone and/or the best materials. 

2. Loosely grade the topsoil or topsoil substitute established in step one to create a non-

compacted growth medium. 

3. Use ground covers that are compatible with growing trees.  

4. Plant early successional trees for wildlife and soil stability and commercially valuable 

trees. 

5. Use proper tree planting techniques.  

Due to the steep terrain, it is often not possible to collect and save the topsoil in West Virginia 

and other Appalachian regions.  Weathered, brown sandstones and unweathered, gray sandstones 

that are exposed during mining are commonly used as substitute topsoil materials.  Brown 

sandstone is found closer to the surface and typically has a pH ranging from 4.0 to 5.5 due to 

oxidizing conditions (Haering et al., 2004).  In addition, brown sandstones have low electrical 

conductivity (EC), moderately acidic pH, and high percentages of fines (<2 mm), all correlated 

with increased tree growth (Daniels and Amos, 1985; Rodrigue and Burger, 2004).  Gray sandstone 

is found underneath brown sandstone and is not oxidized by weathering processes.  The pH of gray 

sandstone ranges from 7.5 to 8.0 (Haering et al., 2004; Emerson et al., 2009).  The weathered, 

brown sandstone is the preferred topsoil substitute in restoration of forest trees (Skousen et al., 

2011).    Numerous studies have shown that brown sandstone has superior tree growth over gray 

sandstone (Angel et al., 2008; Emerson et al., 2009; Sena et al., 2014; Showalter et al., 2010; 

Wilson-Kokes, et al., 20013a and 2013b).   

Tree growth can be improved with amendments on reclaimed sites (Angel et al., 2006; Thomas 

and Skousen, 2011; Wilson-Kokes et al., 2013a).  In a study by Angel et al. (2006), the addition 

of bark mulch improved the growth of two species on un-compacted plots on a reclaimed coal 
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mine in eastern Kentucky.  Wilson-Kokes et al. (2013b) found that adding bark mulch to both 

brown and gray sandstone increased the growth of hardwood species on a reclaimed coal mine in 

West Virginia.  Another study in West Virginia, by Thomas and Skousen (2011), also found that 

tree growth was improved on both gray and brown sandstone when bark mulch was added.   

Site index (SI) is usually defined as the total height of dominant and co-dominant trees at 50 

years total age and can be used to estimate the site quality of a stand for a particular species.  Site 

quality is an estimate of the relative productivity of forestlands and calculated from height 

measurements since the height growth of dominant and co-dominant trees is related to site quality 

in a fully stocked stand (Carmean et al., 1989).  The rate of height growth is related to site quality 

(Carmean, 1975).  When calculating SI for a stand, free growing, uninjured, dominant, and co-

dominant trees from a well-stocked, even-aged stand are used. SI curves are specific to species, 

geographic region, and the soil and/or topography (Carmean et al., 1975).  SI is related to surface 

soil depth, subsoil texture, aspect, slope position, and steepness (Carmean, 1977).  Higher SI was 

found on sites with favorable site conditions for growing trees.  Mine soils may have lower SI due 

to their lower soil quality, particularly when gray sandstone is used.  

The purpose of this paper was to compare the height growth of tulip poplar (Liriodendron 

tulipifera L.), white oak (Quercus alba L.), and northern red oak (Q. rubra L.) from two different 

mine sites, with different soil treatments, in West Virginia to the growth of the same species -

growing under undisturbed conditions.  The undisturbed heights come from a forest that was clear-

cut.  In addition, pre-mine site index for each mine site was estimated using information from the 

NRCS Web Soil Survey to estimate heights of trees prior to mining.  

Materials and Methods 

Study Sites and Treatment: 

Tree height data from two mine sites in West Virginia and a study site from the Fernow 

Experimental Forest was evaluated for this paper.  In addition, estimated pre-mine site indices for 

each of the mine sites were calculated from the NRCS Web Soil Survey.  One mine site has two 

different soil treatments and the other has three different soil treatments.  Table 1 lists all the study 

sites and treatments used and they are each described further on the next page.  
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Table 1. Abbreviations used to describe all the treatments and studies used 

to compare tree growth on two reclaimed coal mines to tree growth 

in natural areas. 

Treatment Abbreviation 

Birch River – brown sandstone1 BR-B 

Birch River – gray sandstone BR-G 

Birch River – mulch BR-M 

Catenary – brown sandstone C-B 

Catenary – gray sandstone C-G 

Clear-cut with release – SI 62 CR-62 

Clear-cut with release – SI 75 CR-75 

Pre-mining – Birch River PBR 

Pre-mining – Catenary PC 
1 Combined 1.2 and 1.5 m plots. 

 

The first mine site is the Birch River mine, located in Webster County, and owned by Arch 

Coal (38⁰25’31.74”N, 80⁰36’39.74”W) and was established in 2006.  A 2.5-ha experimental plot 

was established to determine the effects of soil amendments on tree growth and survival on brown 

and gray sandstone.  Half the plot was constructed with approximately 1.5 m of brown sandstone 

and the other half was constructed with approximately 1.5 m of gray sandstone.  Plots were left 

un-compacted.  Bark mulch was applied to the center of the plot over parts of both brown and gray 

sandstone plots.  Eleven 2.7-m-wide transects that spanned the width of the plot were established.  

Yearly measurements of height and diameter at 2.5 cm have been made on all trees within these 

transects, except in 2013. Gray sandstone, brown sandstone, and the mulch treatment are the three 

treatments used from this site.   

The second mine site is the Catenary mine, located in Kanawha, Raleigh, and Boone counties 

(38⁰5’28”N, 81⁰26’37”W) and was established in 2005.  The Catenary Mine is owned by Patriot 

Coal and operated by Catenary Coal Company.  Three plots were established with two plots being 

constructed of weathered brown sandstone on the surface, one with 1.5 m depth and the other with 

1.2 m depth.  The third plot was constructed by placing 1.5 m of un-weathered gray sandstone on 

the surface.  One half of each plot was considered “un-compacted” and received only one or two 

passes of the bulldozer, while the other half received several passes of the bulldozer and was 

considered “compacted.”  Two 2.7-m-wide by 195-m-long transects were established in an “X” 



JASMR, 2015 Volume 4, Issue 2  

25 

pattern across each of the six treatments.  Yearly measurements of height and diameter at 2.5 cm 

have been made on all trees within these transects, except for 2010 and 2013.  

A total of twelve tree species were planted at each site on 2.4 m centers. For the purposes of 

this paper, only tulip poplar (Liriodendron tulipifera L.), white oak (Quercus alba L.) and northern 

red oak (Q. rubra L.) are discussed.   

Tree growth data from the Birch River and Catenary sites were compared to data from a study 

from the Fernow Experimental Forest near Parsons, West Virginia (Smith, 1983; Trimble, 1973).  

The Fernow Forest has elevations ranging from 533 to 1113 m, annual precipitation of 147 cm, 

shallow soils derived from sandstone, shale, or limestone, and commercially important tree species 

(USDA, 2014a).  The Fernow Experimental Forest was selected because site conditions are similar 

to those of the mine sites.  The study by Smith (1983) measured heights of tulip poplar and northern 

red oak growing on two sites that had been clear-cut, one with a SI of 75 and the other with SI 62.  

The trees in this study were released from all competition each year.  This study was chosen to 

show the rates of trees growing under ideal conditions (free from competition) for average and low 

site qualities.   

In addition, the NRCS 2015 Web Soil Survey was accessed to estimate the forest productivity 

(SI) at each site prior to disturbance for each of the three species.  The pre-mining SI for each mine 

site was determined by calculating a weighted average of SI listed for the site in the soil survey 

(Web Soil Survey).  Once an average SI was calculated at each site for northern red oak, white 

oak, and tulip poplar, this number was used to estimate the height of trees each year up to the age 

of 12.  In order to calculate the estimated heights for the younger trees, the formulation equation 

from Carmean et al. (1989) was used.  The formulation equation is: 

𝐻 = 𝑏1𝑆
𝑏2(1−𝑒

𝑏3𝐴) ^𝑏4𝑆
𝑏5   

H = Height; bi = Regression Parameters; S = Site Index; and A = Age 

The pre-mining SI at Birch River was 78 for both northern red oak and white oak, and 92 for 

tulip poplar (USDA, 2014b) (Table 2).  At the Catenary mine, the SI for northern red oak was 78, 

while white oak and tulip poplar had higher SI at 85 and 95, respectively (USDA, 2014b) (Table 2).   
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Table 2. Pre-mining site indexes (SI) for northern red oak, white oak, and tulip poplar 

at the Birch River and Catenary mines in West Virginia. 

Site Northern red oak SI White oak SI Tulip poplar SI 

Birch River 78 78 92 

Catenary 78 85 95 

Results and Discussion 

Table 3 shows the pH, EC, and percent fines of the Birch River and Catenary mines from 

samples collected in 2014.  The pH of the brown sandstone (BR-B and C-B) from both mine sites 

was within the typical range of weathered sandstone 4.5 to 5.5 (Emerson et al., 2009; Haering et 

al., 2004; Wilson-Kokes et al., 2013a and 2013b).  Typically, unweathered sandstone from the 

Appalachian region has a higher pH (7.5 to 8.0) (Emerson et al., 2009; Haering et al., 2004; 

Wilson-Kokes et al., 2013a and 2013b) and the pH from both gray sandstone sites (BR-G and C-

G) was lower.  The average pH of the mulch treatment (BR-M) was the highest (7.0).  Limestone 

gravel was added to the mulch as an aggregate at the saw mill and is likely the cause of the high 

pH.  The pH of the pre-mining soils (PBR and PC) and the clear-cut soils (CC-62 and CC-75) was 

slightly more acidic than any of the mine soils (4.1-5.2) (NCSS, 2015).  EC was very low, with 

the highest values being 0.04 dS/m on the mulch treatment (BR-M). Percent fines ranged from 42 

to 60%, with no apparent difference between any treatments or sites.  

Table 3. Soil properties (pH, EC, percent fines) of the Birch River and Catenary mine sites in 

2014.  

 Properties 

Treatment pH EC (dS/m) Fines (%) 

BR-B 5.2 0.01 45 

BR-G 6.5 0.01 49 

BR-M 7.0 0.04 43 

C-B 5.4 0.01 60 

C-G 6.8 0.01 42 

CC-62, CC-75 4.1-5.2 0.0 Unknown 

PB 4.6-4.7 0.0 Unknown 

PC 4.7-4.9 0.0 Unknown 

Extractable nutrient information is reported in Table 4.  Calcium, Mg, and P concentrations 

between gray and brown sandstone and between mine sites were similar.  For the mulch treatment 

(BR-M), Ca concentration was much higher and Mg and K concentrations were slightly higher.  

Aluminum concentrations for gray sandstone and the mulch treatments were similar, while the 

concentration in the brown treatments was higher.  Iron concentration was lowest in the mulch 
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treatment (51 mg/kg in BR-M) and ranged from 126 to 219 mg/kg in the gray (BR-G and C-G) 

and brown (BR-G and C-G) treatments.  The P concentration in Catenary gray sandstone (C-G) 

was much higher (180 mg/kg) than the other treatments (23 to 46 mg/kg). Mehlich 1 extractable 

nutrient information was not available for the clear-cut sites (CC-62 and CC-75) or the pre-

disturbance soils (PBR and PC).   

Table 4. Extractable nutrients (Ca, Mg, K, Al, Fe, P) from mine soil samples collected from the   

Birch River and Catenary mines in 2014.  

 Element 

Treatment Ca K Mg Al Fe P 

 ------------------cmolc/kg------------------ ---------------------mg/kg------------------ 

BR-B 6 0.6 4 402 219 38 

BR-G 6 0.3 4 113 126 46 

BR-M 197 12 12 115 51 23 

S-B 7 0.6 5 431 154 41 

S-G 10 0.4 5 150 149 180 

The higher levels of Al found in the brown sandstone was likely due to the fact that brown 

sandstone had been exposed to more weathering than gray sandstone (Wilson-Kokes, 2013b). 

While the P concentration in the Catenary gray treatment was high (180 mg/kg), it was still within 

the range of other reported P levels in gray sandstone (Wilson-Kokes, 2013b).  The high Ca 

concentration in the mulch treatment was also expected due to the incorporated limestone. Calcium 

has been shown to increase the growth of hardwood trees in poor soils (Bigelow and Canham, 

2007).   

Figure 1 compares the heights of northern red oak growing on the two mine sites, the two clear-

cut sites (SI of 62 and 72), and the heights calculated from the pre-mining SI.  From the graph, it 

is clear that tree growth is slow on gray sandstone at both mine sites, with both showing almost no 

growth at all.  The Catenary reforestation study was established 2 years prior to the study at Birch 

River, so the lines for Catenary extend to 10 years, while Birch River only extend to 8 years.  The 

trees on brown sandstone (BR-B and C-B) are growing much faster than those on gray sandstone 

at both sites, but have not grown at rates equal to the pre-mining SI.  The Birch River (BR-B) mine 

has higher growth rates than Catenary (C-B).  The mulch treatment at Birch River (BR-M) slightly 

increased the overall height of northern red oak. The height of red oak at 8 years at both the BR-B 

and BR-M sites is close to the height of trees growing on the two clear-cut sites (CC-62 and CC-

75).  At age 8, the height of northern red oak on the Birch River (BR-B) mine (226 cm) is not the 
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same as that predicted by the pre-mining SI (PBR) height (445 cm).  At Catenary (C-B), the 

average height of northern red oak at age 10 (231 cm) is less than half that predicted by pre-mining 

SI (PC) height (570 cm).  

 

Figure 1. The height of northern red oak growing on two mine sites with different soil types, on 

two different clear-cut sites, and on estimated pre-mining site.  

Figure 2 shows the height of white oak at the two reclaimed sites and the predicted heights 

from the pre-mining SI.  As with northern red oak, white oak growing on gray sandstone (BR-G 

and C-G) were not very tall.  The white oak on brown sandstone (BR-B and C-B) were taller and 

growing at faster rates than on gray, with the trees at Birch River growing faster than trees at 

Catenary.  The mulch treatment (BR-M) at Birch River increased the height growth of white oak.  

White oak on mulch treatments (BR-M) was approximately 130 cm shorter (approximately 67%) 

than the predicted height for the pre-mining SI (PBR).  The pre-mining SI at Catenary (PC) was 

higher than that at Birch River (PBR).  The height difference of white oak between Catenary brown 

sandstone (C-B) was much lower by 242 cm than the predicted SI (PC) heights (641 cm) at age 

10.  
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Figure 2. The height of white oak growing on two mine sites with different soil types, and on 

estimated pre-mining site conditions.   

Figure 3 compares the height of tulip poplar growing on the reclaimed mines and clear-cut 

sites, as well as that predicted by pre-mining SI.  Once again, height growth on gray sandstone 

(BR-G and C-G) was lowest.  All tulip poplar heights were higher on the brown sandstone, but 

height growth at Catenary (C-B) was much lower than at Birch River (BR-B).  The mulch 

treatment (BR-M) had the tallest trees at age 8 of all reclaimed mine sites.  Tulip poplar height on 

the mulch treatment was even higher (494 cm) than tulip poplar on the SI clear-cut site (351 cm 

on CR-62).  At age 10, the height of tulip poplar at Catenary (544 cm on C-B) was higher than on 

the clear-cut site with the lower SI (503 cm on CR-62).  Tulip poplar heights on all mine site 

treatments were much lower than the pre-mining predicted SI (PBR and PC) heights at all ages.  

The tree species discussed in this paper were not growing as fast or as tall as trees in the 

estimated undisturbed soil conditions (based on the Web Soil Survey).  It should be noted that the 

SI equation used to predict the expected growth of the trees up to 12 years is generally used for 

older trees.  Most site index equations are less accurate when predicting height of younger trees 

(Carmean et al., 1989).  Growth rates on poorer sites, such as reclaimed mine sites, will generally 
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increase more slowly than higher quality sites but will maintain this growth for longer time periods 

(Beck and Trousdell, 1973).  Assuming that the reclaimed sites are lower quality sites than the site 

conditions in the pre-mining forest, it would make sense that the growth is initially slow and may 

eventually reach the same rates as trees growing on the original site.  Initial growth of trees can 

also be affected by factors other than site quality, such as competition from weeds, animal and 

insect damage, or differences in stock quality and planting techniques (Carmean, 1975). 

  

Figure 3. The height of tulip poplar growing on two mine sites with different soil types, on three 

different clear-cut sites, and on estimated pre-mining site conditions.  

The height of trees predicted by SI used in the paper was used to show that reclamation 

methods are producing trees, but the results show that the reclamation methods used at these sites 

have yet to produce growth rates similar to the original productivity of the site.  Cotton et al. (2012) 

compared the growth of tulip poplar and white oak on a reclaimed coal mine in Kentucky to the 

growth of trees in reference forests and found that growth was less than half on mine sites 

reclaimed with conventional techniques.  This study also emphasized that soil amendments on 

mine soils greatly improved the growth of trees.  Other studies have also shown soil amendments 

on mine soils to improve the growth of trees (Angel et al., 2006; Conrad et al., 2008; Thomas and 
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Skousen, 2011; Wilson-Kokes et al., 2013a). A study by Burger and Fannon (2009) found that the 

SI for tulip poplar was much lower on reclaimed sites (56) than the weighted average pre-mine SI 

(82).  Another study by Groninger et al. (2006) also found site productivity on reclaimed surface 

mines in Indiana was much below that of native forests in the same region.  

Conclusions 

Tree height on Catenary brown sandstone was lower than that on Birch River brown sandstone.  

The reason for this is unclear as there were no differences between any of the measured soil 

properties.  For all three species, tree heights on gray sandstone (25 to 175 cm) were lower than 

tree height on brown sandstone (197 to 544 cm).  Mulch treatment increased the growth up to 229 

cm on both brown and gray mine soils.  The 10-yr-old tulip poplar height on the brown treatment 

(544 cm) was greater than heights on the lower quality clear-cut area with a site index 62 (503 

cm).  Tree heights were lower on mined sites compared to heights on clear-cut sites and those 

calculated from pre-mining site indices, but mulching improved height growth of trees on mined 

sites. 
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