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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 undisturbed 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 yr, total site carbon levels on mined study sites averaged 217 Mg ha*, while
total carbon amounts on natural sites averaged 285 Mg ha*. 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 natura soils. The amount of carbon captured across mined sites
was largely afunction of forest stand age and forest and site productivity. This study showed that
successful reclamation and reforestation of mined siteswill largely restore the potential of forests and
forest soil systemsto sequester carbon at pre-mining levels.

INTRODUCTION

Under the 1992 Framework Convention on Climate Change, 153 nations agreed to mitigate global
climate change by controlling greenhouse gases. The governments and industries of these nations would
reduce greenhouse gasses by sequestering atmospheric carbon or by reducing CO, emissions (Wright et
al., 2000). Carbon accreditation of forest development projectsis one approach to sequestering
atmospheric carbon under the climate change agreement. Forests provide alow-cost method of carbon
accreditation compatible with other environmental, economic, and social development projects (Wright et
a., 2000). Forest development projects use trees to sequester carbon for long-term storage. Asyoung
forests develop, atmospheric carbon islocked into wood during growth and stored in litter layers. Carbon
is also incorporated into the soil viaroot turnover, litter decompoasition, and turnover of meso- and
microfauna. The carbon sequestration potential of a forest depends on stand growth rates, the site’s
biological 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 Mavith 90 Mg h& in the plant
biomass and 85 Mg Han the soil and litter layer. The average carbon content of forests in the eastern
half of the U.S. was 179 Mg Haincluding 81 in the forest biomass, 9 Md'ha the litter layer, and 89
Mg ha' 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'MfjGin tree
biomass, 30 Mg hain the forest floor, and 130 Mg fhén the soil, for a total of 294 Mg HgJohnson 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.

Within the eastern and central hardwood regions, thousands of acres have been surface-mined for
coal. Coal mining and the use of the mined coal for power generation are major sources of CO
emissions. In addition to coal combustion, surface mining for coal contributes furthey émn®Sions
because it totally removes the forest vegetation. Some forest biomass is harvested, but most 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 theried 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 pre-SMCRA forest sites across seven states, each with an average size of 2.5 ha of
contiguous forest cover, were located on mined lands in the midwestern and eastern coal fields of the U.S.
(Figure 1). The study sites were chosen to represent a cross-section of stand age and site conditions. 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). All sites were planted with trees produced in local nurseries.
Natural soils included Inceptisols, Ultisols, and Alfisols. Mined sites were classified as Udorthents.
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Figurel. General location of study sitesin the Midwestern and Appalachian coalfields.

Within each similar geographic region (e.g., southern lllinois), reference native forest sites were
located and measured. These non-mined sites represented land conditions similar to those present on
mined sites before they were disturbed. The undisturbed reference sites were located within 2 km of the
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.

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 of each forest site (Figure 2). 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 microtopography was taken into account. All subsequent sampling was based from
intersections of the grid. Field data collection took place between May and August 1999, with the
exception of two sites, which were measured in August 1998.



Tablel. Description of study sites, including dominant canopy species and stand
age at time of measurement.

State Site History Canopy Type Stand Age

IL-C Natural Scarlet oak/red maple 43t
lllinois IL-1 Mined White oak/tulip poplar 54
IL-2 Mined Cottonwood 43

IN-C Natural Oakl/tulip poplar 40t
Indiana IN-1 Mined Pitch pine 55
IN-2 Mined Pitch pine/hardwoods 50

KY-C  Natural Oakl/tulip poplar 52t
KY-1 Mined Mixed hardwoods 35
Kentucky KY-2 Mined Mixed hardwoods 35
KY-3 Mined White pine/loblolly pine 40
KY-4 Mined Loblally pine 33

OH-C  Natural Oakl/tulip poplar 59t
Ohio OH-1 Mined Mixed hardwoods 50
OH-2 Mined Mixed hardwoods 50

WV-C1 Natural Oakl/tulip poplar 62t
o WV-1 Mined White pine 38

West Virginia WV-C2 Natural Oakl/tulip poplar 60t
WV-2 Mined White pine 28

. PA-C Natural Oak/tulip poplar/cherry 62t
Pennsylvania PA-1 Mined White pine/Scots pine 40

o VA-C  Natural Oakl/tulip poplar 72t
Virginia VA-1 Mined White pine 20

T Represent average age of trees measured on non-mined reference sites.
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Figure2. Typical sitelayout and plot diagram used at each study site.



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 20 x 20-m grid intersections (Fig. 2). Treesin the main canopy greater
than 13.0 cm in diameter were tallied within a404 n? circular plot. A merchantable stem height to a 10-
cm top was measured on trees between 13 and 25 cm in diameter. Trees with diameters 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).

M erchantable stem volumes were converted to total forest volume (m*ha™) using ratios reported for
softwoods and hardwoodsin U.S. forest regions (Birdsey, 1992). Total forest volume includes
merchantabl e stems, tops, branches, rotten trees, small trees (< 5.0 in dbh), snags, stumps, roots and bark.
Total forest volumes were converted to kilograms of carbon with a conversion factor for different

regiona species groups (Birdsey, 1992). 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 amountsto 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 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 geogenic carbon in coal. Litter layer estimates were generated from four
0.25 m? random samples at each measurement plot and bulked to form a1 m? 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'). Results from t-tests termed “different” in this paper have a significance levelD.1.

RESULTSAND DISCUSSION
Total Carbon

Total carbon sequestered on natural reference sites ranged from 220 to 365 ighhan
average of 285 Mg Fa(Table 2). Total carbon sequestered on mined sites ranged from 107 to 322 Mg
ha'. The average across all mined sites was 217 Mg Nst 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% and 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 between
2% and 15% on mined sites. Soil carbon on natural sites varied between 19% and 30% of the total; on
mined sites the range was 12% to 41%.



Table 2. Carbon sequestered by ecosystem component on mined and non-mined sitesin the
midwestern and eastern coalfields.

Litter Layer Total Carbon
Site Tree Carbon Carbon Soil Carbon Sequestered
Mg ha*

Natural Sites:
IL-C 250 (68) T 7(2) 108 (30) 365
IN-C 227 (74) 5(2) 74 (24) 306
KY-C 142 (65) 11 (5) 66 (30) 220
OH-C 158 (72) 9(4) 53 (24) 220
PA-C 174 (73) 13 (5) 49 (21) 237
VA-C 270 (77) 15 (4) 66 (19) 352
WV-C1 206 (71) 10(3) 73 (25) 289
WV-C2 198 (69) 8(3) 81 (28) 287
Average 203 (71) 10 (4) 71% (25) 285%
Mined Sites:
IL-1 265 (83) 72 48 (15) 320
IL-2 272 (84) 8 (2 42 (13) 322
IN-1 143 (73) 21 (11) 32 (16) 195
IN-2 103 (59) 13(7) 58 (33) 174
KY-1 126 (66) 8(4) 57 (30) 191
KY-2 164 (77) 4(2) 44 (21) 212
KY-3 186 (75) 7(3) 55 (22) 249
KY-4 190 (76) 23 (9) 39 (16) 251
OH-1 192 (73) 4(2) 67 (25) 263
OH-2 221 (83) 5(2) 39 (15) 265
WV-1 87 (72) 18 (15) 16 (13) 121
WV-2 161 (70) 20 (9) 48 (21) 229
PA-1 106 (75) 19 (13) 17 (12 142
VA-1 47 (44) 16 (15) 44 (41) 107
Average 162 (75) 12 (6) 43% (20) 217%

T Numbers in parentheses indicate carbon distribution as a percent of the site total.
T Natural and mined averages are statistically differemt<a®.10.

Tree Carbon

Carbon present within the devel oping 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' (Table2). Mined-site tree carbon ranged from 47 to 272 Mg ha*. 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'* for our natural sites and 162 Mg ha™ for mined sites. Carbon
associated with tree biomass of hardwood forests in Indiana were measured by Kaczmarek et a. (1995).
Carbon pools ranged from 61 to 117 Mg ha. Our estimates for both natural and mined hardwood sitesin
Indiana, Illinois, and western Kentucky were higher than these estimates (188 Mg ha). 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* carbon in the tree biomass of a 35-
year-old loblolly pine site in South Carolina. Within our study, sitesKY -3 and KY -4 both contained
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loblolly pine. They had 186 and 190 Mg ha of carbon in total woody plant biomass at ages 40 and 33,
respectively. Pine sitesin the Appaachian region (WV-1, WV-2, PA-1, VA-1) were dominated by white
pine, averaging 100 Mg ha. These pine sites compared favorably with carbon estimates for mixed pine
and hardwood canopies on southern and western aspects in North Carolina (V ose 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. 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 (Figure 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 val uable species, were planted on an ideal
spacing, and had the potential to develop greater amounts of tree carbon per unit area than understocked,
high-graded forests commonly found in the eastern U.S.
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Figure 3. Total carbon sequestered on mined study sites separated into forest system components.

Litter Layer Carbon

Natural-site litter layer carbon pools ranged from 5 to 15 Mg ha* (Table 2). Litter layer carbon
pools on mined sites ranged from 4 to 23 Mg ha. Litter layer carbon estimates also compared favorably
with other investigations. Overall, our litter layer carbon estimates from natural sites averaged 10 Mg ha*
and those from mined sites averaged 12 Mg ha™. Litter layer carbon pools from other studiesin the
eastern U.S. ranged from 4 to 14.4 Mg ha* depending on age and forest species composition (Hoover et
a., 2000; Kaczmarek, 1995; Van Lear et ., 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') were significantly lower than litter
layer carbon pools under pine sites (8 Mg ha). On a 35-year-old loblolly pine site in the piedmont of
South Caroling, litter layer carbon averaged 32.8 Mg ha* (Richter et al., 1995). Our 33-year-old loblolly
pine mined site in western Kentucky (K'Y -4) averaged 23 Mg ha™.

The carbon content of litter layers under our natural hardwood sites averaged 10 Mg ha, compared
to 6 Mg ha'for litter under hardwoods on mined sites. Carbon content of litter layers under pine canopies
were significantly greater, averaging 17 Mg ha’. Litter decomposition rates differ with litter type, aresult
of variation of litter quality, litter chemical composition, availability of nutrients from other site
resources, and climatic factors (Vogt et a., 1986).



Mined site litter layers a so appeared to be approaching a steady state relative to carbon
accumulation. Van Lear et al. (1995) found that pine litter layersin the southeast tend to reach a steady
state 15 to 20 years after adisturbance such aslogging. Yanai et al. (2000) found that litter layersin
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 conditionsfor litter layer redevel opment are similar for mined sites, then the
majority of sitesin this study should have approached, or will be approaching, equilibrium.

Soil Carbon

Natural site soil carbon ranged from 49 to 108 Mg ha* (Table 2). The amount of carbon in the
mine soils ranged from 16 to 67 Mg ha'. 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* within 1 m for dry and moist warm temperate forests, respectively.
Researchersin the eastern U.S. reported carbon levels for depths from 0.5 m to bedrock ranging between
36 and 130 Mg ha* (Hoover et al., 2000; Johnson et al., 1995; Kaczmarek, 1995). Our natural sites
averaged 71 Mg ha* and mined sites averaged 43Mg ha* (Table 2).

Sail carbon levels of mined study sites were 39% lower than natural site estimates; however, the
mined site average carbon was comparable to that of a degraded natural pine site on the Piedmont of
South Carolina (Van Lear et al., 1995) that had 37.2 Mg ha* carbon within 1 m. Prior to pine
establishment, poor farming practices severely eroded this site, resulting in loss of the surface horizons.
Mined sail 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'of soil
carbon; 50-year-old sites contained 54.9 Mg ha. Sites approximately 30 years old in our study contained
47 Mg ha, while 50-year-old mined sites contained an average of 55 Mg ha™.

For both the 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. Soil carbon made up 25% of the total
on natural sites and only 20% on the mined sites. After mining, the mined study sites were left devoid of
soil organic matter and carbon. Soil carbon levels of even the most productive and oldest mined sites had
not reached the average soil carbon level of measured natura sites (Table 2, Fig. 3).

Aswith natura forest communities, carbon sequestration on reforested mined sitesis a function of
age. Thisrelationship isshown in Figure 4, in which total carbon of mined sites was plotted as a function
of increasing forest age. Projection of the regression line shows that the average mined site carbon
content will approach the natural stand average near age 70. Thisisroughly the average rotation length
for commercially-valuable Appalachian hardwoods. Therefore, by age 70, under average site conditions,
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, we expect further incorporation of organic matter into the soil of these mined
sites. Evidence from the literature suggests that 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 a., 1981; Pedersen et al., 1978; Cumminset al., 1965). If
thisisthe case, then mine soil pedogenic carbon estimates are actually lower than projected, and
replenishment of soil carbon levels may take longer than indicated.
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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 along-term sink for atmospheric carbon.
Land that has been mined for coal contributes to atmospheric carbon vialand use change and by
producing a carbon-based fuel. Considering that very little organic carbon is present on arecently
reclaimed mined site, thereis great potential for sequestering carbon by restoring the forest at alevel of
productivity equal to or greater than that present before mining.

This study showed that restored forest ecosystems have the potentia to build carbon pools that will
eventually approximate natural forest levels. Thisis especialy the case for carbon levelsin trees and
litter layers. Average carbon pools of these two components were similar to natural sitesin 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 buriesit at the bottom of the previous cut. Reincorporating organic matter
into the soil requires establishment of abiological community, including plants for primary production
and soil fauna and florato 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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