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Abstract: Forest production sustainability is a broad and controversial subject that is frequently argued but rarely 

computed. Especially in the context of private forest ownership the results of erroneous assessment of forest production 

sustainability, such as in the case of woody biomass production for local mill operations, may result in economical losses, 

in lower regional employment rates, and decreased prosperity and competitiveness. We describe in this article a 

simulation-based quantitative approach to sustainability analysis of forest biomass production and utilization in the 

context of new bioenergy mill siting. The analysis is based on the best available forest inventory data and on the most up-

to-date knowledge of natural resource growth and yield dynamics as modelled by various studies available in the 

literature. The data used includes the USDA Forest Service FIA forest survey data as well as an enhanced analysis of data 

indicating locations of Intensive Management Plantations (IMP) at a county level, since such information, while not 

publicly available, has a significant impact on biomass production expectations. Using these data, simulated according to 

the state-of-the-art knowledge of regional growth and yield characteristics, we determine sustainable harvest levels 

(SHLs) for the purpose of siting bioenergy mills for 10- to 20-year production cycles. The simulations are conducted for 

each individual county of Georgia for four radii of procurement areas. The derived county level information on 

sustainable levels of biomass production, which vary for different units of analysis, can be used as a reference for 

effective forest utilization planning and for mill siting. 

Keywords: Intensive management, sustainability, harvest level, mill siting, Mapmaker, OPTIONS, forest inventory and 
analysis. 

1. INTRODUCTION 

 Forest products are important components of industry in 
the southern United States, which has 86.6 million hectares 
of forestland, constituting about 40% of the region’s land 
area, with the Southeast being 60% forested. Around 90% of 
the southern timberlands are private, and about 14% of the 
total southern private timberland is in pine plantations [1,2]. 
The southern region of the USA has produced more timber 
than any other country in recent years [3]. 

 The current projections suggest an increasing demand for 
raw wood and wood products from areas decreasing in 
commercial forests due to fast population growth and 
subsequent urban expansion, urban sprawl and other 
development uses. The rate of urbanization is such that even 
the nation's largest tree planting effort, the Conservation 
Reserve Program (CRP), could not offset acreages of forests 
converted during the same period. Most of the projected net 
reduction is in the Southeast region, especially around fast-
growing areas such as Atlanta, GA-USA [2-8]. 
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 Establishment of a new mill or other industrial facility is 
a complex process, requiring information about availability 
of raw material for its production for a given period of time 
necessary for the amortization of the associated costs. The 
area of the commercial forests within operational distance 
from any given facility location, called a procurement area, 
determines the biomass production capabilities of the natural 
resource located within this area. The maximum biological 
productivity in terms of the biomass volume production per 
year that can be sustained over a long period of time, while 
harvested within this area, is denoted here as the sustainable 
harvest level (SHL), which we consider for the purpose of 
assessing potential mill siting. The SHL is considered only 
within prescribed forest management practices, excluding 
premature harvesting, high grading, deforestation, or other 
mal-practices inconsistent with the Forest Best Management 
Practices (BMP) as defined by the GFC in 1999 [9]. 
Furthermore, the SHL refers to the natural resource’s 
biological capability of biomass production and assumes the 
landowner’s commitment to maintaining commercial forest 
production and willingness to sell the produced woody 
biomass on a free market. In reality, the SHL should be 
corrected for the fact that not all landowners want to 
maintain forests and not all of those who maintain are 
willing to harvest their forests or sell the woody biomass. 
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The study presented here describe the first step in this 
direction and further follow up study are recommended. 

 Past research has demonstrated that current pine 
productivity in the US South can be doubled or even 
quadrupled through application of intensive pine plantation 
management practices [10, 11]. The most important factors 
in intensive pine plantation management practices are 
extensive site preparation, herbicide control against juvenile 
growth competition, and plantation fertilization. Other 
silvicultural treatments may further increase effective growth 
utilization through thinning and wood quality by pruning, 
which may be used in stands managed for solid wood 
products. 

 In the face of urban expansion and environmental 
pressure to reduce the numbers of acres dedicated to 
plantation forestry, the dramatic increase in production of 
intensively managed plantations may well be the solution 
allowing us to maintain sufficient forest biomass supplies to 
meet the growing demand of modern societies. Indeed, some 
projections have indicated that intensive pine plantation 
management could lead to sustainable or even increased 
future wood production despite a decline in the forestland 
base [12-14]. 

 Forest management in the Southern US has been 
intensifying over the past two decades, setting a trend that is 
expected to continue [15]. The forest industry and Timber 
Management Organizations (TIMOs) in the southeast United 
States have been adopting intensive pine plantation practices, 
increasing growth rates and investment returns compared to 
traditional management, which consists only of site 
preparation and planting. Non-industrial private forest 
(NIPF) landowners traditionally have not been applying 
intensive pine plantation practices, but may do so in the 
future if the prices of wood increase by selecting cost-
effective treatments to achieve increased production [16-18]. 
The South is expected to increase the production of forest 
products in the future and to become the main source of 
forest products, including an increasing share of its 
production from the fast-growing intensively managed pine 
plantations [19, 20]. 

 Georgia, located in the southeast portion of the region, 
has the most commercial timberland in the country and ranks 
third in the rate of average annual development. Georgia is 
particularly affected by urbanization, with a projected 
reduction in the forestland base in the future. The 
landowners in Georgia benefit from relatively strong demand 
and attractive prices for pine and hardwood stumpage. This 
is a result of a concentration of forest industry processing 
and manufacturing facilities in the state. With 13 pulp/paper 
mills, Georgia produces more pulp/paper than any other state 
in the nation. Moreover, in addition to the existing 144 
sawmills, 12 plywood/veneer plants, 20 postpole producers, 
5 composite plants, and 12 other types of plants located in 
Georgia [21], with the emerging carbon credits and carbon 
trading in recent years, Georgia has become one of the main 
targets for building new bioenergy and bio-fuel mills 
intended to produce energy and fuels from woody biomass 
so abundant in this forest-rich state. 

 Much consideration is currently given to bioenergy and 
bio-fuel production from just the harvest residue and un-

merchantable thinning biomass that have traditionally been 
extremely inexpensive, but with time it may become evident 
that there may be not enough biomass waste to feed all the 
new plants. Thus, the plants may eventually be forced to use 
other, more expensive parts of the forest biomass, which 
might have negative impact on the plant cost effectiveness. 
Accordingly, there is a need for estimating the levels of 
forest biomass that can be produced at different locations in 
Georgia given the existing forest inventories and their 
biological capabilities that vary throughout the state. 

 The area of IMPs in Georgia, as well as other eastern 
states, cannot be known accurately, because corporate 
information about management specifics in the forest 
products industry is kept confidential and the forest 
management practices applied by a large amount of NIPF 
landowners are inconsistent and uncertain. Based on the 
estimates of former research and surveys [16, 17, 22, 23] and 
knowledge of Georgia’s specific conditions, [24] identified 
that the actual number of intensively managed pine 
plantation areas is most likely at least 30% of all plantation 
acreage in the state of Georgia. To date estimates of IMP 
areas, or the proportion of plantation acres managed as IMP, 
have been available only at regional- or statewide scales. We 
estimated the IMP areas at the higher resolution of the 
county level [25]. On the basis of the higher resolution IMP 
area estimations, the SHLs for each county within four 
different radii of procurement areas were determined, and 
can be used as hypothetical references for mill siting. 

2. DATA 

 The data used in this analysis come from the most recent 
USDA Forest Service FIA Unit permanent sample plot (PSP) 
data for Georgia and its five adjacent states, and have been 
downloaded from the FIA DataMart database 
(http://fia.fs.fed.us/tools-data/). The USDA Forest Service 
FIA Unit collects the data under the new annual forest 
inventory cycles (one cycle per year per state), which began 
in 1998 after the transition from the former periodic 
inventory system (where each state was measured once every 
10 to 20 years) to the current annual forest inventory system. 
Under the current system FIA conducts forest surveys in 
each state annually in cycles measuring 20% of state PSPs 
per year. Thus it takes five cycles to measure all 100% of 
each state’s PSPs, four cycles to measure 80% of the PSPs, 
etc. Since the data need to be cleaned, verified, and checked 
for quality purposes, it takes more than a year to make the 
surveying data from each cycle available to the public. At the 
time of this analysis the following data were available and 
used in this study: Georgia 2003 cycle 4, Alabama 2003 
cycle 4, Florida 1995 cycle 2, North Carolina 2002 cycle 3, 
South Carolina 2001 cycle 3, and Tennessee 2003 cycle 4. 
The FIA data were strengthened with other data, available 
publicly and privately, as described in [26-28]. 

 The sampling design of the FIA plots is a combination of 
systematic and random sampling [29]. About 100 features 
are recorded for each plot, subplot and condition, including 
ownership, forest type, stand age, stand origin, site 
productivity class, site index and site index base age, land 
use class, basal area per area unit, treatment opportunity 
class, expansion factors for area, volume, growth, mortality 
and removals. Over 60 variables are recorded at the tree 
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level. These include species and species groups, current and 
previous dbh, total height, quality class, crown ratio and 
crown class, damage and its reason. FIA inventories are 
commonly designed to meet the specified sampling errors at 
the state level at the 67% confidence level (one standard 
error). The mandated sampling error cannot exceed 3% error 
per 405 thousand hectares of timberland. The target 
sampling error for volume of growing stock on timberland is 
5% (Eastern U.S.) error per 28 million m

3
 (FSH 4809.11). 

3. METHODS 

 Since the FIA plot data was surveyed at different years 
for the six involved states, to avoid the misuse of stand age, a 
new variable called “year of establishment” (yoe) was used. 
It represents the year when a given stand was established. By 
doing this, datasets of six states were set at the same time-
measurement level. A county list was generated in Arcview 
for each centered county within a circle having a radius of 
40, 80, 120, and 160 km. On the basis of the county map, 
datasets were created for simulations for each centered 
county with the four different radii; four procurement areas 
were created for each of the 159 Georgia counties. Each 
procurement area was defined by a circle, with the center 
being in the centroid of the procurement area’s central 
county, and by the circle’s radius of 40, 80, 120 or 160 
kilometers. All and only counties with centroids within the 
given radius were included in the procurement area 
regardless of what proportion of the county was inside the 
circle defined by the procurement area radius. Since the 
largest procurement area radius considered in this study was 
160 km, this means that the woody biomass would be 
transported from up to 160 km linear distance (possibly 
greater road distance) within a total procurement area of up 
to approximately 8 million ha. The smallest considered 
radius was 40 km, which implies up to 40 km of linear 
distance for transportation and only up to about 0.5 million 
ha of the total procurement area. However, in some 
exceptional locations (e.g., on the coast) the procurement 
areas could be substantially smaller due to the fact that the 
circle defined by the given radii would not be completely 
realized. 

 Based on a methodology framework for analysis of 
various management practices and regulatory constraints and 
their impacts on resource and harvesting sustainability [13, 
14, 27] investigated the impact of the rotation age, intensive 
management practices, and harvesting limits on wood 
production, harvesting opportunities, and long-term resource 
sustainability via long-term simulation analysis in a spatially 
explicit estate management simulation software called 
OPTIONS. 

 The main features of OPTIONS include: 

• spatially explicit forest estate modeling capability; 

• forecast for individual polygons; 

• annual processing of data; 

• capability for large database processing; 

• GIS functionality (topology for polygons from up to 
25 optional GIS layers); 

• user defined “confidence” tolerances; 

• connectivity with external GIS systems through links 
to particular basic polygons, 

• combinations of constraints and targets for individual 
spatial layers. 

 The complexity of OPTIONS allowed populating the 
model with inventory data overlaid with spatially explicit 
locations of towns, cities, roads, streams, rivers and other 
features. Subsequent study required adapting appropriate 
yield tables to know and plan silvicultural treatments, 
management regimes and their allocation for GA forests. 
The OPTIONS minimum data requirements are: 

• polygon area, 

• species group, 

• site index, 

• age (or year of establishment). 

 The temporal changes are based on data filled from yield 
tables and growth and yield models. It is also possible 
(desired) to add additional information from forest inventory, 
as: 

• GIS data, 

• silvicultural treatment characteristicss 

• management regimes, 

• regime allocation tables, 

• possible management scenarios. 

 In this study, values of the simulation parameters used in 
OPTIONS were compiled from published and unpublished 
literature and from interviews with experts in the area of 
forest management in the southeastern US. Based on the 
ages and species group, one of the appropriate yield tables 
were used to define expected growth of each stand type. The 
considered yield tables and models included: [30-52]. 

 In this study, five site index classes were defined with six 
broad species groups: natural softwoods (NSOF), 
traditionally managed pine plantations (PSOF), oak-pine 
stands (OAKP), upland hardwoods (UHWD), bottomland 
hardwoods (BHWD), and intensively managed pine 
plantations (IMP). The estimated IMP areas at the higher 
resolution of the county level were used. Appropriate yield 
tables and maturity criteria (the rotation ages) were assigned 
for each site/species group combination. Separate 
management regimes and the management regimes after 
harvesting were also defined for each of the six species 
groups. IMPs were assumed maintaining the current status in 
all plantations through year 2020. Finally, the harvesting 
priority by cut type and species groups was defined. The 
detailed definition and model inputs were described in [13, 
14] and [27]. Based on the ages, heights, and corresponding 
site index values in the FIA database, five site index classes 
(base age 50) were assigned to different stands: 

• very low - VLOW (up to 50 feet at the base age of 50), 

• low - LOW (56-65 feet), 

• medium – MED (66-75 feet), 

• high – HIGH (76-85 feet), 

• very high – VHIG (above 85 feet). 
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 For each class and species group, yield tables with the 
values for the site indices of 50, 60, 70, 80 and 90 feet 
accordingly were assigned with data for ages up to 60 years. 

 Forest maturity criteria were based on arbitrary age by 
species group and site index class. Detailed data come from 
analysis of the study by [16] and other sources including 
personal communications with experts. 

 Simulations were iteratively run to obtain the SHLs by 
the year 2020 for each centered county with the four 
different radii. 

4. RESULTS 

4.1. SHL identification 

 As expected, the outcome of the simulations suggested 
that the SHL would increase proportionally to the area 
defined by the radius increasing from each centered county 
of Georgia (Fig. 1). With a 160-km radius the SHL ranged 
from 30.5 million m

3
 per year

 
for Camden county up to 61.1 

million m
3
 per year for Spalding county. The SHL varied 

from 17.8 to 36.8 million m
3
 per year for centered counties 

with 120-km radii, 10.3 to 19.9 million m
3
 per year for 

centered counties with 80-km radii, and 2.6 to 8.2 million m
3
 

per year for centered counties with 40-km radii (Table 1). 

 The distribution of the SHL showed different patterns for 
centered counties depending on the length of the the radius. 
Within a small area, say a 40-km radius, the high SHL 
regions were mainly concentrated in southeast Georgia, 
especially for the border region of South Carolina. The 
regions along borders of Florida and Alabama also showed 
relatively high SHLs. In general, the southeastern part of 
Georgia provides more fiber resources than other regions in 
Georgia. For each centered county in the region of the 
Atlantic coastal plain, within a small radius, the proportion 
of the area falling onto the Atlantic Ocean is only a small 
part in all acreage of the whole buffered regions. This leads 
to the conclusion that the Atlantic coastal plain region has a 
moderately high SHL (Fig. 2d). With an increasing radius, 
the proportion of Atlantic Ocean took a larger proportion in 
all acreage of whole buffered regions for a given centered 
county. It caused the region of the Atlantic coastal plain to 
have a very low SHL. The larger the radius was, the more 
acreage with a low SHL (Fig. 2a-c). The regions alongside 
boundaries of South Carolina, especially the regions around 
South Augusta, had very high SHLs regardless of the radius 
with respect to a centered county (Fig. 2). 

 

 

 

Fig. (1). The SHLs (million m
3
 per year) for each centered county of Georgia with 160, 120, 80, and 40 km radii. Classified by (a) radius; (b) 

county. 

0

10

20

30

40

50

60

70

R40 R80 R120 R160
Radius

S
H

L

(b)

0

10

20

0

10

20

30

40

50

60

70

R40 R80 R120 R160
Radius

S
H

L

(b)

0

10

20

30

40

50

60

70

1 21 41 61 81 101 121 141 161 181 201 221 241 261 281 301 321
County code

S
H

L

R40 R80 R120 R160

(a)

0

10

20

30

40

50

60

70

1 21 41 61 81 101 121 141 161 181 201 221 241 261 281 301 321
County code

S
H

L

R40 R80 R120 R160

(a)



6    The Open Forest Science Journal, 2011, Volume 4 Cieszewski et al. 

  

Table 1. SHLs (Million m
3
 Per Year) for Each Centered County with 4 Different Radii (km) 

 

Radii Order by Radius Radii Order by Radius 
County 

40 80 120 160 40 80 120 160 
County 

40 80 120 160 40 80 120 160 

Appling 5.6 17.7 28.7 43.3 43 19 107 135 Dade 6.3 15.6 31.3 49 23 60 58 109 

Atkinson 3.9 15.3 28.3 41.4 144 71 113 139 Dawson 5.1 14.1 28.3 52.7 67 108 113 57 

Bacon 4.6 14.7 27.7 44.2 103 91 121 133 De Kalb 6.3 12.5 26.6 39.4 23 149 133 148 

Baker 5.2 13.5 28.8 45.9 62 127 103 127 Decatur 3.8 13.5 30.9 56.8 146 127 65 9 

Baldwin 5.1 15.7 28.7 50.6 67 57 107 93 Dodge 4.2 14.2 29.9 46.7 128 105 86 124 

Banks 4.6 15.6 31.6 51.5 103 60 52 73 Dooly 3.5 13.3 28.8 50.2 152 134 103 98 

Barrow 4.5 14.4 28.7 55.7 109 97 107 17 Dougherty 4.1 12 26 50.7 134 153 139 91 

Bartow 5.1 15.4 33.4 54.5 67 65 28 34 Douglas 4.3 17.4 35.1 57.2 118 23 8 5 

Ben Hill 4.7 15 26.3 49 96 83 136 109 Early 4.9 15.6 29.4 45.7 85 60 95 129 

Berrien 5.1 14.1 27.7 44.1 67 108 121 134 Echols 5 13.7 25.9 37.5 75 119 142 153 

Bibb 4.7 15.1 29.1 51.3 96 78 97 78 Effingham 6.5 15.3 26.8 41.1 17 71 130 142 

Bleckley 4.5 13.9 27.7 51.2 109 115 121 82 Elbert 4.6 15.9 32.5 54.2 103 50 38 37 

Brantley 4.9 13.3 22.6 36.7 85 134 153 155 Emanuel 7.5 16.7 33.4 51.3 5 38 28 78 

Brooks 5.4 13.2 24.4 42.9 51 137 150 137 Evans 5.7 17.3 31.5 45.9 40 27 56 127 

Bryan 5.9 12.3 24.9 38.9 33 151 147 150 Fannin 5.4 15.6 27.2 51.3 51 60 126 78 

Bulloch 7.4 17 30.6 46.3 6 33 74 126 Fayette 5 19 35 58.3 75 4 11 3 

Burke 7.9 18.4 35.9 53.3 3 11 3 48 Floyd 5 16.9 31.7 52 75 37 49 65 

Butts 4.3 12.8 29.8 56.1 118 144 87 15 Forsyth 4.4 13.5 28.3 55 117 127 113 26 

Calhoun 4.1 14.1 31.1 51.2 134 108 62 82 Franklin 5.2 16.3 31.6 51.6 62 45 52 70 

Camden 4 10.3 17.8 30.5 140 158 159 159 Fulton 4.8 14.1 30.9 58.3 91 108 65 3 

Candler 5 19.9 34.9 50.6 75 1 13 93 Gilmer 6.7 16 28.8 48.6 15 47 103 113 

Carroll 6.6 19.3 34.5 60.3 16 3 16 2 Glascock 5.1 17 33 54.2 67 33 34 37 

Catoosa 5.3 16 30.9 49.4 57 47 65 106 Glynn 3.5 10.9 20.4 30.7 152 157 158 158 

Charlton 6.4 12.8 20.6 34.1 19 144 157 157 Gordon 5 17.4 30.9 51.3 75 23 65 78 

Chatham 4.9 10.3 21.9 36.9 85 158 155 154 Grady 5 13.7 23.9 39.9 75 119 151 146 

Chattahoochee 4.3 15.1 32.2 52.8 118 78 42 55 Greene 4.8 15.4 30.7 53 91 65 70 51 

Chattooga 4.9 18 33.9 51.8 85 15 21 66 Gwinnett 4.1 14.4 27.8 54 134 97 119 41 

Cherokee 6.1 13.3 32.3 55.5 30 134 41 21 Habersham 4.7 15.3 30.7 50.7 96 71 70 91 

Clarke 3.9 15.2 32.5 54.7 144 75 38 33 Hall 4.7 14.6 31.1 51 96 92 62 89 

Clay 5.4 15.3 29.6 48.2 51 71 91 117 Hancock 5.8 15.9 30.6 51.2 35 50 74 82 

Clayton 4.5 14.3 32.6 56.8 109 101 36 9 Haralson 7.4 19.4 36.8 55.5 6 2 1 21 

Clinch 6.3 12.3 26.7 40.9 23 151 131 143 Harris 6.2 17.6 35.1 54.4 27 21 8 36 

Cobb 4.6 14.8 34.6 54.9 103 87 14 29 Hart 4.8 15.7 33.9 53.7 91 57 21 44 

Coffee 4.5 15.4 31.2 46.7 109 65 60 124 Heard 8.2 18.6 34.5 55 1 8 16 26 

Colquitt 5.2 14.1 24.5 44.3 62 108 149 132 Henry 5 14.1 31.6 56.7 75 108 52 11 

Columbia 6.9 18.3 34.3 55.3 13 12 18 23 Houston 3.5 14.8 29.6 52.9 152 87 91 52 

Cook 5.5 14.4 27.8 45 47 97 119 131 Irwin 5.4 15.1 26 48.2 51 78 139 117 

Coweta 4.6 15.9 34.6 56.4 103 50 14 14 Jackson 4.3 15.9 30.2 52.6 118 50 81 59 

Crawford 4.3 14.6 30.2 55 118 92 81 26 Jasper 4.5 13.6 27.3 56.7 109 124 125 11 

Crisp 4.3 12.5 26.7 51.2 118 149 131 82 Jeff Davis 4.7 15.8 30.4 47 96 56 78 122 

Jefferson 7.2 18.5 34 55.3 10 9 20 23 Richmond 7.4 18.1 35.7 54.9 6 14 5 29 
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(Table 1) contd….. 

Radii Order by Radius Radii Order by Radius 
County 

40 80 120 160 40 80 120 160 
County 

40 80 120 160 40 80 120 160 

Jenkins 5.5 18.7 35.5 52.9 47 6 7 52 Rockdale 4.1 13.7 30.4 57 134 119 78 7 

Johnson 6.9 17.4 35.1 53.4 13 23 8 47 Schley 2.8 15.2 30.7 52.4 158 75 70 61 

Jones 5.6 14.5 28.1 55.7 43 95 116 17 Screven 8 18.8 33.4 47.6 2 5 28 121 

Lamar 6.2 12.7 33.5 57.1 27 146 26 6 Seminole 5.7 13.2 27.4 40.3 40 137 124 144 

Lanier 3.7 14.6 26.1 41.9 149 92 137 138 Spalding 4.3 12.9 32.2 61.1 118 141 42 1 

Laurens 7.2 15.4 31.9 51.6 10 65 44 70 Stephens 5 15.6 29.4 49.7 75 60 95 102 

Lee 4.3 11.8 26.5 50 118 154 134 101 Stewart 5 15.9 29 49.1 75 50 100 108 

Liberty 4.7 12.7 24.7 40.3 96 146 148 144 Sumter 3.2 13.5 31.2 50.9 156 127 60 90 

Lincoln 5.8 16.7 33.7 55.6 35 38 25 19 Talbot 5.3 14.2 35.6 51.4 57 105 6 76 

Long 5.2 14.2 26 41.4 62 105 139 139 Taliaferro 5.8 17.4 31.4 54.9 35 23 57 29 

Lowndes 6 15.2 25.1 39.7 32 75 146 147 Tattnall 6.4 16 29.5 43.2 19 47 94 136 

Lumpkin 5.1 15.4 28 53.7 67 65 118 44 Taylor 3.2 14.8 33.8 52.5 156 87 24 60 

Macon 7.7 16.7 32.9 54.1 4 38 35 40 Telfair 4.8 15.1 30.6 48.4 91 78 74 114 

Madison 4.7 11.8 21.5 35.4 96 154 156 156 Terrell 4.1 13.4 29 49.3 134 132 100 107 

Marion 2.6 13.6 30.8 51.4 159 124 69 76 Thomas 5.3 11.8 22.4 38.9 57 154 154 150 

McDuffie 3.5 14.3 33.5 51.7 152 101 26 68 Tift 4.2 13.5 27.1 50.5 128 127 128 97 

McIntosh 3.8 14.9 31.7 51.7 146 85 49 68 Toombs 5.3 17.7 31.8 48.7 57 19 47 111 

Meriwether 4.9 16.5 35 53.8 85 43 11 42 Towns 6.2 15.7 29.1 49.6 27 57 97 105 

Miller 4.9 17 29.8 45.3 85 33 87 130 Treutlen 4.3 17.1 33.1 52.1 118 30 33 64 

Mitchell 5.1 14.3 28.8 46.8 67 101 103 123 Troup 6.4 17.8 33.9 51.5 19 18 21 73 

Monroe 4.5 14.4 31.9 55.6 109 97 44 19 Turner 4.2 13.8 26.4 48.4 128 116 135 114 

Montgomery 5.8 18.7 30.1 47.7 35 6 84 120 Twiggs 5 14.8 30.2 53.2 75 87 81 50 

Morgan 4 13.2 29.7 52.3 140 137 89 62 Union 6.1 16.2 28.9 52.8 30 46 102 55 

Murray 5.4 18 31.8 48.7 51 15 47 111 Upson 4.2 16.6 36 54.5 128 42 2 34 

Muscogee 5.1 17.2 34.1 52.2 67 28 19 63 Walker 7.3 15 30.4 47.8 9 83 78 119 

Newton 4.2 12.9 27.2 56.6 128 141 126 13 Walton 4.5 13.6 30 55.9 109 124 85 16 

Oconee 4.1 15.1 31 53.8 134 78 64 42 Ware 4 12.9 23.9 38.3 140 141 151 152 

Oglethorpe 4 14.5 31.3 54.9 140 95 58 29 Warren 6.4 16.4 33.2 55.3 19 44 32 23 

Paulding 4.5 18.3 35.8 56.9 109 12 4 8 Washington 5.6 16.7 31.9 53.3 43 38 44 48 

Peach 3.7 14.3 29.6 51.8 149 101 91 66 Wayne 5.6 13.1 26.1 39.4 43 140 137 148 

Pickens 5.8 13.8 30.5 51.6 35 116 77 70 Webster 3.6 13.7 28.4 50.6 151 119 112 93 

Pierce 4.3 13.4 25.2 41.4 118 132 145 139 Wheeler 4.6 17.6 30.7 49.7 103 21 70 102 

Pike 5.3 17.1 32.5 51.2 57 30 38 82 White 5.5 17.2 28.5 48.3 47 28 111 116 

Polk 7 18.5 33.3 54.2 12 9 31 37 Whitfield 5.5 17.1 31.7 51.2 47 30 49 82 

Pulaski 4.2 13.8 28.1 52.9 128 116 116 52 Wilcox 3.8 12.7 25.9 49.7 146 146 142 102 

Putnam 5.4 14.9 29.7 50.6 51 85 89 93 Wilkes 6.3 18 32.6 53.6 23 15 36 46 

Quitman 5.2 15.4 29.1 50.2 62 65 97 98 Wilkinson 6.5 17 28.6 51.5 17 33 110 73 

Rabun 5.7 15.9 31.6 52.7 40 50 52 57 Worth 4.8 14 25.9 51.1 91 114 142 88 

Randolph 5.9 13.7 27 50.1 33 119 129 100          
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 On the other hand, with large radii, such as 120-km or 
more, the high-SHL regions were mainly concentrated 
around the four major cities of Atlanta, Columbus, Macon, 
and South Augusta (Fig. 2a, b). Within a large radius of 
these centered regions, a high SHL would be maintained by 

year 2020. The main contributors to a high SHL for these 
centered regions were forest resources in Alabama and South 
Carolina close to Georgia and the southeast of Georgia. This 
does not imply that the regions surrounding the major cities 

 

Fig. (2). The distribution of the SHLs (million m
3
 per year) for each centered county of Georgia, with (a) 160-, (b) 120-, (c) 80-, and (d) 40-

km radius (as circles in graphs show). The triangles mark the location of pulp mills. The dark circles represent the location of the major 

cities. 1 - Atlanta, 2 - South Augusta, 3 - Columbus, 4 - Macon, 5 - Albany, and 6 - Savannah. 

(a) (b)

(c) (d)

SHL

SHL SHL

SHL
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of Atlanta, Columbus, and Macon had a high SHL and a 
large amount of forest inventory. 

4.2. Mill Siting 

 By considering the condition of transportation and 
existence of mills, Macon would be a good choice for siting 
a mill under the restrictions of harvested volumes mainly 
coming from Georgia itself. Without this restriction, South 
Augusta would be a good location to place a mill. The 
volumes available for harvest were unevenly distributed in 
the counties surrounding Macon with a 160-km radius (the 
region of Macon with a 160-km radius is the same as that of 
Bibb county with a 160-km radius). This radius covers 109 
counties of which 104 are in Georgia and the remaining 5 
(Barbour, Chambers, Lee, Randolph, and Russell) are in 
Alabama. Throughout the simulation the harvestable 
volumes (i.e. volumes available for harvesting) showed a 
declining trend (Fig. 3a). The harvestable and harvested 
volumes are mainly located in Georgia except for a few 
years (e.g. 2015 and 2016) in which they are evenly 
distributed in Georgia and Alabama (Fig. 3). 

 At the beginning of the simulation (year 2000), the 
counties located to the southeast and north of Macon have 
the highest harvestable volumes in the procurement areas 
surrounding them. The top 10 counties (Jefferson, 
Washington, Worth, Oglethorpe, Walton, Fulton, Emanuel, 
Burke, Hall, and Wilkes) contributed to about 1/4 of the 
harvestable volume in the 104 counties of Georgia (Fig. 4a). 

By 2010 the share of the top 10 counties (Laurens, Burke, 
Emanuel, Appling, Wheeler, Hancock, Coffee, Mitchell, 
Wilcox, Talbot) would make up about 1/3 of the total 
harvestable volume (Fig. 4c). After 2015 all counties within 
a 160-km radius of Macon would have a low level (less than 
1 million m

3
 per year for each county) of harvestable 

volumes (Fig. 4d, e). On the other hand, at the beginning of 
the simulation the major part (64%) of harvestable volumes 
came from the hardwoods (Fig. 4k), which include UHWD, 
BHWD, and one half of the OAKP. By 2010 the major part 
(95%) of harvestable volumes would move to the softwoods 
(Fig. 4h), which include IMP, PSOF, NSOF, and one half of 
the OAKP. By 2020 the harvestable volumes from 
hardwoods (56%) would exceed those from softwoods 
(44%) again (Fig. 4j, o). 

 The distribution of the harvested volumes by counties in 
the Macon procurement area of a 160-km radius showed that 
in aggregate during the first decade the harvested volumes 
would mainly come from the counties located at the 
southeast or north of Macon (Fig. 5a-c). The harvested 
softwoods would mainly come from the counties southeast 
of Macon, e.g. the top 10 counties (Emanuel, Laurens, 
Mitchell, Burke, Oglethorpe, Bulloch, Johnson, Coffee, 
Jefferson, and Dodge) would produce more than 1/2 of the 
total harvests in 2010 (Fig. 5h). The counties north of Macon 
supplied most of the hardwood demand, e.g. the top 10 
counties (Oglethorpe, Jasper, Paulding, Walton, Monroe, 
Jackson, Newton, Douglas, Forsyth, and Troup) would make 
up about 1/2 of the total harvest at 2005 (Fig. 5l). After 2015 

Fig. (3). The harvestable and harvested volumes by states over years for Macon with a 160-km radius. (a) the absolute harvestable volume 

(million m
3
 per year); (b) the percentage harvestable volume; (c) the absolute harvested volume (million m

3
 per year); and (d) the percentage 

harvested volume. 
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in general the harvested volumes would be evenly distributed 
(with a slight variation for a few counties) in counties within 
a 160-km radius of Macon (Fig. 5d, e). The harvests from 
softwoods and hardwoods would be close to each other by 
2020 (Fig. 5j, o). 

5. DISCUSSIONS 

 We describe in this article a simulation-based 
quantitative approach to sustainability analysis of 
commercial forest biomass use in the context of siting new 
bioenergy plants - using non-traditional biomass from 
harvest residues and pre-commercial thinnings - in addition 
to existing traditional pulp and timber processing plants. The 
presented approach is based on the best available forest 
inventory data and on the most up-to-date knowledge of 
natural resource growth and yield dynamics as modeled by 
various studies available in the literature. 

5.1. Bias in Determining SHLs for Each Centered County 

with 4 Different Radii 

5.1.1. Potential Sources of Positive Bias in the SHL 

Determination 

 The predictions of the SHLs for each Georgia county 
procurement area might have some positive bias since the 
assumptions that the timberland base will keep constant and 
all land can be managed and harvested were used in 
simulations, while it is reasonable to expect that there might 

be some decline and constraints on some land uses and 
regions. The bias resulting from this source is likely small 
since most of the current projections show that in the near 
future, timberland areas will remain constant [53] or have 
about a 2% decline [3, 8] in the southeast, while this kind of 
decline has significant regional variation. Due to rapid 
population growth and subsequent urban expansion and 
developed uses, most of the projected net reduction is in the 
Southeast region, especially nearby fast-growing areas such 
as Atlanta [2-6, 8, 21]. For those counties around fast-
growing areas such as Atlanta, the SHLs of the 
corresponding small radii (40 or 80 km) procurement areas 
would be overestimated even if their estimated SHLs are at 
low levels (Fig. 2c, d). With the increase of the radius from 
each central county, the overestimates go down. 

 The possible various regulatory constraints, such as 
mandated streamside management zones and road 
beautifying buffers may contribute to the reduction of the 
commercial land base [17]. This also suggests potential 
overestimates of SHL for each of the procurement areas of 
Georgia. 

5.1.2. Potential Sources of Negative Bias in SHL 

Determination 

 In the future, the South will continue to be counted on for 
timber, and an increasing share will come from relatively 
fast-growing pine plantations [19, 20]. In this study it was 
assumed that the proportions of IMP for all plantations 
would remain constant through 2020. However, with 

 

Fig. (4). The distribution of the volumes available for harvest (million m
3
 per year) by counties for Macon with a 160-km radius. (a-e): Total; 

(f-j): Softwoods; and (k-o): Hardwoods at year 2000, 2005, 2010, 2015, and 2020, respectively. The triangles mark the location of pulp 

mills. 
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management intensification on industrial lands, many 
harvested natural pine, mixed oak-pine, and hardwood stands 
are being artificially regenerated. The reason for considering 
this constant IMP proportion in simulation was for 
simplifying the complex prediction problem. Since even the 
short rotation age of the IMP in a high-site-index stand is 
larger than 20 years, and the goal is to find SHL by year 
2020, which is less than one rotation period, for each 
procurement area with four different radii, the assumption of 
a constant IMP proportion would be reasonable. If the goal is 
to find SHL for a long period of time, say by year 2050, an 
appropriate set of transition rates to IMP should be 
considered in the scenarios (see [13, 14] for the detail). 

 Because the FIA data used base-age-50 site index classes 
that were cut off at 30.2 m (meter), while in reality the high 
productivity site indices in Georgia may exceed 40 m, there 
might be a negative bias in the assessment of the production 
capabilities in Georgia forests by original site index in FIA 
data. To address this problem, timberland area and volume 
were generated by site productivity class, stand age class, 
and species groups by Mapmaker from FIA. Then the unit 
area of volume was calculated. Finally, the site index classes 
were obtained by comparing the calculated unit volume with 
values in the corresponding yield tables. 

5.2. Ecological, Economical and Social Aspects of 
Sustainability and Other Factors Not Considered in this 

Study 

 The study presented here considered only one aspect of 
sustainability related to siting of new bioenergy plants in the 

areas, where other traditional plants might exist but, in 
principle, should not compete for the same biomass sources 
(the harvest residue and pre-commercial thinning residue for 
the new bioenergy and bio-fuel plants versus timber and pulp 
for the traditional existing plants). Furthermore, this study 
used an a priori assumption, that the forest stewardship and 
proper forest management in agreement with the BMP rules 
is the constraint, not a variable, and that if there is a shortage 
of biomass production for a plant to function the plant would 
not be viable for a given location. Given such assumptions, 
this study considered only a relatively short timeframe (long 
for a mill consideration) of 20 years, beyond which the 
conclusions of this study could be reversed. 

 Violating the assumptions of this study, such as maturity 
criteria, and for example premature harvesting of existing 
stands, as well as downgrading forests through improperly 
carried out thinning, could have negative ecological and 
economic impacts on long-term ecosystem changes and 
biomass production capabilities. Furthermore, while building 
new mills initially stimulates the local economy, creating 
new employment and improving the socio-economical 
conditions of the region, if the mill siting is founded on 
overoptimistic and therefore unsustainable harvesting levels, 
building of such mill could have a negative influence on the 
regional economy by driving wood prices higher and putting 
a strain on resource management and local harvesting 
practices. 

 [27] describes analysis of long-term wood production 
sustainability in Georgia at the state scale, while different 
aspects of related studies consider various ecological aspects 
of current forest management practices in the state including: 

 

Fig. (5). The distribution of the harvested volumes (million m
3
 per year) by counties for Macon with a 160-km radius. (a-e): Total; (f-j): 

Softwoods; and (k-o): Hardwoods at year 2000, 2005, 2010, 2015, and 2020, respectively. The triangles mark the location of pulp mills. 
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analysis of green-up and adjacency constraints (e.g., [54]), 
assessment of the impacts of stream management zones and 
road beautifying buffers on forest inventory in Georgia [55, 
56], and impacts of intensive management practices on the 
outcomes of these long-term simulations for Georgia (e.g., 
[24, and 13]. General sensitivity analysis of the considered 
simulations (e.g., [14, 57]) were also conducted. 

 Other factors not considered in this study include such 
issues as biodiversity and impact of climate change on 
sustainability. It would be difficult and likely less than 
fruitful to try to model biodiversity on such short periods of 
prediction time as 20 years, which is the maximum 
reasonable timeframe for planning a mill siting. However, 
for long-term sustainability analysis (e.g., [27]), where the 
assumption of sustainability is considered as perseverance of 
an ecosystem type in eternity, the biodiversity may be an 
important issue. [27] have applied current forest 
management practices synthesized by the existing literature 
to the simulation system with all the observed patterns of 
successions and transitions. They summarized their results in 
several unpublished reports and presentations, but did not 
make any specific biodiversity comparisons from the derived 
data. 

 Another issue that has not been considered is the 
potential climate change impact on the sustainability analysis 
outcomes. Possible venues that can be followed to model the 
climate change impact on sustainability require the 
development of new growth and yield models including 
climate variables as explanatory variables. Conducting 
multiple runs as sensitivity analysis would bring insight into 
the possible deviations dependent on the changes in such 
variables as the mean temperature or precipitation 
distribution. It needs to be noted here, that while expanding 
the simulations to consider sensitivity analysis for climate 
change is quite manageable, development of new growth and 
yield models with additional explanatory climate variables 
for all the southern US species would be a monumental task 
requiring huge resources in terms of both time and financing, 
and therefore is unlikely in the foreseeable future. 

5.3. Future Directions and Related Studies 

 Intensive forest management is rapidly being adopted by 
the forest industry in the southeast United States in efforts to 
increase the normal fiber growth rates. Generally, industry is 
focusing on increasing fiber production on their land 
holdings that are close to paper and strand-board mills. 
Increased production on shorter rotations generates attractive 
returns for forest management investments done also by 
TIMOs. NIPF landowners looking into intensive 
management opportunities generally must attempt to reduce 
costs by selecting cost-effective treatments to achieve 
increased production [16-18]. Further study on this issue is 
to take into account the actual types of forested land 
ownership that cause significant differences in decisions on 
the future management and intensity of management. 

6. CONCLUSION 

 Information derived through computer simulations of 
available forest inventory data can be used as a reference for 
deriving sustainable levels of biomass production for 

planning purposes and for mill placement or siting. For a 
160-km (kilometre) radius the SHLs ranged from 30.5 to 
61.1 million m

3
 per year (million cubic meters) for various 

counties. The distribution of the SHLs showed different 
patterns for different counties and radii. Within a small 
radius, high SHL regions were mainly concentrated in the 
southeast of Georgia. Within a large radius, the high SHL 
regions were mainly concentrated in regions around the 
following four major cities: South Augusta, Macon, 
Columbus, and Atlanta. The region along borders of South 
Carolina, especially the regions around South Augusta, had 
very high SHLs, regardless of the radius, for all counties. 
According to the results of the simulations, Macon and South 
Augusta would be in principle the best locations for siting 
mills. Given that the biomass production sustainability levels 
at the various considered locations may be correlated with 
the number of existing mills, the conclusions presented here 
have large uncertainties associated with them since there 
might already be in existence a relatively large number of 
mills at locations with large biomass supply. Yet, given the 
optimistic assumptions that the bioenergy mills would run on 
harvest residue and pre-commercial thinning recovery 
biomass it would be reasonable to assume that the locations 
with high biomass production will imply high availability of 
harvest residue and pre-commercial thinning biomass for 
bioenergy production even in the presence of existing 
traditional sawmills and pulp mills utilizing the bulk of the 
merchantable harvested wood volume. 
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