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Introduction  
 
The need to reduce the Nation’s dependence on foreign oil 
as a source of energy has been elevated in recent years as a 
national priority.  To achieve this vision, efforts have 
focused on developing a broader portfolio of energy 
sources for domestic use.  Renewable energy will play an 
important role in diversification, and considerable 
investment has been directed to advancing the commercial 
feasibility of these technologies.  Current legislation, The 
2007 Energy Independence and Security Act (EISA), 
provides direct guidance for alternative liquid 
transportation fuels by mandating production of 36 billion 
gallons per year of biofuels by 2022.  This goal includes 
21 billion gallons of advance fuels derived from cellulosic 
biomass such as perennial grasses and woody resources, 
as well as residue from current industrial operations.  The 
2010 United States Department of Agriculture Biofuels 
Strategic Production Report estimates that the southern 
region will produce almost fifty percent of the supply of 
advanced biofuels, reflecting the suitability of this region 
for cellulosic biomass production. 
 
The deployment of a cellulosic biofuels industry in the 
South requires the reliable supply of large volumes of 
lignocellulosic biomass at competitive prices that are 
produced using sustainable management practices.  As 
noted, the region offers many potential options for 
feedstock including annual and perennial herbaceous 
crops and short rotation woody crops.  One unique 
solution, however, is loblolly pine (Pinus taeda L.).  
Today there are approximately 45 million acres, or 22 
percent of the timberland (Smith et al. 2009), of planted pine stands in the South.  Of these stands, 
30 million acres are loblolly-shortleaf pine.  The photos5 on the right show representative loblolly 
pine plantations with different stand densities (top and middle), and a stand after thinning 
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(bottom).  Grown primarily for pulpwood and other conventional forest products, the current 
resource is the result of decades of research and leading-edge innovations in pine planting stock 
development and plantation management.  Because of its general cultural acceptance and 
extensive management knowledge, high yields, and favorable production economics, loblolly pine 
is also a key candidate feedstock for renewable fuels and energy. 
 
The Sun Grant Initiative and the Department of Energy’s Bioenergy Technologies Office formed 
the Regional Biomass Feedstock Partnership6 in 2009 to define the current state of the science of 
biomass feedstock production, and establish the baseline for yield potential of major biomass 
sources.  Short rotation hardwood crops are an important component of that work, involving a 
national network of trials to accurately assess productivity of improved varieties of hybrid poplar 
and willow.  The data generated by the partnership are the foundation of interactive yield maps 
that provide insight into future yield potential for these two woody crop species (see report on 
poplar by Berguson et al. 2013; on willow by Volk et al. 2013).  Although loblolly pine is not a 
trial species within the scope of the Partnership, a yield map was developed as part of this project 
because of its anticipated contribution as a biomass feedstock in the southern region. 
 
Extensive studies on the impact of planting density and management practices on growth and 
yield of loblolly pine have been conducted; however, information is still needed to more 
completely understand the factors impacting biomass yield across the entire management range.  
As part of the Regional Feedstock Partnership’s program, interactive maps based on current best 
management practices and regional climatic, soil and land use conditions have been created.  This 
report provides a background for loblolly pine yield summarizes the assumptions made in 
producing the map, and discusses the data used for calibration and validation of pine yield. 
 
 
Background 
 
Planted southern pines are an important commercial forest crop in the South, accounting for about 
80% of all trees planted and contributing nearly half of the industrial wood supply (Smith et al. 
2009).  Loblolly pine is the most important and widely cultivated southern pine species because it 
grows rapidly over a wide range of sites. Loblolly responds well to management inputs and is the 
best choice on good sites with better-drained soils where hardwood competition is a problem (US 
DOE 2011).   
 
In the 2010 Resource Planning Act (RPA) assessment, investments in plantations are expected to 
partially offset timberland declines. Under RPA scenarios with the highest timber demand, 
planted pine areas in the Southern Region are projected to expand by more than 70 percent in the 
next 50 years (USDA Forest Service 2012). By 2060 projected planted pine area ranges from 47 
to 67 million acres, depending on future land use and market projections (USDA Forest Service 
2012) (Figure 1.).  Loblolly pine is also considered to be one of the most productive species for 
supplying biomass as a feedstock for alternative fuels (Gonzalez et al. 2009). 
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Production and Silviculture7 
Southern pine productivity has increased 6 fold in the past 7 decades as the transition from natural 
stands to intensively managed pine plantations for fiber production has evolved. Southern pine 
management is one of the major success stories in plantation forestry (Fox et al. 2007). Loblolly 
pine seedlings are usually grown in tree nurseries from genetically improved seed stock for higher 
yield and disease resistance. They are then planted as 1-year-old seedlings using improved 
planting techniques on prepared and fertilized sites.   
 
In the past half-century, many improvements have led to highly productive loblolly pine in the 
South (Stanturf et al. 2003; Fox et al. 2007). Improved nursery and field planting practices were 
just the beginning. Careful breeding and selection contributed to improved genetic varieties and 
clones. Competition control, first by mechanical means and now by herbicides, increases yield. 
Site preparation and fertilization, including adding micronutrients, further improve yield. Studies 
continue to show the potential for increased yield through intensive management practices, like 
those used in loblolly pine plantations (Cobb et al. 2008; Martin and Jokela 2004; Roth et al. 
2007; Samuelson et al. 2008; Will et al. 2006).  
 
Yields 
Stanturf and others (2003b) report an average yield of aboveground biomass to be about 4 dry 
tons per acre annually for loblolly pine across the South. A review of yields in the Billion Ton 
Update (DOE 2011) reports non-fertilized research plots average about 3.3-3.8 dry tons per acre 
per year while fertilized plots produce about 3.6-5.2 dry tons per year per year. Research plots 
with site preparation, weed control, and fertilization also yield in the range of 3.6 to 5.2 dry tons 
per acre per year of biomass. Adding higher levels of fertilizers plus irrigation in some cases has 
shown yields to be 5.1 to 7.3 dry tons per acre per year of biomass (DOE 2011).  On the best sites 
at the highest management intensity with the best genotypes, yields are in the 5.4 to 8.5 dry tons 
per acre per year; however, these extremely high yields from the research plots may not be 
economic operational at this time. 
 
Energy Plantations 
Loblolly pine stands in the South are managed currently for pulp and timber at a stand density of 
about 600 seedlings per acre.  These stands are usually thinned after 15 years and then grown to a 
25-year rotation (Gonzalez et al. 2009). This management approach can provide resources for 
bioenergy, primarily in the form of residues from harvesting or the thinning of small, 
unmerchantable trees. For energy plantations, a different management regime would provide 
more feedstock. 
 
One management concept that has been advocated to produce both timber and bioenergy 
products, involves widely spaced rows of trees for timber and tightly spaced rows for bioenergy 
(Gonzalez et al. 2009; Scott and Tiarks 2008). The bioenergy rows would be harvested in 5 to 8 
years and the widely spaced row for lumber production to be harvested at 18 to 22 years. A more 
efficient feedstock production approach is to use dedicated energy plantations. Such plantations 
are likely to be planted at significantly higher densities and managed on much shorter rotations.    
 

                                                            
7 The authors want to acknowledge the use of and refer readers to the Southern Pines section of the U.S. Billion-Ton 
Update ( http://www1.eere.energy.gov/bioenergy/pdfs/billion_ton_update.pdf). This section was written by Lynn Wright. 
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Although much work has been completed in maximizing loblolly pine yields through stand 
density management, more information is needed for optimal stand density and harvest age for 
bioenergy.  At establishment with stand densities of 454 to 670 trees per acre, acceptable growth 
rates continue until about 10 to 15 years (Samuelson et al. 2008). At a density of about 1,200 trees 
per acre, annual increment in growth slows by age 5, but still continues to increase (Roth et al. 
2007). Studies have shown that biomass yield increases with higher planting density in the short 
term such as in 5 years (Burkes et al. 2003; Will et al. 2005; Will et al. 2006).  For longer 
rotations (e.g., 25 years) initial density had little or no effect on biomass yield (Cardoso et al. 
2013).  Shelton (1984) investigated a range of initial planting densities up to 25 years and 
concluded that density had no effect on biomass production in the long term.  Zhao et al. (2012) 
reported on aboveground biomass allocation in pine plantations at age 12, concluding that a more 
intensive management increased stand-level stem, bark, and branch biomass, but did not affect 
foliage biomass. Planting density did significantly affect stand-level aboveground biomass 
accumulation and partitioning up to about 900 trees per acre – more biomass went to the stems as 
planting density increased.  Reports have also suggested that current annual increment is not just 
dependent on tree density as the maximum occurs at different densities across different sites 
(Hennessey 2013).  

 
Recognizing that silvicultural 
practices may afford further 
controls, the production goal for 
pine as a source of biomass is 
then to capture the fastest growth, 
most wood volume, and largest 
tree size in the shortest time. Tree 
size is important as it dictates the 
cost of harvest and processing, 
and influences characteristics that 
impact process behavior (e.g., 
bark to wood ratio, density, etc.). 
  
To realize tangible benefits for 
landowners and maximize yield 
for biomass production, loblolly 
pine must be managed 
accordingly.  Amateis et al. 
(2012) stated that woody crop 
managers must practice optimal 
planting densities in order to get 

the quantity and quality of wood that is desired. Amateis et al. (2012) evaluated establishment 
densities over a 25 year period and found that the amount of merchantable wood is associated 
with and directly linked to management practices, specifically initial planting densities. 
Additional intensive management practices include fertilization, irrigation, weed control, planting 
method, among others.  All are proven methods to increase yield; however, this report focuses on 
the biophysical potential yields of pine with operational intensive management. 
 

Figure 1. Projected future management types (figure 35, U.S. 
Forest Service 2012). 
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Previous studies have focused on loblolly pine due to the strong biomass to bioenergy potential. 
Zhao et al. (2012) and Munsell and Fox (2010) suggested that loblolly pine is the most important 
species in the south because of this traditional and non-traditional (i.e., biofuels and bioproducts) 
use, and its potential for high returns on investment to landowners.  In shorter-term studies, 
intensive management practices have shown a positive increase in total biomass productivity 
(Munsell and Fox 2010; Zhao et al. 2012; Cardoso et al. 2013; Subedi et al. 2012).  This included 
an increase in merchantable stem as well as branches, bark and foliage (Zhao et al. 2012). 
Specifically, previous studies have shown that fertilization and weed control significantly affect 
biomass production (Zhao et al. 2012). There is considerable inconsistency in the literature 
regarding the effect of initial spacing on biomass production, or the yield benefit of intense 
management practices. Additional research is needed to get a better understanding of the effects 
on loblolly pine biomass production.  
 
 
Methods and Procedures  
 
The pine study was a late addition to the Partnership’s research priorities with no field trial 
research implemented. However, in order to include another high-yielding feedstock and to 
include a species that dominates the southern landscape, historical pine data and new biomass 
yield maps were included in the woody crop program.  
 
In late 2013, several Partnership 
researchers, members of Oregon 
State University’s PRISM Climate 
Group, and representative of the Oak 
Ridge National Laboratory, prepared 
a map of the potential yield 
distribution of woody crops across 
the U.S. under long-term, average 
climate conditions. The team 
incorporated estimates of long-term 
yields in the PRISM-EM 
environmental suitability model to 
produce biophysical potential yield 
maps that reflect the knowledge of 
the participating experts and a review 
of the literature. The methods used and results from the model in regards to pine potential, are 
described in this report.  
 
The data used in this report were collected from published reports on loblolly pine productivity on 
sites distributed across the Southeast.  The data is an extrapolation and interpretation of that 
published data.  This effort would benefit greatly from additional data since few studies 
representing the target conditions (10-year rotation and 1,500 trees per acre) were found. As 
discussed above, stand age and planted trees per acre are important to maximizing total above 
ground biomass at the lowest cost.  Mean annual increment, i.e. annual growth, is usually very 
aggressive during the early years of stand establishment and then tapers off over time.  The age 

Figure 2. Annual growth as function of age (Allen 2009). 
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that this occurs is dependent on many factors such as genetics, management treatments, site 
conditions, and weather (see Figure 2).  For this study, a single age of 10 years was chosen, 
primarily to simplify the mapping procedure while capturing the early, high growth for improved 
economics.  The mapping process was further simplified by considering only a single stand 
density, initial trees planted at establishment. Although the literature is not consistent, 1,500 trees 
per acre was selected as the representative bioenergy scenario providing significant biomass 
accumulation within the 10-year rotation. This process is an oversimplification of the growing of 
loblolly pine in intensively managed plantations. More research is needed to better understand the 
interactions of age, stand, management, site and weather for maximizing biomass production 
across the site.  This study does, however, provide a relative yield comparison across the range in 
which loblolly grows in the South.   
 
Geographic and Environmental 
This report included a total of 13 research sites. Latitude and longitude information were not 
reported in several of the selected manuscripts (Shiver and Harrison 2004a; Shiver and Harrison 
2004b). Shiver and Harrison (2004a; 2004b) and Land et al. (2004) were assigned “best guess” 
locations based on the information provided (i.e., east Mississippi, the coastal plain of Georgia 
and Florida). The additional trial locations had latitude and longitude provided in the published 
reports (Amateis et al. 2012; Will et al. 2004; Subedi et al. 2012).  
 
Limiting Factor Approach 
The Prism Model calculates yield by determining the lowest relative yield resulting from the 
following functions: 

 Water Balance/Model 
 Winter Low Temperature Constraint 
 Summer High Temperature Constraint 
 Soil pH 
 Soil Salinity 
 Soil Drainage 

 
The calibration, modeling, and mapping processes are explained in detail by additional papers on 
this website.  
 
Interpretation and Extrapolation  
Of the selected manuscripts, the range of planting densities varied greatly. The density listed by 
Amateis et al. (2012) ranged from 303 to 2,272 trees/acre. Similarly, the range reported by Subedi 
et al. (2012) was 300 to 1800 trees per acre. To reach the desired density of 1,500 trees per acre, 
data was averaged to calculate the selected density rate. For example, data from Land et al. (2004) 
with tree densities of 981 to 2,207 was averaged to reach the target of approximately 1,500 trees 
per acre.  
 
The range of ages was less variable with establishment years ranging from 1983 to 1998.  Most of 
the studies were measured around age 8 to 12. Will et al. (2004) was only at age 4.  Mean annual 
increment (MAI) was utilized to interpolate from reported ages to age 10. Age 10 was selected as 
a harvest age since the mean annual increment “generally flattens” about that age (Figure 2). 
Shiver & Harrison (2004b) was interpolated from age 8 to age 10.  Will et al. (2004) was 
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interpolated from age 4 to age 10. Subedi et al. (2012) was interpolated back from age 12 to age 
10.  Finally, Shiver & Harrison (2004a) was interpolate from age 6 to age 10.   
 
The wide variation in establishment years created uncertainty because over that 15-year period 
new varieties were developed. Yield differences could be due to cultural differences instead of the 
environmental differences that were important to the model yield extrapolation.  All field data 
were put on 2013-year yields by using an annual biomass increase factor of 2%, e.g. each year’s 
biomass measurement was increase by 2% each year until 2013. The correction assumed genetic 
improvements. This factor was determined from the DOE High-Yield Scenario Workshop Series 
Report and selected 2% (U.S. DOE 2010).  The 2% was a conservative estimate as several other 
density studies have used a larger adjustment rate. For example, Munsell and Fox (2010) reported 
a 400% increase within five decades, or roughly 8% yearly, due to new management practices and 
experienced landowners observing site indices, which include soil type, site preparation, 
fertilization and irrigation. With additional data this rate may fluctuate depending on new research 
findings.  
 
Also, the field plot data were reported in various forms such as total above biomass, stem volume 
inside and outside bark, and merchantable volume. For consistency, the volumes were converted 
to merchantable stem volume, and then increased to total above ground biomass. A 20% rate was 
applied to the merchantable stem volume. Heath et al. (2008) suggested a 20% addition for total 
biomass volume (above ground) over stem volume. Total biomass includes stem, bark, top, and 
limbs. Again, this was also a conservative approximation and would depend on individual tree 
size and form. 
 
Biomass Yield Study   
The PRISM-EM environmental suitability model was used to produce the potential yield map for 
pine (Figure 2.). The potential yields range from 0 to 100 percent of the maximum. The long-term 
yields reported in the selected manuscripts, revised to include the improved stock yield correction 
and the total biomass volume, was entered into the model. These yields plus the knowledge of the 
woody crop team formed the potential pine yield map.  
 
Range   
The southeast, with its diverse landscape can host millions of acres of pine and other cellulosic 
feedstocks. The Department of Energy High-Yield Scenario Workshop Series Report (U.S. DOE 
2010) found that loblolly grew well across the southern U.S. on most soil types and different 
levels of moisture. The potential yield map (on this website) provides a better understanding of 
the geographical and environmental range of loblolly pine.  
 
At the top of the southeastern region, (i.e., central Kentucky and Virginia) temperatures drop, 
weather patterns change and there is less biological potential for pine to thrive. In this area of the 
region, potential pine yields drop below 31 percent of maximum yield. At this low production 
potential, landowners will probably not invest in pine. The lack of high yield in this area is 
equivalent to a lack of returns for landowners. This same factor has limited the amount of 
research plots in this area, creating a lack in available yield data to include in the model. To the 
west of the region (i.e., eastern Texas) the lack of water becomes a factor, and the ability of pine 
to survive drops. Pine is less drought tolerant and therefore, not able to prosper past east Texas.  
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The lack of data causes gaps in productivity, and is only indicative of yields across the south and 
into the fringe areas. The areas where pine yields increase and produce upwards of 60 to 100 
percent are Louisiana, Mississippi, southern Alabama, southern Georgia, South Carolina and 
Florida. This range is consistent with the data reported. 
 
Yields  
The map is a biologically accurate representation of potential pine yields based on the available 
data used in the analysis. Areas less than 20% yields were excluded because of the uncertainty 
and amount of the data in those areas. With little or no plot data, it was not feasible to map the 
yield potential in much of the fringes to the southeastern U.S. This omission should not reflect on 
the capability of the model, simply a lack in trial locations and data. These assumptions do not 
imply that loblolly pine will not growth outside the Southeast, but only that there were not 
sufficient data outside this area to accurately map the yields. Pine will probably not be planted in 
the fringe locations because the potential yield is so low. The map extent highlights areas in 
which there are suitable yield observations from cited field trials.  
 
Yields in central Alabama and Georgia have a lower yield range of 41 to 60 percent and lower 
reported yields primarily due to soil issues (i.e., drainage and slope). Yields increase in the “deep” 
South with an 81 to 100 percent range. The dark green represents areas where pine has sufficient 
moisture, productive soils, and warmer temperatures. Pine will biophysically thrive in these areas. 
The Ohio Valley shows the extent of the loblolly pine range, but the low potential yields may 
exclude commercialization in the area. Biological potential is only listed on the map and does not 
consider land use, economics, or other factors.   
 
The yields from the literature, after adjusting for age, genetic improvements, and total biomass 
ranged from 3.2 to 10.2 dry tons as the mean annual increment. The map derived the yields across 
the South from less than 2 dry tons to over 5 dry tons per year.  As expected, the higher yields 
were in the areas that have shown historically to be areas with many acres of planted pine, 
specifically loblolly. Again, as noted before, the areas with less than 2 dry tons per acre per year 
are excluded from the loblolly pine range primarily for the lack of data as the biological potential 
decreases according to the model. Furthermore, as the literature indicates, the highest yields can 
be much higher than the 5 dry tons per acre per year used in bracketing the higher yields on the 
map. 
 
Restrictions and Limitations 
A limitation of this study is the small sample size of the available yield data. Also, there were few 
data at higher density and shorter rotations than the current yield information based on pulpwood 
and sawtimber management. Also, much extrapolation, interpolation, and interpretations were 
required to extract and utilize the data from the various studies. Therefore, this data summary and 
the yield maps should be used with caution and only as a general indicator of both loblolly pine 
yields and range. Hopefully, additional data will be forthcoming in the near future as researchers 
continue to improve biomass yields and range for loblolly pine.  
 
 
Conclusions 
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Results from this study conclude that loblolly pine is a promising and important biomass 
feedstock and could have an important bioenergy role in the Southeastern United States. The 
study used yields from past research and new mapping techniques from the PRISM Climate 
Group to explore the yield gradients across the South and the extent of the loblolly pine range. 
The map indicates that loblolly grows across the Southeast, as known, but does have an extended 
range into the northern and western areas of the South. Yield is affected by the biophysical 
conditions of the soil and climate with higher yields in those areas and a reduction in yields in the 
colder and dryer areas. 
 
The map is based on very little data with much extrapolation and interpolation. The map should 
not be used for assessing absolute yields, but rather to better understand yield and location 
interactions and to provide on general yields and range of loblolly pine. 
 
This study does show the need to the need to develop additional datasets and to conduct imperial 
field research to look at the effects of stand density, harvest age, soils, and climate on yield. 
Studies are also needed to better understand the range of loblolly pine growth outside the “deep” 
South. This continued research would give producers and landowners more information on 
loblolly pine plantation investment and management.  
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