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Abstract

Broad scale data from US Forest Inventory and Analysis, current published research, and publicly
available yield data all confirm the remarkable and sustained increases in forest stocks for the southern
pine region over the past several decades. This increase has occurred despite increases in harvested
volume coming from the region. The increase in forest stocks is attributable to increasing management
intensity which leads to substantial increases in yield per area while concurrently reducing rotation
length. To achieve these outcomes requires inputs of fuels, chemicals, and fertilizer, all of which have an
environmental impact. Syntheses of current silvicultural and forest harvesting operations were used as
inputs to generate a Lifecycle Inventory and Assessment for southern pine forests. When compared to
prior studies (Johnson et al. 2005) the competing variables of increasing yield and increasing inputs
balanced out and result in little change in overall footprint for most impact indicators. For example, the
global warming Potential (GWP) impact for southern pine sawlogs is 10.1 kg CO,e/m? or about 1.2% of
the CO.e that is sequestered in the m? of sawlog produced. This GWP is virtually unchanged from 2005
estimates for the region. Harvesting operations dominate in most impact categories except for ozone
depletion, eutrophication, and respiratory effects. In these three categories silvicultural operations have
a larger relative impact, with most of the impact found upstream in the production of fertilizers and
chemicals used to achieve the remarkable gains in forest productivity that have been observed in
inventory data. The inclusion of under-burning in this analysis is also a significant contributor to
respiratory impacts relative to prior studies.

The relationship between yield per hectare, antecedent management inputs and emissions, time,
market strategy, economics, and site quality results in significant variability in per m3estimates of the
LCA of southern pine forest resource inputs to wood product LCA. The relative contribution of each type
of management regime was derived based on multiple data sources to generate a ‘representative
hectare’ (ha) with a ‘representative yield’ as inputs into the silvicultural operations component of the
LCIA. As this representative ha is an amalgamation of many different treatment types, the LCIA results
are applicable as inputs for large scale analyses such as inputs for a southern pine lumber production
LCA. A series of treatment alternatives were generated to assess variability on a per ha basis, which
when combined with yield and rotation length data, generate a more complete picture of the unique
opportunities to both improve productivity and reduce LCA impacts through the application of precision
silvicultural techniques. The underlying data used in this LCA reflect published and publicly available
research on potential yields with silvicultural intervention, but they do not necessarily reflect the
potential for continued improvements that are predicted by regional silvicultural research cooperatives.

Keywords: southeast forestry, southern pine, life cycle assessment, environmental footprint, wood
products, forest carbon
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Introduction

This study was designed to provide input data for estimating the environmental footprint of a cubic
meter (m?3) of harvested softwood sawlogs from the United States (US) South. It synthesizes an array of
data to generate estimates of the yield and emissions associated with timber production for the US
southeast and south central timber producing region, in what is commonly called the southern pine
region. Since the last life cycle assessment (LCA) of southern pine forests (Johnson et al. 2005), there has
been a significant change in land ownership patterns among private landowners and substantial changes
in forestry operations (silviculture) on intensively managed forests of the region. These changes add
complexity to the estimation of “average” or “representative” conditions of the forestry component of
the life cycle of a m® of harvested wood products and contribute to wide variability in results.

There have also been changes to the life cycle reporting requirements to ensure they are consistent with
the requirements of North American Product Category Rules (PCR) for North American Structural and
Architectural Wood Products Part B (UL 2019) and Part A: Life Cycle Assessment Calculations Rules and
Report Requirements (UL 2018) which dictate the requirements of wood product Environmental Product
Declarations (EPD). As regional silvicultural practices are key component of wood EPD, the data
developed for this project are reported consistent with the requirements of the PCR and follow ISO
14040/44 standards (1SO 2006a-c), 1ISO 21930 (I1SO 2017) for conducting LCAs. Taken together these
changes provide a significant advance from the Johnson et al. (2005) LCIA synthesis of southern pine
forests.

Forest Inventory and Analysis (FIA) data reported every decade by the US Forest Service is used to
provide a general description of the timber resources, harvest allocations, and product outputs from the
region. After this overview, descriptions of LCA methods, limitations, and requirements are provided to
establish the scale and scope of the regional analysis. Data development and analysis describe the
literature sources, simulation data, and other background reference materials used to characterize the
‘representative footprint’ and its variability. Results are provided by m? of roundwood at the forest road,
our functional unit for this analysis. Interpretation and discussion of the results are placed in the context
of former studies and current opportunities to use these data for EPD development, and public policy
debates regarding the carbon consequences of regional forest management practices.

Regional Description

Softwood forests in the US South southern pine region are dominated by loblolly pine (Pinus taeda) /
shortleaf pine (Pinus echinate) (82%) and longleaf pine (Pinus palustris) / Slash pine (Pinus elliottii) (18%)
(Oswalt et al. 2019). Eight-five percent of the total forested acres in the south are considered
timberland, with 13% classified as other than timberland® and 2% reserved from harvest (Ibid.).
Southern pine forests are both planted (57%), and naturally regenerated (43%), with large differences in
management inputs, rotation age, and yield (Table 1).

! Forest land that is producing or capable of producing 20 cubic feet per acre or more per year of wood at
culmination of mean annual increment. Timberland excludes reserved forest lands (Oswalt et al. 2019)



Table 1: Southern Pine Forest Characteristics (Calculated from Oswalt et al. 2019).

Softwood Management type (%  Avg. growth (CF/ac) Avg. harvested Avg mortality
timberland of area) (CF/ac) (CF/ac)
Total acres Natural Planted Natural Planted  Natural Planted Natural Planted
Longleaf / 12,984,000 45% 55% 47.8 106.6 13.0 57.5 15.1 8.3
slash pine
Loblolly / 58,978,500 42% 58% 101.2 152.3 25.3 82.3 19.8 7.7

shortleaf pine

Land Ownership and Timber Harvest by State

The southern pine region produces 16% of the world’s softwood lumber as well as being the largest
softwood producing region of the US (Figure 1) ((derived from Oswalt et al. 2019). The region produced
64% of all US softwood logs during the remeasurement period ending in 2006 and 63% of all US
softwood logs between 2006 and 2016 (lbid.). Ninety six percent of the harvest in the US south comes
from private forest lands which represents 69% of US production from private lands. The remaining
harvest from southern pine forests represents 26% of US production from other public (state, local,
county) lands, and 19% from national forests (Ibid.).

US Timberland

PNW Region m Southern Pine Region
m NE Region Rest of United States

Figure 1: Southern Pine Region as a percent of US timberland

Forest land ownership is divided among large industrial, large private (timberland investment companies
(TIMO) and real estate investment trusts (REIT)), and small private landowners, with lesser amounts of
public land ownership by county and local government, and federal interests.



The thirteen states that make up the southern pine region (Table 2) are identified as the southeast (SE)
or southcentral (SC) in the USDA FIA (Oswalt et al. 2019) reporting. For this study we organized the
entire southern region into major physiographic zones that have distinctly different maximum
productivity (Rubilar et al. 2018). These physiographic zones are the Piedmont, Coastal Plain, and Gulf
Coastal Plain.

Table 2 The US south softwood timberlands ranked by area in each state. (extracted from Oswalt et al.
2019)

Sub-region State Timberlands

1,000 acres 1,000 hectares

SE Georgia 24,061 9,737
SC Alabama 23,029 9,320
SC Mississippi 19,179 7,761
SC Arkansas 18,492 7,483
SE North 18,139 7,341
Carolina
SE Florida 15,409 6,236
SE Virginia 15,389 6,228
SC Louisiana 14,707 5,952
SC Texas 14,137 5,721
SC Tennessee 13,407 5,426
SE South 12,756 5,162
Carolina
SC Kentucky 12,246 4,956
SC Oklahoma 7,141 2,890

Harvest volumes per state are ranked in Table 3. Seventy eight percent of all southern pine removals
come from Georgia, Alabama, Mississippi, Louisiana, South Carolina, North Carolina, and Florida which
covers the lower and upper coastal plain and the Piedmont physiographic regions.



Table 3 Forest growth, harvest (removals) and mortality in the US south softwood forests, ranked by
state. (extracted from Oswalt et al 2019)

Softwood growing stock change (1,000 ft3/year)

Sub-region State Net growth Harvest Mortality
SE Georgia 1,418,383 976,070 159,836
SC Alabama 1,333,675 762,656 152,189
SC Mississippi 1,311,603 592,672 118,726
SC Louisiana 765,071 587,347 64,190
SE South Carolina 911,013 557,858 72,070
SE North Carolina 842,987 487,569 120,055
SE Florida 656,478 460,986 96,554
SC Texas 545,759 405,611 130,613
SC Arkansas 757,746 395,912 81,860
SE Virginia 455,818 253,776 79,409
SC Tennessee 140,855 78,187 43,761
SC Oklahoma 97,480 71,604 10,616
SC Kentucky 31,175 17,067 28,049
___softwood growing stock change (1,000m3/year)
SE Georgia 40,164 27,639 4,526
SC Alabama 37,765 21,596 4,310
SC Mississippi 37,140 16,783 3,362
SC Louisiana 21,664 16,632 1,818
SE South Carolina 25,797 15,797 2,041
SE North Carolina 23,871 13,806 3,400
SE Florida 18,589 13,054 2,734
SC Texas 15,454 11,486 3,699
SC Arkansas 21,457 11,211 2,318
SE Virginia 12,907 7,186 2,249
SC Tennessee 3,989 2,214 1,239
SC Oklahoma 2,760 2,028 301
SC Kentucky 883 483 794
Methods

The International Organization for Standardization (ISO) defines LCA as an interconnected multiphase
process consisting of four main elements: Goal and Scope Definition, Life Cycle Inventory (LCl), Life Cycle
Impact Assessment (LCIA), and Interpretation (ISO 2016a, 2016b).

Life Cycle Assessment Goal and Scope Definition

The goal of this work is to update and revise energy and material inputs and outputs associated with the
production of softwood sawlogs grown in the US southern pine region. The results can be used as



upstream inputs for the development of LCAs for all wood products that utilize southern pine logs in
their manufacturing process. Ultimately these LCA results will be used to quantify the environmental
performance of durable wood products for regional, national or North America EPD development. The
scope is limited to the evaluation of the inputs and outputs as defined by the system boundary (Figure
2). Evaluation of landscape level impacts of forest operations and the potential impacts to soil carbon
and biodiversity are outside the scope of this analysis.

System Boundary

The system boundary (Figure 2) includes silvicultural operations such as preparatory prescribed fire (in
the case of longleaf pine), mechanical and/or chemical site preparation, planting (or natural
regeneration), and stand management activities such as chemical brushing, fertilization, and thinning if
applicable. It also includes any harvesting operations that generate sawlog quality material. Harvesting
operations include felling (cutting the trees down), yarding (moving the trees to the landing or
roadside), processing (cutting the trees into lengths suitable for transport), and loading onto the logging
truck ready for shipment. Hauling is not reported in this analysis as distances and equipment types are
specific to wood processing facilities and reported in mill surveys. Inputs include seedlings, fuel, and
electricity to grow seedlings, fuel use for site preparation, management, and harvesting, herbicide,
adjuvant, and fertilizer production and application, and transport of crew and materials for all
operations. Outputs include emissions related to the production of 1 cubic meter (m3) of logs destined
for a durable wood product manufacturing facility, co-products, and waste including forest residues.

System Boundary

!

Inputs Outputs
' Silvicultural Operations '
: | Site Preparation |i
Seedlings : lp : Forest
: : residues
Herbicide :
Planting
—_ i —
. : Emissions
Fertilizer 1 :
Brush Control Co-
Fuels : : products
Electricity ﬂ Sawlogs
i | Fertilization
Thinning
|_| Harvesting Operations | I

Figure 2: System Boundary for the southeast forest resources LCA
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Functional Unit

The results are based on 1 m? of logs loaded on a truck. All input and output data were allocated to the
functional unit of product based on the mass of products and co-products. The allocation is based on
oven-dry weight of the logs.

When trees are harvested, the tops, limbs, damaged and undersized trees are left behind as forest
residues. These residues will either decay in-situ or can be yarded to the landing where they are piled
and left to decay, piled and burned, or removed as a source of bioenergy or other feedstocks. If the
material is removed from the site as a source of pulp fiber or for bioenergy, it becomes a co-product
(economic value) and can be assigned the upstream forestry burdens and subsequent associated
impacts. Burdens associated with these non-sawlog uses were allocated to the non-sawlog and leave the
system boundary. This is most apparent where thinning produced only pulp quality material.

If the material is left to decay in-situ it leaves the system boundary as a forest residue. If the material is
burned to meet fire hazard abatement regulations, or to increase success of regeneration, these impacts
are included in the life cycle and allocated to the harvested wood volume.

Life Cycle Inventory

The key component in an LCA is the life cycle inventory (LCI). The LCl is an objective, data-based process
of quantifying energy and raw material inputs, air emissions, waterborne effluents, solid waste, and
other environmental releases occurring within the system boundary. These data are the quantitative
inputs used to develop the life cycle impact assessment (LCIA).

Life cycle impact assessment

The LCIA phase establishes links between the LCl results and potential environmental impacts. The LCIA
calculates impact indicators for specific emission types (Table 4). These impact indicators provide
general, but quantifiable, indications of potential environmental impacts. Environmental impacts are
determined using the TRACI method (Bare 2011) for this LCIA. Each impact indicator is a measure of an
aspect of a potential impact. This LCIA does not make value judgments about the impact indicators.
Additionally, each impact indicator value is stated in units that are not comparable to each other. Thus,
indicators should not be combined or added. The LCIA results are relative expressions and therefore do
not predict impacts on category endpoints, the exceeding of thresholds, safety margins, or risks.

Table 4 Selected impact category indicators reported in this study

Impact category Unit Impact Method
Ozone depletion kg CFC-11 eq TRACI 2.1 V1.05
Global warming kg CO2 eq TRACI 2.1 V1.05
Smog kg O3 eq TRACI 2.1 V1.05
Acidification kg SO2 eq TRACI 2.1V1.05
Eutrophication kg N eq TRACI 2.1 V1.05
Carcinogenics CTUh TRACI 2.1 V1.05
Non-carcinogenics CTUh TRACI 2.1 V1.05
Respiratory effects kg PM2.5 eq TRACI 2.1V1.05
Ecotoxicity CTUe TRACI 2.1 V1.05
Fossil fuel depletion MJ surplus TRACI 2.1V1.05
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Energy use is based on lower heating values using the Cumulative Energy Demand (CED) calculated from
data published by Ecoinvent and expanded by PRé for energy resources available in the SimaPro
database (v. 9.1.1.1). Characterization factors are given for six impact categories: 1.) Non-renewable,
fossil, 2.) Non-renewable, nuclear, 3.) Non-renewable, biomass, 4.) Renewable, biomass, 5.) Renewable,
wind, solar, geothermal, and 6.) Renewable, water.

Interpretation

As defined by I1SO (2006), the term life cycle interpretation is the phase of the LCA where the findings of
either the LCl or the LCIA, or both, are combined consistent with the defined goal and scope in order to
reach conclusions and recommendations. This phase in the LCA reports the significant issues based on
the results presented in the LCl and LCIA. Additional components evaluate completeness, conduct
sensitivity analysis, and check consistency of the LCI and LCIA results, relative to the conclusions,
limitations, and recommendations.

LCA results in this study are presented that meet the requirements for Environmental Product
Declaration (EPD) information module Al — resource extraction of raw materials and processing for
southern pine forestry operations only. No downstream use or treatment is included in this analysis,
though it can be expected to be used by downstream processes such as lumber manufacture through
whole building LCAs. Secondary data sources, including literature sources, simulations, and prior
datasets were combined with selected interviews of field practitioners to develop this cradle-to-gate
LCA of forestry operations in the southern pine region of the US.

Data Development

Forest yield, rotation age, and management systems were based on a combination of literature sources,
forest simulation data, evaluation of harvest statistics for the southern pine region (Oswalt et al. 2019)
and interviews with forest landowners. No primary data using time motion studies or similar methods
were collected for this project. Productivity data for forest harvesting operations were derived from
data on logging equipment, equipment configurations, and productivity studies for the US south as
reported in Kenney et al. 2014, Kenney 2015, Klepac and Mitchell (2016), and Conrad and Dahlen (2019).

Volume and Yield Calculations

Simulations for managed forests use the publicly available University of Georgia Plantation Management
Research Cooperative (PMRC) growth and yield simulator (pmrc.uga.edu/simulator) to generate average
yields across the geography of the southern pine region. The Underlying data used in this LCA reflect
historic and ongoing research on potential yields with some silvicultural intervention, but they do not
necessarily reflect the temporal potential from continued genetic gain or the application of precision
silvicultural techniques (Cristian Montes (SSP) personal communication, 2020). In essence these
estimates are an under-estimate of yield per area per year (e.g., cubic meters/hectare/year
(m3/ha/year)) for current industrial practice. Ongoing silvicultural improvements mean that southern
pine plantations can reach their maximum potential yield much faster. However, when making
comparisons over a 100 year time horizon, consistent with the decay period used for GWP calculations,
the relative differences should remain the same. Therefore, this tool was judged as an adequate
representation of the relative impact of silvicultural actions per harvested volume of sawlogs as is shown
in the LCA results.

12
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Treatment alternatives were based on average planting densities reported by the Alabama Cooperative
Extension System (2019) landowner survey. Average planting densities considered included: (TPH = trees
per hectare; TPA=trees per acre)

e 1,396 TPH) (565 TPA assuming 5.5’ x 14’ in mechanical row plantings),

e 1,280 TPH (518 TPA assuming 7’ x 12’ spacing in mechanical row plantings),
e 1,515 TPH (613 TPA in the lower coastal plain)

e 1,366 TPH (553 TPA in the Piedmont)

Treatment alternatives included:

e planting with mechanical and/or chemical site preparation
e combinations of thinning and no thinning,
o fertilizer application with nitrogen and phosphorus and no fertilizer application.

Thinning was simulated when the stand mean annual increment (MAI) peaked at which point stands
were thinned down to a target stand density index (SDI) of 157 or approximately 35% of maximum SDI.
Depending on site quality and stand density this occurred between 9 and 14 years. In all cases the
simulation software classified these removals as pulp fiber. Site quality for literature sources was
aggregated into low, medium, and high categories, or not provided. The PMRC simulations used inputs
across a range of site qualities measured by site index (SI). Site index is the average stand height at a
base age. For these simulations the stand height is measured in feet and ranges from 65-105 feet (20 -32
meters) at a base age of 25 years which corresponds to a range from low to high site quality as seen in
the literature sources.

Fertilizer application was implemented after the thinning for each site quality by location by planting
density alternative. Simulations extended out to 35 years, but final harvest was estimated when stands
reach the financial goal of 6% ROI (return on investment) based on the following default simulation
variables:

e seedling cost $90-120/1000;

e planting cost $60-117/acre;

e other establishment costs $S54/acre;
e administrative costs $14/acre;

e thinning costs $150/acre; and

e harvesting costs $150/ton.

Cost variables were based on average estimates from Alabama A&M and Auburn University Forestry
Extension Services 2018 cost survey (Alabama Cooperative Extension System 2019). Using these
parameters the rotation length varied from 19 to 32 years for industrial based operations. Cost
estimates varied consistent with sub-regional differences in common silvicultural treatments. Additional
yield estimates from published research of an aggregate of field trials that explore a range of silvicultural
operations were also included in the pool of viable treatment alternatives for intensively managed
southern pine forests (Zhao et al. 2009 and Mendell et al. 2015).

For naturally regenerated stands with low intensity management, yield estimates were generated using
the University of Georgia natural loblolly pine simulator eYield (http://eyield.sref.info/), data from
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Stanturf et al. 2003, and the USFS southern research center
https://www.srs.fs.usda.gov/pubs/misc/ag_654/volume_1/pinus/palustris.htm. Data on burning
emissions associated with regeneration of longleaf pine were derived from AP-42 emission factors for
southern pine forests (EPA, 1995).

These data sources generated estimated yields per ha ranging from 130 m3/ ha in 47 years for naturally
regenerated stands with no management inputs, to 738 m3/ha in 19 years for high site quality stands
with site preparation, weed control, genetically improved stock, and fertilization (Table 17, Appendix 1).
The vastly different productivities reflect management intensity, species differences, and site qualities.
These yields equate to a range of 2.76 m3/ha/year to 38.85 m3/ha/year.

Stand yield by treatment type and species mix were aggregated by major physiographic region and site
quality (Table 17, Appendix 1) to generate estimates of a weighted average yield for each treatment
type. These data were combined with management inputs from the ‘representative hectare’ to arrive at
a LCIA per m? of sawlogs at a weighted average rotation age.

Management Inputs

Silvicultural Operations

Fuels, seedlings, fertilizers, herbicides, and equipment were used as inputs in the SimaPro life cycle
software (V. 9.1.1.1) (Pre 2020) to generate emission profiles for each silvicultural activity. Each
silvicultural treatment type will produce a unique timber volume at a unique harvest age dependent on
inputs and site characteristics. Rather than produce thousands of potential outcomes, each reflecting
the unique (but non-representative) LCIA result, the silvicultural input data were allocated to the
‘representative hectare’ based on their relative use across the region. Estimates of relative use were
cross referenced between two silviculture survey sources, the Alabama Forestry Extension Service Cost
Data survey (2019) and the 2020 Forest Resources Association survey of forest management practices of
private forest landowners in the US South. This ‘representative ha’ (Figure 3) aggregates and allocates
all data on a per ha basis but due to the variability in management practice represents no single ha
anywhere. As such, it is useful as an input for large scale analyses like assessing the forestry inputs to
southern pine lumber production but has limited utility for assessing trade-offs between treatment
alternatives.

Specific herbicide formulations by treatment type, including application rates, were drawn from mixes
used in Campbell et al. (2013), Zhao et al. (2009), Mendell et al. (2015), landowner interviews, and
material safety datasets for the main active ingredients in the herbicide mixes. Commonly applied
herbicides include formulations of glyphosate, sulfometuron methyl, and hexazinone plus surfactants
recommended by manufacturers to increase product efficacy.
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Figure 3: Silvicultural operations allocation for a ‘representative ha’ of southern pine forests.

Fertilizer application rates were based on data reported in Zhao et al. (2009), Fox et al. (2007), and
landowner interviews. Crew and material transport distances were based on average haul distance for
southern pine lumber as representing the average distance between sites and communities. Planting
operations generally use crews to hand plant seedlings, but in parts of the coastal plain machine
planting occurs on flat, site prepared ground. Machine planting involves a bulldozer or tractor pulling a
trailer with a person planting at set distances along the rows (called row planting) which have usually
been raised to improve drainage.

The LCA functional unit is a m® of sawlogs and each ha can produce vastly different volumes depending
on the site and management inputs. To estimate the representative m*® we allocated yield to treatment
types based on the percent harvest volume by broad category (Table 5) as reported in Oswalt et al.
2019.

Table 5 Harvest volume by species and management intensity

Species Softwood Management type Allocated Hectares by Avg harvested Percent allocation
timberland (% of area) Management type (m3/ha) of total harvested
(Hectares) volume
Total ha Natural Planted Natural Planted Natural = Planted  Natural Planted

Longleaf / 5,254,459 45% 55% 2,364,507 2,889,953 0.91 4.02 1.9% 10.5%

slash pine

Loblolly / = 23,867,847 42% 58% 10,024,496 13,843,351 1.77 5.76 16.0% 71.7%

shortleaf

pine
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Using this method, we derived a weighted average harvest of 413 m3/ha based on the combination of
simulation data inputs and published literature values. There is a wide variation around that weighted
average depending on treatment type (Table 6).

Table 6 Average yield and predicted harvest age by treatment type

Treatment A;:;?‘g: % sawlog age m3/ha/year
plant no herbicide 282 55% 28.6 9.9
plant plus herbicide 457 54% 25.5 17.9
plant, herbicide, thin, fertilize 524 54% 25.1 20.9
plant herbicide thin 533 54% 25.9 20.6
natural 155 55% 47.0 2.8

Emission profiles for silvicultural operations were applied for each treatment scenario to generate an
emission profile per unit of output measured in m* of sawlogs. Treatment scenarios were aggregated
and weighted by their relative percentage across the region to generate an estimated average yield and
average emission profile per ha. The average yield was used to generate estimates of harvest emissions
per m3 of sawlog across the southern pine region. Weighted average silvicultural and harvesting
operations emission profiles were allocated to generate a ‘representative’ impact per short ton of
sawlog quality roundwood. Environmental emissions were allocated between pulp and sawlog volumes
up to their point of harvest. Simulated first thinning yields were 100% pulp material and therefore
emissions for thinning were allocated to pulp and all treatments (e.g. site preparation, planting,
herbicide application etc.) occurring up to that point in time were allocated to the relative percentage of
pulp (45.3%) and sawlogs (54.7%) over the entire rotation.

Harvesting Operations

Results from region wide surveys of logging operations were used to generate broadly applicable inputs
for harvest operations. Kenney et al. (2014), Kenney (2015), Klepac and Mitchell (2016), and Conrad and
Dahlen (2019) were the secondary data sources used to estimate inputs for both thinning and final
harvest operations. Data cover operations in Alabama, Georgia, North Carolina, Florida, Louisiana, and
three in Ohio. Harvesting operations that were included in the analysis are felling, skidding, processing,
and loading. Total system operations varied from 1.89 — 2.38 liters (l)/short ton (st) of fuel for thinning
operations (2.01 I/st average) to 1.51-2.12 |/st (1.82 /st average) of fuel for clearcut operations. There
was also wide variability between operators with some reporting no difference between clearcut and
thinning operations and others reporting up to 25% more fuel consumed for thinning operations. In
addition, harvesting pulpwood requires an additional 7-8% more fuel than harvesting sawlog quality
material.

Results and Discussion

Management, Harvest and Yield Summary

Data from PMRC simulations and literature sources indicate that there is an inverse relationship
between yield, including yield of sawlogs, and age at final harvest (Figure 4). This result reflects the
substantial benefit that accrues from increasing management intensity which allows landowners to fully
capture site resources and direct them towards timber growth while substantially shortening rotations.
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Figure 4 Predicted yield at harvest age — southern pine

Low management intensities that typically include using natural regeneration, no control of competing
vegetation, and reliance on native soil productivity, produce low volume stands that take 40-50 years to
produce merchantable sawlogs assuming adequate stocking. High management intensities can include
one to several chemical treatments to control competing vegetation, planting genetically improved
seedlings at densities that fully capture site resources, thinning to control natural regeneration and
generate the desired product mix for local markets, and the use of fertilizers to enhance soil
productivity. Treatments used in high management intensities are designed to address limitations to
plantation management in the southern pine region. These data are consistent with results in Fox et al.
(2006) which reported a four-fold increase in productivity and a shortening of rotation ages from near
50 years to less than 20 years. They are also supported by more than 534 peer reviewed publications as
synthesized in a 50-year retrospective summary of research on plantation pine in the US South by the
largest silviculture research cooperative in the US (Carter et al. 2020).

The research on yield increases from increasing management intensity has produced tangible results on
lands managed by large industrial REITs and TIMOs. For example, analysis of publicly available inventory
data for REIT operations in the southern pine region show significant yield improvements over the past
15 years (Figure 5). These yield improvements likely reflect increases in management intensity in
concert with refinements to silvicultural techniques such that some sources are identifying the current
era as the age of “precision silviculture”. Though we have made substantial gains in our understanding
of the silvicultural interventions needed to improve yields in the US South, not all agree that we have yet
reached the degree of precision seen in the agricultural sector for our forest stands. This trend has the
potential for even further increases in yields based on a comparative analysis of the US South to the
Southern Cone (Brazil, Uruguay, Argentina, Chile) managed pine forests (Mac Donagh et al. 2019).
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Southern Forestry Research Cooperatives are continuing to focus on silvicultural interventions that
produce more timber volume from the same acreage.

Average SGT /100 years/ac in Southern Pine by Rotation Age with average S|
=72"at 25 yrs
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Figure 5 Yield by harvest age class standardized to 100 year measurement period.

These per acre yield increases explain how, though wood producing acreage has remained relatively
stable since the early 1950’s, production has more than doubled in that time (Figure 6) (Oswalt et al.
2019). This increase in standing inventory, and thus forest carbon stocks, is unique to the US southern
pine region relative to the rest of the US timber producing regions as also shown in Figure 6.

Increasing management intensity improves yield per area and reduces rotation length, but that
improved efficiency comes with additional inputs of fuels, chemicals, and fertilizer, all of which have
an environmental impact. For example, Figure 7 shows the variability in GWP (kg CO,e) per m? of
sawlogs for silvicultural operations across a range of treatment scenarios. The most significant driver of
environmental impact is still from harvesting operations, but it is worthwhile to examine the variability
in silviculture activity impacts because they are the primary driver of yield. The LCIA results for
silvicultural operations explore those impacts in-depth, starting with the overall life cycle impact of
producing 1 m? of southern pine sawlogs.
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Figure 7 — Global Warming Potential (GWP, kg CO.e) variability by treatment type and site quality per
m>. Natural = natural regeneration; CSP, Plant = Chemical Site Preparation and Planting; CSP, Plant, CBW
= adds Chemical Brushing and Weeding to the treatment; CSP, Plant, Thin includes a mid-rotation
commercial thinning operation, and CSP, Plant, Thin, Fertilize includes all prior treatments plus a mid-
rotation fertilizer application.

Life Cycle Impact Assessment

As noted in the section on data development, there is a wide variability in productivity per hectare,
management inputs, and rotation age (time to final harvest). Based on allocations from Figure 3 and
Table 5, the representative LCIA results per m? of southern pine sawlogs are found in Table 7 and the
cumulative energy demand for that same m? of sawlogs are found in Table 9. On average, it takes 137
MJ of energy (Table 9) to produce a representative m? of southern pine sawlogs loaded at the landing
and ready for transportation to the manufacturing facility. To produce those sawlogs 10 kg COze are
emitted, along with other chemical equivalents as shown in Table 7. These results reflect the inputs and
emissions for the production of sawlogs only, as pulp logs leave the system boundary as co-products,
either during commercial thinning or at final harvest. Silvicultural operations inputs and emissions
reflect the estimated 55% yield of sawlogs on a representative hectare, with the remaining 45% of
silvicultural operations allocated to pulp production. In addition to that portion of silvicultural
operations allocable to pulp production, 100% of commercial thinning operations are allocable to pulp
production (Table 11).
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Seventy five percent (75%) of the GWP of a representative m* of sawlog is attributable to harvesting
operations (Figure 8), whereas 84% of ozone depleting emissions (Figure 11, Appendix 1), 58% of
emissions that lead to eutrophication (Figure 12, Appendix 1), and 51% of emissions with potential
respiratory impacts (Figure 13, Appendix 1) are attributable to silvicultural operations.

Taken collectively these data show that impacts are dominated by the combustion of fossil fuels during
harvesting operations. Higher intensity silvicultural operations can have a significant impact on overall
forest productivity (increased yields) while contributing least to most impact categories. Silvicultural
operations contributed 25% to the overall GWP (Table 8), with most of that impact coming from
fertilizer application (21.3%) (Figure 8) with 80% of fertilization impacts (19.7%/24.6%) occurring during
fertilizer production. Nearly half (48%) of ozone depletion comes from fertilizer production, another
17.1% comes from herbicide production, and with the remainder coming from the production of non-
renewable fuels used during silvicultural and harvesting operations (Figure 11, Appendix 1 and Table 8).
Over half the eutrophication potential (51.5%) comes from fertilizer production with the remainder
coming from fuel usage on site (Figure 12, Appendix 1). Respiratory impacts from silvicultural operations
(51% of total) are driven by a combination of emissions from understory burning and fertilizer
application (Figure 13, appendix 1).

Table 7 LCIA result summary for one cubic meter of southern pine sawlog for silvicultural operations and
harvesting operations. Sawlogs represents 55% of the volume per hectare. (Absolute values)

Impact category Unit Silvicultural Harvesting Total
operations operations
per m? of sawlog

Ozone depletion kg CFC-11 eq 1.396E-07 2.699E-08 1.666E-07
Global warming kg CO2 eq 2.479E+00 7.608E+00 1.009E+01
Smog kg O3 eq 1.318E-01 3.279E+00 3.411E+00
Acidification kg SO2 eq 1.050E-02 1.039€E-01 1.144E-01
Eutrophication kg N eq 8.989E-03 6.386E-03 1.537E-02
Carcinogenics CTUh 1.960E-08 1.200E-07 1.396E-07
Non-carcinogenics CTUh 1.189E-07 1.154E-06 1.273E-06
Respiratory effects kg PM2.5 eq 2.207E-03 2.147E-03 4.353E-03
Ecotoxicity CTUe 3.297E+00 2.282E+01 2.612E+01
Fossil fuel depletion  MJ surplus 3.045E+00 1.584E+01 1.889E+01
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Table 8 LCIA result summary for one cubic meter of southern pine sawlog for silvicultural operations and

harvesting operations. Sawlogs represents 55% of the volume per hectare. (Relative values)

Impact category Unit Silvicultural
operations
Ozone depletion kg CFC-11 eq 84%
Global warming kg CO2 eq 25%
Smog kg O3 eq 4%
Acidification kg SO2 eq 9%
Eutrophication kg N eq 58%
Carcinogenics CTUh 14%
Non-carcinogenics CTUh 9%
Respiratory effects kg PM2.5 eq 51%
Ecotoxicity CTUe 13%
Fossil fuel depletion MJ surplus 16%

Harvesting
operations
per m? of sawlog

16%
75%
96%
91%
42%
86%
91%
49%
87%
84%

Total

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

Energy use was dominated by non-renewable fuels used during final harvest of the merchantable sawlog

(83%) (Tables 9 and 10). Silvicultural operations were the primary contributor to all other fuel uses

mainly due to the production of fertilizers and herbicides and the use of electricity during greenhouse

operations.

Table 9 Cumulative Energy Demand one cubic meter of southern pine sawlog for silvicultural operations
and harvesting operations. Sawlog represents 55% of the volume per hectare. (Absolute basis)

Impact category Uni Silvicultural

t operations
Non-renewable, fossil MJ 22.77
Non-renewable, nuclear MJ 0.9011
Non-renewable, biomass MJ 0.0019
Total non-renewable fuels, used for energy (1] 23.67
Renewable, biomass MJ 0.1041
Renewable, wind, solar, geothermal MJ 0.0226
Renewable, water MJ 0.0706
Total renewable fuels, used for energy M) 0.1973

Harvesting
operations

112.97
0.1217
0.0000
113.09
0.0031
0.0042
0.0108
0.0181

Total

135.74
1.0228
0.0019
136.76
0.1071
0.0268
0.0814
0.2153
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Table 10 Cumulative Energy Demand for silvicultural operations and harvesting operations to produce
one cubic meter of southern pine sawlogs. Sawlog represents 55% of the volume per hectare. (Relative
basis)

Impact category Unit Silvicultural Harvesting Total
operations operations

Non renewable, MJ 17% 83% 100%

fossil

Non-renewable, MJ 88% 12% 100%

nuclear

Non-renewable, M) 100% 0% 100%

biomass

Renewable, MJ 97% 3% 100%

biomass

Renewable, wind, MJ 84% 16% 100%

solar, geothermal

Renewable, water MJ 87% 13% 100%

Table 11 Commercial thinning operations per hectare with 100% allocated to pulp

Impact category Unit Total
Unit/m3

Ozone depletion kg CFC-11 eq 9.16E-09
Global warming kg CO2 eq 5.02
Smog kg O3 eq 2.14
Acidification kg SO2 eq 0.0659
Eutrophication kg N eq 0.0051
Carcinogenics CTUh 8.33E-08
Non carcinogenics CTUh 8.19E-07
Respiratory effects kg PM2.5 eq 0.0013
Ecotoxicity CTUe 20.96
Fossil fuel depletion MJ surplus 9.67
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Variability and Uncertainty

The Southern pine region includes a wide range of silvicultural treatments that collectively make up a
variety of management strategies. This variability is driven by site parameters such as inherent site
quality and operability constraints, plus management intensity choices and market strategies that are
used by large industrial landowners who provide a substantial amount of fiber to the southern pine
markets. Incorporating market dynamics and rotation age into the analysis results in a counter-intuitive
outcome that the longer rotations produce less volume than the shorter rotations (Figure 4). This
outcome arises because it takes longer to produce sawtimber quality products on lower site quality land
regardless of management inputs, and there is a higher percentage of pulp quality material on low site
quality lands. Normalizing all data to a common time interval of 100 years (Figure 9) clearly shows that
site quality has a bigger impact on yield than differences in treatment scenario (no thin, thin, thin plus
fertilize). Over multiple rotations this effect is compounded because increasing management intensity
typically reduces rotation age. Overall, there is 70-75% increase in average yield between the lowest and
highest site indices analyzed (65 versus 105) over the 100 year assessment period. Increasing
management intensity through thinning and fertilization is estimated to increase yields an average of
24% for the lowest site quality evaluated (SI = 65), but only an average of 11% for the highest site quality
evaluated (SI = 105).

Yield per 100 years by Sl and treatment scenario
Loblolly Pine Lower coastal plain and Piedmont
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Figure 9 Sawlog yield (converted from short green tons (SGT) to m® at 1.12 m3/SGT) by site index (65-105
feet at 25 years) for no thin, thinning, and thinning plus fertilization silvicultural treatment scenarios
generated using PMRC software. To account for rotation age, all simulation outputs were normalized to
100 years by multiplying total yield per rotation times the number of rotations per 100 years for each
scenario.
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However additional expenses and emissions are associated with increasing management intensity. To
understand how significant these additional inputs are to the overall environmental performance of
southern pine forestry, simulated and published data on forest productivity by treatment type were
aggregated into five different categories to assess variability between these dominant silvicultural
treatment scenarios. The five scenarios assessed were:

plant only

natural regeneration with fire as a site preparation tool

chemical site preparation, planting, chemical brushing, thinning and mid-rotation fertilization
chemical site preparation, planting, chemical brushing, and thinning

chemical site preparation, planting, and chemical brushing.

ik wnN e

The per m3/year impacts by treatment type (Table 12) with 100% allocation to sawlog production are
calculated by dividing sawlog yield by rotation age. There are higher impacts for the most intensive
treatment (#3) in all categories except for respiratory effects. These higher impacts for higher
management intensities are largely driven by the emissions associated with fertilizer production (Figure
8, Figure 11, Appendix 1, Figure 12, Appendix 1, and Figure 13, Appendix 1). Natural regeneration with
site preparation through under-burning is second highest in global warming, smog, and acidification and
contributes the most to respiratory effects impact category over all other treatment scenarios (Figure
13, Appendix 1). The under-burning estimates have the greatest uncertainty associated with them as the
amount of combustible material consumed in under-burns varies widely and data quality on emissions is
generalized for the SE region (AP-42, 1995).

Table 12 LCIA result summary for southern pine sawlogs under five treatment scenarios reported on a
per cubic meter/ha/year basis. Sawlogs represents 100% of the volume per hectare. (absolute values)

2. Natural 3. Site prep, 4. Site prep, 5. Site prep,
Impact 1. Plant only regen (with L S plant,
category N herbicide, thin, herbicide and herbicide
fertilize thin
Per m3 of sawlog
Ozone kg CFC-11 eq 1.786E-11 0.000E+00 1.186E-08 2.336E-09 2.819E-09
depletion
Global kg CO2 eq 1.216E-02 8.306E-02 2.256E-01 1.576E-02 1.901E-02
warming
Smog kg O3 eq 3.024E-03 7.883E-03 1.043E-02 2.369E-03 2.858E-03
Acidification kg SO2 eq 1.223E-04 2.226E-04 9.108E-04 1.239E-04 1.494E-04
Eutrophication | kg N eq 8.425E-06 1.408E-05 8.298E-04 5.760E-05 6.950E-05
Carcinogenics CTUh 1.452E-10 0.000E+00 1.651E-09 3.268E-10 3.943E-10
Non CTUh 1.526E-09 0.000E+00 9.598E-09 2.484E-09 2.997E-09
carcinogenics
Respiratory kg PM2.5 eq 3.452E-06 3.499E-03 9.052E-05 8.520E-06 1.028E-05
effects
Ecotoxicity CTUe 5.099E-02 0.000E+00 2.491E-01 9.249E-02 1.116E-01
Fossil fuel MJ surplus 1.606E-02 0.000E+00 2.736E-01 2.798E-02 3.376E-02
depletion
Average 28.6 47 25.1 25.9 25
Rotation Age
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Uncertainty analyses of silvicultural operation impacts per m? and per m3/year are shown in Table 13.

On a percentage basis, the largest relative confidence intervals are for GWP and eutrophication and the

smallest relative confidence intervals are for ecotoxicity, but absolute differences between treatments
are small. Silvicultural impacts are 100% allocated to sawlogs (Table 13) and 55% using the weighted

allocation for GWP only (Table 14).

Table 13 Average, upper, and lower confidence intervals for LCIA impact categories reported on a per m*

and per m>/year basis for 74 silvicultural pathways (Table 17, Appendix 1) used to generate the
representative acre. Unallocated (100% to sawlog) for silvicultural operations.

Impact Category

Ozone depletion

Global warming Potential
Smog

Acidification
Eutrophication
Carcinogenics

Non carcinogenics
Respiratory effects
Ecotoxicity

fossil fuel depletion.

Ozone depletion

Global warming Potential
Smog

Acidification
Eutrophication
Carcinogenics

Non carcinogenics
Respiratory effects
Ecotoxicity

fossil fuel depletion.

Unit

kg CFC-11 eq
kg CO2 eq
kg O3 eq

kg SO2 eq

kg N eq
CTUh

CTUh

kg PM2.5 eq
CTUe

MJ surplus

kg CFC-11 eq
kg CO2 eq
kg O3 eq

kg SO2 eq

kg N eq
CTUh

CTUh

kg PM2.5 eq
CTUe

MJ surplus

Lower CI Average Upper CI
Per m?3 - Silviculture Operations
1.27E-07 1.61E-07 1.96E-07
1.89E+00 2.67E+00 3.44E+00
1.24E-01 1.54E-01 1.84E-01
8.89E-03 1.18E-02 1.47E-02
6.63E-03 9.48E-03 1.23E-02
1.67E-08 2.16E-08 2.65E-08
1.12E-07 1.38E-07 1.65E-07
7.83E-04 1.09E-03 1.39E-03
3.17E+00 3.78E+00 4.38E+00
2.46E+00 3.37E+00 4.27E+00
Per m3 / year - Silviculture Operations
4.99E-09 6.45E-09 7.90E-09
7.66E-02 1.10E-01 1.43E-01
4.88E-03 6.18E-03 7.49E-03
3.55E-04 4.80E-04 6.04E-04
2.69E-04 3.90E-04 5.11E-04
6.60E-10 8.67E-10 1.08E-09
4.38E-09 5.50E-09 6.63E-09
3.15E-05 4.44E-05 5.72E-05
1.23E-01 1.48E-01 1.74E-01
9.90E-02 1.37E-01 1.76E-01

Table 14 Average, upper, and lower confidence intervals for global warming potential reported on a per

m? and per m3/year basis. Allocated (55% to sawlog) for silvicultural operations.

Impact Category

Global warming Potential

Global warming Potential

Biogenic Carbon

A m3 of bone dry logs is estimated to contain 235 kg carbon or 863 kg CO,e (Milota 2015). On average,

Unit

kg CO2 eq

kg CO2 eq

Lower CI

Average

Upper Ci

Per m3 - Silviculture Operations

1.02E+00

1.44E+00

1.86E+00

Per m3 / year - Silviculture Operations

4.16E-02

5.96E-02

7.76E-02

silvicultural operations represent 25% of the GWP of sawlog production (Table 7) at 2.5 kg CO,e/m3. The
total GWP/m? for silvicultural operations ranges from 6.6 to 0.001 kg CO2e (Figure 7) which translates to

a ratio of emissions from silvicultural operations to sequestered CO; in the sawlog of 0.0001%- 0.8%
(average 0.3%). Total GWP for sawlog production, harvesting, and loading on the truck ready for
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transport to the mill is 10.1 kg COe/m3 or 1.2% of the CO,e that is sequestered in that m* of sawlog.
These values are calculated using the formula:

GWP per m? /kg CO2e stored per m® x 100 to express the ratio as a percent.

Thus, the upper range of silvicultural impact of 6.6 kg CO,e per m3 divided by 863 kg CO.e in that m? of
sawlog produces a ratio of: 6.6/863 x 100 = 0.8%

Figure 10 shows the differences in GWP measured in kg CO,e per m3/year for all silvicultural treatment
scenarios ranges from 3.2E-01 to 2.2E-05. In contrast to Figure 7 which only shows variability in GWP per
m? by treatment scenario, Figure 10 accounts for the large differences in rotation ages (from 19-47
years) in the dataset. In figures 7 and 10, the “CSP, Plant, CBW” treatment scenario reflects data from
published sources whereas “CSP, Plant”, “CSP, Plant, Thin” and “CSP, Plant, Thin, Fertilize” share
common growth estimates generated by the underlying model used in the PMRC publicly available
dataset. These differences in data source may explain some of the differences in estimated GWP by
treatment scenario.

Southern Pine - variability in GWP/m?3/year by treatment type
Allocated to 55% Sawlog Component
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Figure 10 — Global warming potential variability by treatment scenario per m*/year. Natural = natural
regeneration; CSP, Plant = Chemical Site Preparation and Planting; CSP, Plant, CBW = adds Chemical
Brushing and Weeding to the treatment; CSP, Plant, Thin = includes a mid-rotation commercial thinning
operation, and CSP, Plant, Thin, Fertilize = includes all prior treatments plus a mid-rotation fertilizer
application.
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Differences from Prior SE Region Study

Johnson et al. (2005) did not provide LCIA using the TRACI method that is required for wood product
EPD. They reported results as a dimensionless metric, the Eco-indicator 99 (E) / Europe EI 99 E/E. In
2017, the underlying data used in Johnson et al. (2005) were updated to include the newer North
American grid and a new LCIA was generated using the North American TRACI method for use in the
updated North American wood product EPD (CORRIM unpublished data). The comparison in Table 15
includes the Johnson et al. 2005 data converted to the TRACI LCIA for Al (forest operations) (CORRIM
unpublished data). In Johnson et al. (2005) the LCIA included three general cases for forest
management: including low intensity, moderate intensity, and high intensity. Yield estimates were
substantially lower than yields generated using the Plantation Management Research Cooperative
(PMRC) simulation tool for moderate and high intensity forest operations, therefore silvicultural
operations are allocated over fewer cubic meters which will increase the footprint per m? of sawlog in
2005. However, the silvicultural inputs included were also less than is estimated for the current analysis,
including lower rates of fertilizer application which is a substantial driver of the increases in GWP for the
2021 analysis. Increases in respiratory effects in 2021 reflect the inclusion of site preparation and
residue burning operations for a component of the 2021 analysis, whereas burning residue was not
includes in the Johnson et al. 2005 analysis. These differences in the LCIA between the 2005 analysis and
this report reflect overall improvements in access to high quality data on forest growth and yield,
herbicide and fertilizer production, and their application, as well as the substantial improvements in
forest management that have been reported in the intervening years. While some of percent changes
are quite large, the absolute changes are small with most being less than 1 unit per impact category.

Table 15 Comparison of previous LCA study by Johnson et al. (2005) and this report (2021) for A1 system
boundary.

Difference, percent
change from 2005
to 2021

2005 updated for 2017 Current report

Impact category AWC EPDs (2021)

Per m? of sawlog at road (allocated)

Ozone depletion kg CFC-11 eq 5.3631E-08 1.6660E-07 +211%
Global warming kg CO2 eq 1.0111E+01 1.0087E+01 0%
Smog kg O3 eq 3.6859E+00 3.4111E+00 -7%
Acidification kg SO2 eq 1.1681E-01 1.1444E-01 -2%
Eutrophication kg N eq 2.8269E-02 1.5375E-02 -46%
Carcinogenics CTUh 1.9243E-07 1.3958E-07 -27%
Non carcinogenics CTUh 1.5827E-06 1.2728E-06 -20%
Respiratory effects kg PM2.5 eq 2.4630E-03 4.3532E-03 +77%
Ecotoxicity CTUe 3.7666E+01 2.6120E+01 -31%
Fossil fuel depletion MJ surplus 2.1736E+01 1.8889E+01 -13%
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Data Quality

Data quality parameters relevant to the LCIA are summarized in Table 16. These parameters include
data source, geography, and age.

Table 16: Data Quality for Raw Material Inputs

Al: Raw Material Inputs ‘

Inputs LCI Data Source Geography Year Data Quality Assessment
Seedlings, Database: North 2021 Technology: very good
Herbicides, CORRIM dataset America — Process models represent weighted average
Fertilizers, USEI2.2 Region southern operations.
Adjuvants, (DataSmart2018) Specific
Fuels, Time: good
Lubricants Data is less than 10 years old
Process: Silvicultural
Operations Geography: very good
Data is representative of regional operations
Fuels, Database: Southern Pine  2014- Technology: very good
Lubricants, CORRIM dataset Region 2019 Process models average southern US technology
Coolants USEI2.2
(DataSmart2018) Time: good
Data is less than 10 years old
Process:
Harvesting Operations Geography: good

Data is representative of regional operations

Study Limitations

The precision silviculture approach used in southern pine plantations results in thousands of potential
LCA footprints depending on management intensity, silvicultural decisions, underlying soil quality,
market strategies, the economic return goals of the landowner, and random natural factors such as
hurricanes. This results in large uncertainties in estimating the LCA footprint for a specific stand without
the a priori knowledge of these elements. However, for aggregate data usage, such as for generating a
region wide EPD, study results are representative of inputs and emissions for forest operations (EPD
Module A1) to produce an average m? of sawlogs in the US Southern Pine region.

This study makes no claim about the overall carbon dynamics of the forests in question, though current
FIA data (Oswalt et al. 2019) clearly show that inventories are increasing in the southern pine region,
despite the harvest of 68% of all US conifer sawlogs from these forests. The study also does not address
changes in soil carbon that may occur because of management action. However, research into
intensively managed forests in the PNW shows that the addition of fertilizer increases soil carbon into
the next rotation (Adams et al. 2005) presumably because it provides a nitrogen source to maintain a
balanced C:N ratio consistent with ecological stoichiometric principles (Hessen et al. 2004). This study
did not examine the stoichiometric relationships for southern pine forest soils, but it is likely that the
increased aboveground productivity is reflected in commensurate below ground productivity.
Landowner interviews did note that additives such as Agrotain ™ were employed to minimize nitrogen
volatilization during fertilization operations and this additive was included in the LCIA for fertilization
operations.
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Conclusions

The precision silviculture approach used in southern pine plantations has fundamentally altered the way
we approach forest resources LCA in the southern region of the US. The relationship between yield per
hectare, antecedent management inputs and emissions, time, market strategy, economics, and site
quality results in significant variability in per m3 estimates of the LCA of southern pine forest resource
inputs to wood product LCA. This variability arises because even in our limited dataset of stand
conditions there is a 450% difference in yield between sites for the same treatments, a 20-70%
difference in yield on the same site with different treatments, a 40% difference in rotation length for
stands managed to industrial standards and a 55-70% difference in rotation length between the highest
intensity management and the lowest intensity treatment scenarios in southern pine. These differences
fundamentally drive the uncertainty estimates for southern pine forest resource LCAs.

These results suggest that over time a greater percentage of durable wood products are likely to come
from industrial lands as TIMO, REIT, and Industry acquire higher site quality lands to increase their
financial return to investors. Conversations with southern pine interests suggest that is already occurring
and the trend will amplify in the future so that they can effectively complete with the global south
(Brazil, Uruguay, Argentina, Chile) where yields are much higher than they are in the southern pine
region for the same species and market niches. These trends, coupled with research on next generation
genetic improvements and clonal development, suggest that future yield and LCA profiles have the
potential for even greater improvements than noted here depending on the cost efficiencies and
mechanisms used to attain silvicultural improvement.

The representative impacts for producing southern pine sawlogs generated here, including uncertainty,
can be used as the upstream input for future life cycle assessments of southern pine wood products
including lumber, OSB, and plywood. It’s utility for southern pine pulp is limited without modifying the
harvesting input data, allocation methods, and assumptions to accurately reflect a silvicultural emphasis
on pulp production.

Allocation assumption differences will result in different LCA results of ‘representative’ southern pine
forest operations. Methods to automate the process of generating LCA results for the specific inputs and
outcomes anticipated from these precision silviculture improvements is warranted. If developed, such
an automated process could streamline life cycle assessments and ultimately augment financial analysis
for forest landowners that are interested in understanding both environmental and financial aspects of
their businesses. It could also increase transparency of LCA results for silvicultural aspects of wood
production for downstream users, including the architecture, engineering and construction (AEC)
community.
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Appendix 1 — Southern Pine Input data and allocations
Table 17: Stand input data from simulations and literature sources.

Site
Management Index % non-pulp Yield Rotation
Source Species scenario (25) volume (m3/ha) Age
assumes 1 Slash/
1 Stanturf et al. 2003 st/ac/year longleaf natural all 55% 130 47 0
assumes 1
2 Stanturf et al. 2003 st/ac/year loblolly natural med 55% 130 47 0
assumes 1.5
3 Stanturf et al. 2003 st/ac/year loblolly natural high 55% 205 47 0
4 PMRC simulation LCP loblolly No thin 65 45% 192 28 1515
5 PMRC simulation Piedmont loblolly No thin 65 48% 217 28 1366
6 PMRC simulation LCP loblolly No thin 65 49% 238 30 1280
7 PMRC simulation LCP loblolly No thin 75 47% 259 25 1515
8 PMRC simulation LCP loblolly No thin 65 53% 325 35 1396
9 PMRC simulation LCP loblolly No thin 75 54% 391 30 1396
10 PMRC simulation LCP loblolly No thin 75 54% 394 30 1280
11 PMRC simulation Piedmont loblolly No thin 75 56% 441 30 1366
12 PMRC simulation LCP loblolly No thin 85 55% 486 27 1515
13 PMRC simulation LCP loblolly No thin 85 55% 489 27 1396
14 PMRC simulation LCP loblolly No thin 85 56% 491 27 1280
15 PMRC simulation Piedmont loblolly No thin 85 56% 520 26 1366
16 PMRC simulation LCP loblolly No thin 95 55% 572 24 1515
17 PMRC simulation LCP loblolly No thin 95 56% 574 24 1396
18 PMRC simulation LCP loblolly No thin 95 56% 576 24 1280
19 PMRC simulation LCP loblolly No thin 105 57% 579 20 1515
20 PMRC simulation Piedmont loblolly No thin 95 56% 613 23 1366
21 PMRC simulation LCP loblolly No thin 105 57% 690 22 1396
22 PMRC simulation LCP loblolly No thin 105 57% 691 22 1280
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Site

Management Index % non-pulp Yield Rotation

Source Species scenario (25) volume (m3/ha) Age
23 PMRC simulation Piedmont loblolly No thin 105 57% 745 21 1366
24 Zhao et al. 2009 Burn only loblolly planted 55% 234 21 1347

https://www.srs.fs.usda.gov/pubs/misc/ag_654/v  Slash/lon
25 olume_1/pinus/palustris.htm g leaf planted 70 55% 248 40 1322

https://www.srs.fs.usda.gov/pubs/misc/ag_654/v  Slash/lon
26 olume_1/pinus/palustris.htm g leaf planted 80 55% 289 40 1322
27 Zhao et al. 2009 Chop-burn loblolly planted 55% 301 21 1347

Chop-herbicide-
28 Zhao et al. 2009 burn loblolly planted 55% 323 21 1347
29 Zhao et al. 2009 Herbicide-burn loblolly planted 55% 335 21 1347
30 Zhao etal. 2009 Shear-pile-disk loblolly planted 55% 338 21 1347
Herbicide-burn-

31 Zhao et al. 2009 herbicide loblolly planted 55% 376 21 1347
32 Mendell et al. 2015 loblolly thin 66 63% 272 26 1236
33 Mendell et al. 2015 loblolly thin 66 64% 299 26 1236
34 PMRC simulation LCP loblolly thin 65 50% 321 32 1280
35 PMRC simulation LCP loblolly thin 65 51% 326 31 1515
36 Mendell et al. 2015 loblolly thin 66 66% 341 26 1236
37 PMRC simulation LCP loblolly thin 65 51% 342 33 1396
38 PMRC simulation Piedmont loblolly thin 65 56% 354 32 1366
39 PMRC simulation Piedmont loblolly thin 75 56% 417 27 1366
40 PMRC simulation LCP loblolly thin 75 53% 425 29 1396
41 PMRC simulation LCP loblolly thin 75 53% 434 29 1280
42 PMRC simulation LCP loblolly thin 75 52% 458 29 1515
43 PMRC simulation Piedmont loblolly thin 85 57% 512 24 1366
44 PMRC simulation LCP loblolly thin 85 54% 520 26 1280
45 PMRC simulation LCP loblolly thin 85 54% 526 26 1396
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Site

Management Index % non-pulp Yield Rotation
. Source Species scenario (25) volume (m3/ha) Age
46 PMRC simulation LCP loblolly thin 85 53% 560 26 1515
47 PMRC simulation LCP loblolly thin 95 55% 606 23 1396
48 PMRC simulation LCP loblolly thin 95 55% 620 23 1280
49 PMRC simulation LCP loblolly thin 95 55% 623 23 1515
50 PMRC simulation Piedmont loblolly thin 95 59% 641 22 1366
51 PMRC simulation LCP loblolly thin 105 56% 725 21 1280
52 PMRC simulation LCP loblolly thin 105 56% 732 21 1396
53 PMRC simulation LCP loblolly thin 105 56% 747 21 1515
54 PMRC simulation Piedmont loblolly thin 105 59% 764 20 1366
55 PMRC simulation Piedmont loblolly thin + FZ 65 55% 327 30 1366
56 PMRC simulation LCP loblolly thin + FZ 65 50% 328 32 1280
57 PMRC simulation LCP loblolly thin + FZ 65 50% 332 32 1396
58 PMRC simulation LCP loblolly thin + FZ 65 51% 334 31 1515
59 PMRC simulation LCP loblolly thin + FZ 75 50% 359 26 1396
60 PMRC simulation Piedmont loblolly thin + FZ 75 56% 407 26 1366
61 PMRC simulation LCP loblolly thin + FZ 75 52% 420 28 1280
62 PMRC simulation LCP loblolly thin + FZ 75 52% 445 28 1515
63 PMRC simulation Piedmont loblolly thin + FZ 85 57% 497 23 1366
64 PMRC simulation LCP loblolly thin + FZ 85 54% 501 25 1280
65 PMRC simulation LCP loblolly thin + FZ 85 54% 506 25 1396
66 PMRC simulation LCP loblolly thin + FZ 85 53% 541 25 1515
67 PMRC simulation LCP loblolly thin + FZ 95 55% 596 22 1515
68 PMRC simulation Piedmont loblolly thin + FZ 95 58% 621 21 1366
69 PMRC simulation LCP loblolly thin + FZ 95 55% 623 23 1396
70 PMRC simulation LCP loblolly thin + FZ 95 55% 638 23 1280
71 PMRC simulation Piedmont loblolly thin + FZ 105 58% 738 19 1366
72  PMRC simulation LCP loblolly thin + FZ 105 56% 746 21 1280
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Site

Management Index % non-pulp Yield Rotation plant

Source Species scenario (25) volume (m3/ha) Age (TPA)
73 PMRC simulation LCP loblolly thin + FZ 105 56% 754 21 1396
74 PMRC simulation LCP loblolly thin + FZ 105 56% 769 21 1515
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Appendix 2: Allocation Drivers to Impact Categories

Figure 11: Allocation of drivers for Ozone Depletion
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Figure 12: Allocation of drivers for Eutrophication Potential
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