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EXECUTIVE SUMMARY 
 
Date of Report:  June, 2006 
 
Title of Project:  Carbon and Greenhouse Gas Budgets for Wisconsin Forests and its 
Forest Product Chains 
 
Investigators: 
 

� Stith T. Gower - Professor, Department of Forest Ecology and Management, 
University of Wisconsin-Madison 

� Douglas E. Ahl – Scientist, Department of Forest Ecology and Management, 
University of Wisconsin-Madison 

 
Research Category      Carbon Sequestration/Greenhouse Gas Emissions- Carbon and 
Greenhouse Gases Inventory 
 
Project Period     2003-2006 
 
Object of Research 
 
The economy of Wisconsin is closely tied to the economy of the forest industry, the 
forest industry is very dependent upon the energy sector for their power needs, and there 
is a growing concern about the rising concentrations of greenhouse gases in the 
atmosphere and its effects on the biosphere. The objective of this study is to use cutting-
edge remote sensing and modeling tools to quantify the carbon budgets of forests, and 
use the results from life cycle analysis to identify potential opportunities to reduce GHG 
emissions and increase biological carbon sequestration for present-day and future 
environmental conditions. This study will provide results greatly needed by policy 
makers, supervisors of national, state, and county forests, CEO’s of forest product and 
energy/utility companies, transportation and waste management sectors, and 
environmental NGO’s to develop sustainable forest management practices and reduce net 
GHG emissions. 
 
 
Summary of Results/Accomplishments 
 
Summary of LCA 
 
Traditionally forest carbon budgets have focused on the biological carbon cycle; 
however, it is important to include the industrial forest carbon cycle.  The overall 
objective of this study was to quantify all the major carbon fluxes, positive and negative, 
associated with the production of Wisconsin’s industrial roundwood, by using life-cycle 
inventory (LCI) methodology to produce an industrial forest carbon budget.   To achieve 
this objective we (1) developed carbon life-cycle inventories of the harvest process on 
three major forest ownerships (state, national, and private non-industrial), (2) developed 
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carbon life-cycle inventories for a dimensional lumber and two oriented strand board 
(OSB) mills, and (3) completed a scaled version of 1 and 2 - to include a larger 
Wisconsin land mass and to incorporate the remaining processes within the industrial 
forest carbon cycle.  The analysis included the harvest, primary mill, secondary mill, 
product use, and product disposal processes of the industrial forest carbon cycle.  Carbon 
emissions in the harvest process carbon budgets of the Chequamegon-Nicolet National 
Forest (CNNF), the Northern Highland American Legion State Forest (NHAL), and the 
non-industrial private forests that participated in the managed forest laws of Wisconsin 
(MFL-NIPF) were -1,670, -2,110, and -1,460 t C ha-1 yr-1, respectively.  The dimensional 
lumber and OSB products were both net carbon sources, and released -0.05 to -0.14 t C 
per t C processed.  On a per year basis, more carbon is released than sequestered within 
the industrial forest carbon cycle of Wisconsin’s national -208 (g C m-2 yr-1), state -264 (g 
C m-2 yr-1), and non-industrial private forests (-183 g C m-2 yr-1).  It is essential that life-
cycle inventories (LCIs) of wood and paper products use a common comparable 
methodology, so that results are transparent to policy makers and future researchers.  The 
industrial forest carbon cycle should not be overlooked in a U.S. forest carbon 
management plan. 
 
 
Summary of GIS/Remote Sensing & Ecosystem Modeling 
 
The Wisconsin forest landscape consists of a diverse mix of tree species and forest stands 
whose growth is influenced strongly by climate and landuse history.  The overall 
objective was to estimate the carbon sequestration potential of Wisconsin’s forests, and 
determine how forest management and product decisions affect the net biological and 
industrial carbon emissions.  We used a combination of remote sensing and GIS analysis 
tools to develop spatial maps of key forest ecosystem variables used as input in an 
ecosystem model that simulates carbon cycling.  Forest carbon sequestration was 
simulated for 100 years for both present day and anticipated climate change scenarios.  
Climate change was specified as an increase in temperature (+0.03°C year-1), 
precipitation (+0.00008 mm year-1), and atmospheric CO2 (+3.65 ppm year-1).   Present 
day statewide soil carbon estimated from STATSGO data ranged from 0.5 to 23.0 kg C 
m-2 with a mean of 7.3.  County-wide estimates of total forest carbon estimates from FIA 
data ranged from 17.6 to 37.4 kg C m-2 with a mean of 23.8.  Mean simulated statewide 
forest carbon sequestration (biological) increased from 0.026 kg C m-2 year-1 to 0.04 kg C 
m-2 year-1 for present day and anticipated climate change scenarios, respectively.  The 
industrial carbon budget for the CNNF was combined with the biological simulation 
results for 3 harvest scenarios: no harvest, normal harvest, double harvest.  The normal 
harvest with a climate change scenario had the highest carbon sequestered for 100 years 
(0.174 kg C m-2 year-1) followed by no harvesting with climate change (0.16 kg C m-2 
year-1).  Average carbon emissions over 100 years represented by the industrial budget 
(normal harvest scenario) comprised 5% of carbon sequestered by the CNNF for the 
same time period.  Simulation results suggest that forest management activities could be 
adjusted to maximize long term forest carbon sequestration and minimize emissions from 
industrial processes.  More work is needed to expand the LCA analysis boundaries and 
improve biological simulations specifics for Wisconsin forests.    



 

 4 

TABLE OF CONTENTS 
 

EXECUTIVE SUMMARY .....................................................................................................................2 
TABLE OF CONTENTS........................................................................................................................4 
1.0 INTRODUCTION.............................................................................................................................6 
2.0  LIFE-CYCLE INVENTORY AND ANALYSIS .............................................................................9 

2.1 INTRODUCTION................................................................................................................................9 
2.3 METHODOLOGY ............................................................................................................................ 10 

LCI boundaries and general approach ........................................................................................... 10 
Objective 1:  LCI-H of three forest ownerships............................................................................... 12 
Objective 2:  LCI-PM of three primary mill types ........................................................................... 13 
Objective 3:  Industrial forest carbon budget.................................................................................. 13 
Data quality and sensitivity analysis............................................................................................... 14 

2.4 RESULTS ....................................................................................................................................... 15 
Objective 1:  LCI-H of three forest ownerships............................................................................... 15 
Objective 2:  LCI-PM of three primary mill types ........................................................................... 15 
Objective 3:  Industrial forest carbon budget.................................................................................. 15 
Sensitivity analyses ........................................................................................................................ 16 

2.5 DISCUSSION .................................................................................................................................. 17 
The harvest process – and forest ownership.................................................................................... 17 
The primary mill process – and CO2 mitigation opportunities......................................................... 17 
Feedback loops.............................................................................................................................. 18 
Implications for balancing the industrial and biological forest carbon budgets ............................... 18 
Implications for carbon trading...................................................................................................... 18 

2.6 CONCLUSION................................................................................................................................. 19 
2.7 TABLES ......................................................................................................................................... 20 
2.7 FIGURES........................................................................................................................................ 27 
REFERENCES....................................................................................................................................... 35 

3.0  GIS/REMOTE SENSING AND ECOLOGICAL MODELING.................................................... 38 
3.1 INTRODUCTION.............................................................................................................................. 38 
3.2 METHODOLOGY ............................................................................................................................ 38 

Quantifying present day carbon content ......................................................................................... 39 
Modeling Carbon Sequestration & Future Growth ......................................................................... 39 
Statewide Climate Data ................................................................................................................. 40 
Landcover and Ecophysiology........................................................................................................ 41 
Biological and Industrial Carbon Budget of Chequamegon-Nicolet National Forest ....................... 41 

3.3 RESULTS AND DISCUSSION............................................................................................................. 43 
Wisconsin Forest Carbon Content.................................................................................................. 43 
Wisconsin Forest Carbon Sequestration......................................................................................... 44 
Biological and Industrial Carbon Budget of CNNF ........................................................................ 45 

3.4 CONCLUSIONS ............................................................................................................................... 47 
3.5 TABLES ......................................................................................................................................... 49 
3.6 FIGURES........................................................................................................................................ 52 
REFERENCES....................................................................................................................................... 68 

APPENDIX A – ACRONYMS ............................................................................................................. 72 
APPENDIX B – GLOSSARY ............................................................................................................... 74 
APPENDIX C – LIFE-CYCLE ASSESSMENT .................................................................................. 76 
APPENDIX D – CNNF & NHAL PURCHASER QUESTIONNAIRE................................................ 79 



 

 5 

APPENDIX E.  WISCONSIN FOREST CARBON. ............................................................................ 95 
APPENDIX F. LIGHT USE EFFICIENCY MODELING NPP. ......................................................... 96 
APPENDIX G.  ONLINE CARBON DECISION SUPPORT.............................................................. 97 



 

 6 

1.0 INTRODUCTION 
 

The rapid rise of atmospheric carbon dioxide (CO2) and other greenhouse gas 
(GHG) concentrations are predicted to cause a variety of environmental, social, and 
economic problems, and is therefore one of the most pressing environmental problems 
facing society today (IPCC 2001).  The industrial dimensions of global change – society, 
economy, technology, and culture - influence the ecological dimensions; conversely, the 
ecological dimensions of global change – land use, biodiversity, and flows of resources – 
influence the industrial dimensions (Vitousek et al. 1997).  Carbon budgets have been 
developed to understand carbon cycling and ecosystem dynamics and are increasingly 
being used to develop climate change policy. 

The forest carbon cycle is a primary focus of climate change policies because 
forests assimilate CO2 from the atmosphere.  The forest carbon cycle is comprised of a 
biological and industrial cycle, and both should be studied in concert (Gower 2003).  The 
forest biological carbon budget is the sum of all carbon fluxes both negative and positive 
which additively indicate a sequestration or emission of carbon throughout the processes 
associated with forest biological dynamics over time, usually represented by net 
ecosystem production.  The industrial forest carbon budget is the net emission or 
sequestration of carbon throughout the forest product life cycle.  Forests contain 90% of 
the total vegetative carbon and 80% of the soil carbon; and they assimilate 67% of the 
total terrestrial carbon dioxide (CO2) sequestered from the atmosphere (Landsberg and 
Gower 1997).  The role of the industrial carbon cycle is equally as important.  The United 
State’s carbon stock of wood products and landfilled wood products in 1997 was 3,520 x 
106 tonnes, an increase of 17% from 1987 (Birdsey and Lewis 2002).  Annual world 
consumption of paper in the mid-1990’s was approximately 270 x 106 tonnes (PPI 1996). 

The main focus of the study directly addressed interest area IIC – Carbon and 
Greenhouse Gases Management Strategies.  Remote sensing and ecosystem modeling 
play an essential role in providing information and products used in assessing the 
environmental impacts of human activities (Running et al. 1999, Canadell et al. 2000).  
We used the remote sensing data and products from the MODIS satellite sensor as inputs 
to a forest ecosystem process model that simulates carbon budgets and major carbon 
fluxes (Figure 1) for the Chequamegon-Nicolet National Forest (CNNF), NHAL State 
Forest, and all forests of Wisconsin.   

Output from the forest ecosystem process model (e.g. timber growth, net CO2 
ecosystem exchange) was input into forest product chains and life cycle assessment 
(LCA) was conducted to quantify sources of greenhouse gas emissions for each forest 
product chain of the CNNF (Figure 1).  The focus on forests is well justified because: (i) 
forests are the dominant (46%) land cover in Wisconsin (WDNR 2000), (ii) forestry and 
related industries are the second largest source of jobs and economy in Wisconsin (USFS 
2002), (iii) the pulp and paper industry is the largest consumer of energy in the United 
States (Gilbreath et al. 1995), (iv) carbon accumulates in dimensional lumber and the use 
of wood-derived biofuel prevents the release of carbon from the combustion of fossil fuel 
(Row and Phelps 1996, Skog and Nicholson 2000), and (v) afforestation is a viable 
management opportunity to sequester carbon in Wisconsin (Gower and Barger 2003). 
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Figure 1.  Conceptual diagram illustrating the link between the major components of the 
forest carbon cycle and carbon and greenhouse gas (GHG) emissions for a simple forest 
product chain.  Most forest product chains are much more complex.  Carbon 
sequestration (H) can be calculated from net primary production (NPP) and heterotrophic 
respiration (s) and then used as input into life cycle analysis of wood and paper product 
chains.  Greenhouse gas emissions (GHG) are calculated for each process of the chain. 
 
Usefulness and Value of Project Results 

We relied heavily on three relevant ongoing or recently completed studies to address 
the Wisconsin Focus on Energy program interest area IIC (Figure 2). These projects 
provided critical data and validated tools required to complete this project. The NASA 
Earth Observing System Validation (EOS-Val) project validated the vegetation products 
(e.g., vegetation cover, leaf area index, and net primary production) derived from the 
satellite-borne sensor, MODIS. 

 
 
 

 
Figure 2. Conceptual model 
illustrating the flow of data and 
products from recently 
completed and ongoing federally 
funded projects to the Wisconsin 
Focus on Energy project. 

 
 
MODIS is unique from other satellites because it provides moderate spatial resolution 
(250 x 250 m pixel) at a high temporal (almost daily) resolution. The NASA EOS-Val  
project demonstrated proof-of-concept that we can use remotely sensed derived products 
as inputs to ecosystem process models to simulate forest growth and carbon 
accumulation.  

Second, the current Department of Energy (DOE) and Manitoba Hydro-funded 
Boreal Forest Ecosystem Warming project will elucidate ecophysiological processes that 
we will incorporate into our process model to simulate the effects of elevated 
atmospheric CO2, warming, and their interaction on forest growth and carbon 
accumulation.  
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Third, the LCA study conducted by Gower et al. (2005),  quantified GHG emissions 
for a magazine and dimensional chain, and provided valuable insights to conducting LCA 
analyses for this project.  
 
We  focused on forest ecosystems because: 
- Forests are the most dominant vegetation cover in Wisconsin and they contain more 

carbon in the vegetation and soil than any other ecosystem in Wisconsin. 
- Forest products annual value in Wisconsin is estimated to be $19.7 billion dollars, 

and the forest products industry is the second largest employer in Wisconsin, and the 
largest employer in 28 counties. 

- Wisconsin is the nation’s leader in the production of fine paper, sanitary paper 
products, and children’s furniture and millwork. 

- The Chequamegon-Nicolet National Forest is a major supplier of fiber for the forest 
products industry, with an annual harvest totaling 120 million board feet. 

- The pulp and paper industry uses more energy than any other industry in the U.S., 
making the pulp and paper industry a potential large contributor to greenhouse gas 
emissions. 

- Dimensional lumber contains large quantities of carbon. 
- Transportation and industry emissions are the two largest sources of GHG in 

Wisconsin (WDNR 2000), and the two largest GHG sources for the magazine chain 
Gower studied. 

 
In summary, the economy of Wisconsin is closely tied to the economy of the forest 

industry, the forest industry is very dependent upon the energy sector for their power 
needs, and there is a growing concern about the rising concentrations of greenhouse gases 
in the atmosphere and its effects on the biosphere. The objective of this study was to use 
cutting-edge remote sensing and modeling tools to quantify the carbon budgets of forests, 
and use the results from life cycle analysis to identify potential opportunities to reduce 
GHG emissions and increase biological carbon sequestration for present-day and future 
environmental conditions. This study should provide results greatly needed by policy 
makers, supervisors of national, state, and county forests, CEO’s of forest product and 
energy/utility companies, transportation and waste management sectors, and 
environmental NGO’s to develop sustainable forest management practices and reduce net 
GHG emissions. 
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2.0  Life-Cycle Inventory and Analysis 

2.1 Introduction 
The rapid rise of atmospheric carbon dioxide (CO2) and other greenhouse gas 

(GHG) concentrations are predicted to cause a variety of environmental, social, and 
economic problems, and is therefore one of the most pressing environmental problems 
facing society today (IPCC 2001).  The industrial dimensions of global change – society, 
economy, technology, and culture - influence the ecological dimensions; conversely, the 
ecological dimensions of global change – land use, biodiversity, and flows of resources – 
influence the industrial dimensions (Vitousek et al. 1997).  Carbon budgets have been 
developed to understand carbon cycling and ecosystem dynamics and are increasingly 
being used to develop climate change policy. 

The forest carbon cycle is a primary focus of climate change policies because 
forests assimilate CO2 from the atmosphere.  The forest carbon cycle is comprised of a 
biological and industrial cycle, and both should be studied in concert (Gower 2003).  The 
forest biological carbon budget is the sum of all carbon fluxes both negative and positive 
which additively indicate a sequestration or emission of carbon throughout the processes 
associated with forest biological dynamics over time, usually represented by net 
ecosystem production.  The industrial forest carbon budget is the net emission of carbon 
throughout forest product processing over time.  Forests contain 90% of the total 
vegetative carbon and 80% of the soil carbon; and they assimilate 67% of the total 
terrestrial carbon dioxide (CO2) sequestered from the atmosphere (Landsberg and Gower 
1997).  The role of the industrial carbon cycle is equally as important.  The United State’s 
carbon stock of wood products and landfilled wood products in 1997 was 3,520 x 106 
tonnes, an increase of 17% from 1987 (Birdsey and Lewis 2002).  Annual world 
consumption of paper in the mid-1990’s was approximately 270 x 106 tonnes (PPI 1996). 

The industrial forest carbon cycle involves tracking carbon emissions and 
accumulation through the production of a wide range of goods and services produced 
from forests for societal use.  The largest societal use of forests is the production of forest 
products.  In Wisconsin alone, 10.4 x 106 cubic meters of roundwood was harvested from 
forests in 1999 (Reading and Whipple 2003).  The industrial forest carbon cycle includes 
emissions from the forest’s roundwood harvest, transport, production, consumer use, and 
disposal operations, which all release CO2 through fossil fuel burning and energy use.   
The rate at which carbon stored in forest products is returned to the atmosphere is 
determined by consumer use and end-of-life processes (i.e. landfilling, incineration, or 
recycling) and creates a time lag in the carbon cycle (Karjalainen 1996).  Temporary 
carbon storage in wood and paper products is important because it slows down the rate of 
increasing atmospheric CO2 concentrations.  Moreover, knowing the net carbon budget is 
critical to identifying major sources of CO2 emissions and developing policies to reduce 
emissions.  A major impediment to quantifying and managing CO2 emissions is the 
industrial forest carbon cycle spans many sectors (i.e. energy, transportation, and waste 
management) and as a result is very complex. 

The production of forest products requires many unique management schemes by 
varying forest ownerships and forest product companies.  Within the forest system, it is 
important to understand division of management and how the roles of those management 
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decisions affect carbon sequestration and emission.  The varying sectors, including forest 
land owners, forest product mill managers, forest product business owners, consumers, 
governments, and non-governmental organizations, all have stakes in proposed climate 
policy regimens.  Under some policies, for example, it will be important to understand 
ownership roles, so sequestered carbon credit and debt can be allocated appropriately 
(Miner and Lucier 2003).  Because the United States has many eco-types, forest 
ownership types, and forest product companies; understanding carbon budgets in U.S. 
forests requires analysis on a disaggregated scale (Birdsey and Lewis 2002).   

Life-cycle inventory (LCI), a life-cycle assessment (LCA) based methodology, 
includes a goal and scoping definition and an inventory step (see Appendix C).  When 
developing a carbon budget for an industrial forest system, LCI can ensure that the 
developer is incorporating all of the industrial processes of forest product production.  
LCI can also provide a framework for critique and comparisons between other carbon 
budget studies.  The life-cycle assessment (LCA) based methodologies are industrial 
ecology tools that can be used to evaluate the environmental effects of a product, process, 
or activity (Curran 1996).  The Society of Environmental Toxicology and Chemistry 
(SETAC) has defined the components of LCA to include a goal and scoping definition, 
inventory step, and an impact/improvement assessment (Consoli et al. 1993).   

Within the forest sector, LCA based methodologies have been used to determine 
environmental and economic costs/benefits of forest products when compared to non-
forest product alternatives (Ueda et al. 2003, Petersen and Solberg 2005), to quantify 
energy use and emissions from harvest machinery production (Athanassiadis et al. 2002), 
to compare environmental impacts of producing forest products from different regions 
(Berg 1997, Seppala et al. 1998,), and to locate processes within forest product 
production that could be improved to reduce environmental burdens (Forsberg 2000, 
Schlosser et al. 2003, Gower et al. 2005). 

The objectives of this study were to, (1) develop a carbon LCI of the forest 
harvesting process for three forest ownerships, (2) develop a carbon LCI for the primary 
mill process for a dimensional lumber and two oriented strand board (OSB) mills, and (3) 
use data from objectives 1 and 2, and other relevant studies to estimate the industrial 
forest carbon budget for the National, State, and non-industrial private forests of 
Wisconsin.  The basis for objective one is to answer the question, ‘Are CO2 emissions 
from harvesting similar for state, federal, and non-industrial private forests?’  Objective 
two was intended to increase carbon LCI data for other wood and paper products (see 
Gower et al 2005).  Results from the above objectives were used to, (i) identify key 
industrial forest processes that could be modified to mitigate carbon emissions to the 
atmosphere and/or increase carbon sequestration, and (ii) couple the industrial forest 
carbon budget with a biological forest carbon budget to create a ‘complete’ forest carbon 
budget. 

 

2.3 Methodology 

LCI boundaries and general approach 
The national, state, and non-industrial forest lands comprise 71% of the 16 million 

acres of forested land in Wisconsin.  The Chequamegon-Nicolet National Forest (CNNF) 
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and the Northern Highland American Legion (NHAL) State Forest are both located in 
northern Wisconsin.  The majority of non-industrial private forests that are enrolled in the 
managed forest laws of Wisconsin (MFL-NIPFs) are located throughout the state.  The 
forests in northern Wisconsin are characterized by gently rolling terrain, a short growing 
season, and long cold winters.  The landscape includes pitted outwash plains, kettle lakes, 
extensive forests, and wetlands.  Common forest ecosystems in northern Wisconsin 
include hemlock-hardwood, white and red pine with smaller pockets of jack pine, aspen-
birch occurring in openings formed by disturbance events, and spruce-fir. 

For the purposes of this study we divided the industrial forest carbon cycle into 
six processes:  1) pre-harvest forest management, 2) harvest, 3) primary mill, 4) 
secondary mill, 5) product use, and 6) product disposal (Figure 2.1).  The process 
boundaries were set by locating divisions of forest and forest product management for 
northern Wisconsin.  These divisions exist because data sets are not exchanged from one 
organization to the next, thus each change in management was analyzed as a single 
process.  Timber is first managed by a forest land owner (national, state, non-industrial 
private, city, county, tribal, or industrial private).  The merchantable stem, henceforth 
referred to as roundwood, is harvested by a purchasing company, transported by a 
logging truck outfit, and milled by a primary milling company.  The product is 
transported to a secondary milling company, distribution warehouse, and/or to the 
consumer.  The consumer uses the product until its final-fate of incineration, landfilling, 
or recycling. 

Objectives one and two, or the LCIs for the harvest (LCI-H) and primary mill 
(LCI-PM) processes, were calculated using primary and secondary data.  The third 
objective, scales the results from the LCI-H and LCI-PM, and incorporates the secondary 
mill, product use, and product disposal processes by utilizing secondary and tertiary data 
to calculate the industrial forest carbon budget (Figure 2.1). 

The boundaries of this study include the harvesting of roundwood, machinery use 
during harvest, transportation of roundwood to primary and secondary mills, machinery 
use during primary and secondary mill processing, transportation of product to 
distribution center, proportion of product put to end-of-use per year, and product 
disposal.   The boundaries do not include pre-harvest site management of forests, 
transportation of secondary product to consumer, and transportation of product to 
disposal method.  The temporal boundaries of the LCI-H and LCI-PM include years 
2000-2003.  The temporal boundaries of the industrial forest carbon budget are an 
average of years between 1994-2003.  The spatial boundaries for the LCI-H are the 
forests of the CNNF, NHAL, and MFL-NIPF (Table 2.1).  The spatial boundaries for the 
LCI-PM are the mill facilities of two OSB mills and a dimensional lumber mill (Table 
2.2).  The spatial boundaries for the industrial forest carbon budget include all national, 
state, and NIPF forest lands in Wisconsin. 

The functional unit of this study is carbon.  Carbon amounts were quantified by 
tracking CO2 emissions to the atmosphere and carbon sequestration within each industrial 
forest process.  Other GHG emissions such as methane (CH4) and nitrous oxide (NO2) 
were not included.  In a similar study, the contribution of CH4 and NO2 comprised less 
than 1% of the total CO2-equivalents for dimensional lumber and two magazines (Gower et 
al. 2005), so excluding CH4 and NO2 has little effect on results in this study.   
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The LCIs were conducted using methodology outlined in Society of 
Environmental Toxicology and Chemistry (SETAC) (De Beaufort-Langeveld et al. 2003) 
and follows the International Standards Organization (ISO) LCA 14041 document (1998) 
(see Appendix C).  The inventory approach used in this study is similar to the third 
method described by Miner and Lucier for analyzing carbon sequestration in harvested 
wood products (2003).  Data were collected in written and electronic form, stored and 
formatted in a Microsoft Access data base, and analyzed using Microsoft Excel.   

Several cautionary notes are warranted for the methods used in this study.  Our 
analyses do not take into account total existing stocks of product, but rather focused on 
roundwood products being produced today.  Also, the LCI-H, LCI-PM, and industrial 
forest carbon budget calculation are all linear models.  Thus, it is important to note that 
the primary input (total harvest) directly corresponds to the subsequent emissions.   

Objective 1:  LCI-H of three forest ownerships 
The LCI-H was calculated for four years (2000-2003) for the NHAL and the 

MFL-NIPF, and for three years (2001-2003) for the CNNF.   The LCI-H was calculated 
by quantifying the carbon content of the volumes of roundwood harvested, time harvest 
machinery was in use, fuel economy of machinery regimen, roundtrip distance purchasers 
traveled to site, volumes of roundwood exported from state, and roundtrip distance 
truckers hauled wood from the site to the mill (Table 2.3).   

Data from the timber sale, cutting reports, and law records were used to calculate 
total roundwood harvested.  Quantities of carbon in roundwood were calculated using 
ratios reported in Birdsey and Lewis (2002) for north central species.  Values for the 
NHAL and CNNF ownership for harvested roundwood exports, harvest machinery use, 
harvest machinery fuel economies, logger transportation to forest site, and time required 
to harvest were based on 18 purchaser questionnaire responses (see Appendix D).  Values 
for the ratio of mechanized (harvester, forwarder, chainsaw) versus non-mechanized 
(chainsaw) harvesting practices were applied to each forest ownership (Rickenbach and 
Steele, in prep 2005).  Ratios for harvesting practices and roundwood exports on MFL-
NIPF lands were assumed to be the same as those on the CNNF and the NHAL.  Values 
for logging truck loads, fuel economies of logging trucks, and carbon contents of diesel 
fuel were standard Environmental Protection Agency values used by Gower et al. (2005).  
Fuel economies reported on company websites were used for heavy-duty truck passenger 
vehicles.  Exports from the state were accounted for in the manner that Winjum et al. 
(1998) describes in the atmospheric-flow method, in that exports are a loss to net carbon 
and imports are a gain to net carbon.  The area of the forest land ownerships were used to 
normalize carbon budgets among forest ownerships. 

The LCI-H carbon budgets were calculated by quantifying the carbon harvested, 
plus the carbon exported from Wisconsin, plus the carbon associated with CO2 emissions 
to the atmosphere and divided by the total area of the case-study forest ownership, 
represented by Equation 1. 

 [Equation 1] 
LCI-H AreaEXHC HHHbudget /)( ���  

Carbon content of the wood harvested is (HH), carbon content of the wood exported is 
(XH), and carbon emitted is (EH).  Carbon values are positive for harvested carbon, and 
negative for carbon exports and emissions. 
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Objective 2:  LCI-PM of three primary mill types  
The LCI-PM was calculated by quantifying the carbon associated with fuel and 

electricity use of roundwood processing.  The LCI-PM was calculated for 4 years (2000-
2003) for a dimensional lumber mill and two OSB mills.  Data for a pulp mill and 
Chetwynd, British Columbia, Canada dimensional lumber mill were reproduced for 
comparisons (Gower, et al. 2005).  Dimensional lumber included boards from 0.05-0.13 
meters (2-5 inches) thick and 0.05 or more meters wide, pulp as the mass of wood fiber 
used in the manufacturing of paper made by reducing wood chips to fibers by thermo-
mechanical grinding or chemical processes, and OSB as structural panels made of narrow 
strands of fiber oriented lengthwise and crosswise with resin binder (Evans 2000).   

Mill processing, fuel use, transportation, imported roundwood, and product (pulp, 
OSB, dimensional lumber) data were provided by a mill manager at each mill.  CO2 
emissions from combusted fuels were calculated using standard values used by the World 
Resource Institute (WRI) (2001), the Wisconsin energy statistics (DOA 2003), and the 
National Association of Fleet Administrators (NAFA) (2004).  CO2 emissions from 
electriciy use were calculated using Wisconsin’s state average annual output emission 
rate for 2000 (EPA 2004) (Table 2.4). 

The LCI-PM carbon budgets were calculated by quantifying carbon associated 
with CO2 emissions to the atmosphere from fuel and electricity use, and divided by the 
carbon processed at each case study mill, represented by Equation 2. 

[Equation 2] 
LCI-PM PMPM PECbudget /�  

Carbon emitted is (EPM) and carbon content of wood processed is (PPM).  Carbon values 
are positive for wood and paper product processed and negative for emissions. 
 A model analysis was conducted to scale the LCI-PM to include transportation of 
roundwood to the mill facility and product to the secondary mill facility.  Parameters 
used for this simulation were similar to those used for the LCI-PM.  This simulation was 
completed to compare the dimensional lumber and OSB products of this study with other 
forest product LCIs.   

Objective 3:  Industrial forest carbon budget 
The industrial forest carbon cycle calculation introduces tertiary secondary mill, 

product use, and product disposal data which require the use of many assumptions (Table 
2.5).  The calculation scales the forest ownerships of the LCI-H up to total area of 
ownership type in Wisconsin.  The industrial forest carbon budget, for each forest 
ownership type, was calculated by adding the product of the LCI-H carbon budget and 
total area, plus the product of the LCI-PM carbon budget and total roundwood harvested, 
plus the carbon budget of the secondary mill and product disposal processing of total 
roundwood harvested, divided by the total area as shown in Equation 3. 

[Equation 3] 

totaltotalbudgetPDSM

totalbudgetPMLCItotalbudgetHLCI

AreaHC

HCAreaCC budget

/)*(

)*()*(

&�

�� ��

 

Area of ownership type is (Areatotal) and harvest from ownership type is (H total).  A more 
detailed account of Equation 3 is provided in table format (Table 2.6). 
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Carbon emissions per ton of magazines and dimensional lumber were used from 
Gower et al. (2005) to develop the carbon budget for the secondary mill.  For the 
purposes of this study, secondary mill emissions include secondary mill processing, the 
transportation between mills, distribution warehouses, or further product assembly 
operations.  Products from paper mills were assumed to go into products with one and 20-
year half-lives with a ratio of 3:1.  Products from large and small saw mills were assumed 
to go into products with 20-year and 50-year half-lives with a ratio of 1:3.  Half-life, the 
time after which half the carbon placed in use is no longer in use, values were made 
based on Skog and Nicholson (1998). 

The product use phase does not sequester nor emit carbon; it serves only as a lag 
time.  This lag time does not factor into a ‘snap-shot’ carbon budget calculation.  The 
product use phase was determined for one year, and thus this ‘snap-shot’ assumed 
products carried a fraction of original carbon production left after 75 years.  This fraction 
was derived according to the one-hundred year method (Miner 2004).  Product disposal 
types were 3 end-of-uses; landfilled, recycled, and incinerated.  Ratios for dividing 1 year 
and 20 year products into product disposal types were estimated using the Wisconsin 
trash tally (WI DNR 2003).  Ratios for dividing 50 year products into product disposal 
types were assumed to have the same ratios as 20 year products.  CO2 emitted per ton of 
product in product disposal types were estimated from an emissions table that Dennison 
reproduced from a 1994 Franklin Associates municipal solid waste study (1996).   

Data quality and sensitivity analysis 
In an ideal situation, a LCI analyst would have independent, representative, and 

random data to conduct a classical statistics analysis; however, this is rarely the case 
(Kusko and Hunt 1997).  The documentation of data quality and parameter sensitivity 
within each model increases the transparency of methods. 

Data quality was assessed by documenting it as primary, secondary or tertiary.  
Franklin Associated, Ltd. has suggested assigning data quality indicators (DQI) to data 
sets (Kusko and Hunt 1997).  For this study, primary and secondary data carry DQIs of 5 
or 4, and tertiary data are those that carry DQIs of 3, 2, or 1.  Data of less than 3 are 
consistent with assumptions used in other LCI studies. 

All parameters within the LCIs were tested for sensitivity individually by 
increasing and decreasing them by 10% (e.g. Winjum 1998).  The impact on the carbon 
budget was assessed by calculating the percent change of output.  The higher the percent 
change of output, the more sensitive the parameter.  Conversion factors were not 
considered parameters for the purposes of the sensitivity analysis. 
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2.4 Results 

Objective 1:  LCI-H of three forest ownerships 
The average annual harvesting carbon emissions were -1.67, -2.11, and -1.46 t C 

ha-1 yr-1 for the CNNF, NHAL, and MFL-NIPF, respectively (Table 2.1).  The areas used 
to normalize the carbon budgets among forest ownership types are the total areas of 
forest, not the actual harvested area.  The harvested roundwood volumes differed by 31%, 
26%, and 59% among years for the CNNF, NHAL, and MFL-NIPF, respectively.  The 
greatest volume of roundwood was harvested in 2001 while the smallest volume was 
harvested in 2000.  In all years, the MFL-NIPF harvested the most roundwood, followed 
by CNNF, and NHAL.  However, NHAL harvested more on a per hectare basis, followed 
by MFL-NIPF and the CNNF.  The amounts of roundwood exported from the state were 
within 33% for the CNNF and MFL-NIPF land ownership, while the NHAL exported 
92% less than the MFL-NIPF.  The ratio of carbon emitted to the atmosphere: carbon 
sequestered in harvest differed by less than 0.01% among the three forest land 
ownerships.      

Objective 2:  LCI-PM of three primary mill types 
The average primary mill carbon budgets for the OSB mill A, OSB mill B, and 

dimensional lumber mill were -0.051, -0.137, and -0.052 t C/t C processed material, 
respectively (Table 2.1).  The amount of carbon processed decreased as follows from the 
OSB mill A (278.6 x 103 t C) > OSB mill B (40.6 x 103 t C) > to the dimensional lumber 
mill (10.9 x 103 t C).  Absolute carbon emitted to the atmosphere from pulp mill 
processing was 97 % greater than dimensional lumber mill processing, followed by both 
OSB mill B with 73% and OSB mill A with 8%. 

Inclusion of transportation (an expansion of LCI-PM boundaries) increased net 
carbon emissions for the products by 25 to 55%, with total carbon emissions of -0.078, -
0.113, and -0.173 t C/ t C processed for the dimensional lumber mill, OSB mill A, and 
OSB mill B, respectively (Figure 2.2).   

Objective 3:  Industrial forest carbon budget 
The industrial forest carbon budget was -208 (g C m-2 yr-1) for the national 

forests, -264 (g C m-2 yr-1) for the state forests, and -183 (g C m-2 yr-1) for the NIPF 
(Figure 3).   

Combining the industrial forest carbon budgets for the three ownership types, 
produced an overall budget of -191 (g C m-2 yr-1).  Within the product use process, 
amounts of carbon processed were greatest in the NIPF land ownership, 7,568 x 103 t C, 
and 1 year products, 7,023 x 103 t C.  Within the product disposal process, amounts of 
carbon processed were greatest in landfilling, 4,458 x 103 t C, and the recycling, 3,717 x 
103 t C. 

A simulation within the industrial forest carbon budget of an increase and 
decrease in efficiencies by 10% produced the estimate ranges of the budget.  A 10% 
increase or decrease in efficiencies produced an increase or decrease (respectively) in the 
forest ownership carbon budgets by 12%. 
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Sensitivity analyses 
The average haul distance (e.g. forest to mill), average load of roundwood on a 

truck, total amount of roundwood harvested, and the total area of the forest ownership all 
produced a 9-11% change in carbon emissions in the LCI-H sensitivity analysis.  All 
other harvest parameters produced less than 0.5% change in output (see Figure 2.5a). 

The LCI-PM parameters varied among mills because of data availability, 
disclosure, and organization of each mill; these differences influenced how the sensitivity 
analyses were completed.  The most sensitive parameter within the OSB mills were 
volume of roundwood harvested (9-10%), followed by total quantity of electricity used 
(6-7%), and total quantity of diesel and natural gas used (1-3%).  All other parameters for 
the OSB mills produced less than 1% change in output (Figure 2.5b and 2.5c).  The pulp 
mill’s most sensitive parameters were volume of roundwood processed (9%) and total 
quantities of natural gas (5.3%) and lime use (3.87%).  All other parameters for the pulp 
mill produced less than 0.5% change in output (see Figure 2.5d).  The most sensitive 
parameters for the dimensional lumber mill were volume of roundwood processed (10%) 
and total quantity of electricity used (9%).  All other parameters produced less than 
0.05% change in output (see Figure 2.5e). 

The most sensitive parameters within the industrial forest carbon budget were the 
MFL-NIPF carbon budget derived from the LCI-H (7.1%), the total area of NIPF in 
Wisconsin (7.4%), and the ratio of roundwood that is taken to the paper primary mill 
process (7.1%).  All other parameters change the output by 2% or less (Figure 2.6).   
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2.5 Discussion 

The harvest process – and forest ownership 
Forest ownership has the potential to impact the industrial forest system’s carbon 

budget due to the level of mechanization and terrain difficulty (Berg 2003) and regional 
and local factors (Birdsey and Lewis 2002).  In this study LCI-H carbon budgets differed 
by a maximum of 31%, because of harvesting intensity per unit area.  This is probably 
because forest management goals (e.g. wildlife, timber, mature forests, etc.) differ.  
However, when normalizing the LCI-H carbon budgets by roundwood harvested, LCI-H 
carbon budgets were all between -10 and -12 (t C /t C harvested) for each year and for 
each forest ownership.  The lack of difference between normalized carbon budgets 
among ownership types within this study is likely because similar eco-types, terrain, and 
locality produce similar management regimes.  For example, the species, soil, and climate 
composition are similar amongst the NHAL, CNNF, and northern NIPF forests, and thus 
the three forests will likely require similar harvest machinery, harvest periods, and timber 
production.  Likewise, the similar terrain will require purchasers to use similar 
machinery.  The proximity of all three forest types produces similar transportation 
regimes and local factors.  The majority of roundwood harvested in these three forests 
goes to the nearest buying mills. 

Forest ownership can only directly impact the harvest process, and therefore 
affects the industrial forest carbon budget by controlling how much timber is harvested 
and which purchaser companies conduct the harvest.  This in turn, affects harvest 
intensity and harvest machinery use, which have the potential to produce varying degrees 
of CO2 emissions. 

It seems reasonable to assume that industrial forest carbon budgets calculated for 
intrastate ownerships would be similar across the U.S.  However, because state forest 
policies, purchaser populations, eco-types, and terrain differ between states, interstate 
industrial forest carbon budgets may differ. 

Within the industrial forest system, it is important that we understand division of 
management and how the role each of those divisions can effect carbon sequestration and 
emission.  Under certain policies, for example, it will be important to understand 
ownership roles, so sequestered carbon credit can be allocated appropriately (Miner and 
Lucier 2003).  Complete forest product and forest ownership LCI based studies are 
needed, and they should explicitly define the boundaries of investigation to ensure valid 
comparisons. 

The primary mill process – and CO2 mitigation opportunities 
Increased efficiencies of energy source and use within mill processing, and 

proximity of forest to mill and mill to secondary mill could decrease CO2 emission and 
increase carbon sequestration.  The sensitivity of the distance parameter within the LCIs 
point out that decreases in transportation distances are a more effective means for 
reducing CO2 emissions than increased transportation fuel economies.  Distance becomes 
very apparent when comparing the expanded LCI-PM results with the Chetwynd 
dimensional lumber mill (Gower, et al. 2005).  Thus, more carbon can be sequestered the 
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closer primary mill operations are to the forest ownership from which timber was 
harvested. 

Feedback loops 
Feedback loops are movements of pools of carbon that are sequestered or emitted 

once and are sequestered or emitted two or more times within the same model 
calculation.   Feed back loops were not incorporated in this study for transparency and 
clarity within the calculations.  Loops exist for offsets of emissions in the land-use 
change of planting a forest (afforestation), the availability of more land for trees to grow 
once there is a harvest (reforestation/regeneration), the carbon offsets of using wood 
instead of a non-wood products, effects of recycled forest products on supply and demand 
of virgin forest products, and effects of renewable energy use on consumption of non-
renewable energy.  Incorporating loops into the model requires analyst valuation of 
offsets.  The involvement of loops is more appropriately included in the life-cycle impact 
assessment and/or simulation stages.   

Implications for balancing the industrial and biological forest carbon budgets 
Balancing the forest industrial carbon budget with the forest biological carbon 

budget is the ultimate aim of a carbon management plan that is sustainable.  As an 
exercise, we calculated the biological carbon budget for the CNNF from aboveground net 
primary productivity (ANPP) values reported in Fassnacht and Gower (1997) and 
heterotrophic respiration (RH) values reported in Bolstad, et al. (2004).  By coupling the 
results from the industrial forest carbon budget for the CNNF, we calculated a range for 
the ‘complete’ carbon budget of -727 to -252 (g C m-2 yr-1) (Table 2.7). 

This exercise does not warrant a complete analysis (see next chapter), because the 
boundaries of the forest biological budget do not match the forest industrial budget.  
However, future ecosystem model calculations could hone in on exact boundaries, and 
successfully couple the two budgets.  It is important to note, that producing forest 
products from northern Wisconsin forests could be a viable carbon sequestration activity 
- if the forest biological carbon budget is positive and the industrial forest carbon budget 
is efficient enough.   

Implications for carbon trading 
 Wood products are sometimes characterized as being either carbon sinks or CO2 
neutral, in that the mass of carbon stored by the product is less than or equal to the 
amount of carbon released when the product is disposed of (e.g. Skog and Nicholson 
1998).  The results from this study point out that if trees are used to make forest products 
in northern Wisconsin, instead of existing in forests, than there is an associated 
expenditure of fossil fuel and energy that currently characterizes wood products as being 
carbon sources or CO2 ‘non-neutral’.  Coupling the industrial forest carbon cycle with the 
biological forest carbon cycle, or the complete forest carbon cycle, has the potential to 
characterize existing forest sinks as forest sources. 

The use of this holistic method has the capacity to increase forest sustainability, 
decrease problems of leakage understanding, and provide grounding for not only 
biological processes, but also social processes.  If industry and governments are going to 
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begin carbon trading programs, it is important that they use complete forest carbon 
budgets by coupling biological systems with industrial systems.   

 
 

2.6 Conclusion 
Carbon budgets for forest products depend strongly on the methods used, in part 

because of environmental, economic, and social diversity within the forest product 
carbon cycle (Matthews 1996).  LCI is a useful methodology for developing industrial 
forest carbon budgets.  Because the boundaries of investigation within the industrial 
forest carbon cycle were defined and the data types were reported, it is possible for an 
analyst to make reasonable comparisons to other studies.  The question of how 
representative this study is of other forest ownerships and other forest product chains is 
difficult to answer because other studies using similar LCI boundaries are lacking. 
 The atmospheric emission of CO2 during the production of forest products from 
wood harvested in northern Wisconsin could be balanced with the sequestration of carbon 
the forests provide.  Many studies consider forest products and forest ecosystems as sinks 
of carbon.  Forests and forest products are storing carbon, but when analyzing the 
complete life-cycle of a forest or forest product in Wisconsin, they could be a source of 
carbon.  Through increases in carbon efficiencies of the industrial forest carbon cycle 
parameters, one could increase the sink potential of the forest.  The feasibility of reducing 
carbon emissions from industrial forest carbon cycles, which are clearly net sources, will 
likely depend on market forces and social acceptance. 
 Future life-cycle impact assessments (LCIAs) could be made, based on the LCIs 
of this study.  LCIAs are effective tools that have the capacity to link science and 
technology with policy (Allen, et. al. 1997).  LCIAs could help future U.S. carbon 
managers implement effective policy.  The LCIs of this study could also serve as inputs 
into future carbon budget modeling or carbon budget decision support tools which aim to 
incorporate ecosystem, industry, and economy (e.g. Garcia-Quijano, J.F., et al 2005).  
 Policies that promote single project objectives for carbon sequestration, such as 
land acquisition or protection, are not as effective as projects that view forestry 
holistically (Niles and Schwarze 2001).  If society does in fact decide that project-by-
project (PBP) policies are the most effective way to increase carbon sequestration and 
decrease carbon emissions, then it is imperative that scientists and policy makers 
continue to incorporate life-cycle thinking into their analyses of the carbon cycle 
associated with forested areas. 
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2.7 Tables 
Table 2.1: Forest land ownership characteristics and LCI-H results 
 

 Forest land ownerships 
 CNNF NHAL MFL-NIPF 

Total area (ha) 607,028 89,840 1,011,714 
Area harvested (ha):  .).(1 dsx �  5,823 

(1,182) 
581 

(341) 
- 

Ownership type National (USFS) State (WI DNR) Non-Industrial 
Private 

Fraction of ownership type 
case study represents 

94% 45% 27% 

C in harvest (t):  .).(1 dsx �  99,880 
(21,940) 

19,270 
(9,170) 

147,980 
(49,980) 

C exported from WI (t):  .).(1 dsx �  -27,470 (6,030) -1,570 
(750) 

-26,640 
(8,990) 

C emitted (t):  .).(1 dsx �  -1,085,670 
(238,480) 

-207,550 
(102,980) 

-1,597,170 
(539,440) 

C emitted (t): C harvested (t): x  10,870  10,770  10,790  
LCI-H C budget (t C ha-1 yr-1): .).(1 dsx �  -1,670 

(370) 
-2,110 
(1,050) 

-1,460 
(490) 
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Table 2.2:  Primary mill characteristics and LCI-PM results 
 

 Primary mill case study Primary mills from Gower, 
et al. 2005 

 OSB-A OSB-B Dimensional 
lumber 

Pulp Chetwynd 
Dimensional 

lumber 
Predominant species 
processed 

Aspen Aspen Red, white pine Aspen (-) 

Roundwood form purchased Pulpwood Pulpwood Sawlogs Pulpwood, 
chips 

Sawlogs 

Materials sold OSB, 
bark 

OSB, bark, 
fines 

Lumber, chips, 
shavings, bark 

Pulp (-) 

C processed (t):  .).(1 dsx �  278,610 
(23,870) 

40,560 
(3,150) 

10,900 
(720) 

396,800 
(-) 

96,585 
(-) 

C emitted (t): .).(1 dsx �  -19,170 
(850) 

-5,520 
(120) 

-567 
(-) 

20,750 
(-) 

-2,469 
(-) 

LCI-PM C budget (t C: t C 
processed): .).(1 dsx �  

-0.05 
(0.005) 

-0.14 
(0.009) 

-0.05 
(0.004) 

-0.05 
(-) 

-0.03 
(-) 

Expanded LCI-PM to 
include transportation:  

.).(1 dsx �  

-0.113 
(0.005) 

-0.173 
(0.009) 

-0.0784 
(0.004) 

(-) 
(-) 

-0.627 
(-) 
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Table 2.3: Parameters used to calculate LCI-H  
 
Yes (Y) and no (N) indicate whether values for respective parameters varied across forest 
ownerships.  Primary (P) indicates the value is collected data.  Secondary (S) indicates 
value is assumed based on a primary reference or is an averaged value of collected data. 

Parameter Example 
Parameter 

Value 

Unit Vary 
Acrossed 

Ownership 

Data 
Type 

Reference 
or Data 

Source * 
Harvest volume 525,148 m3 Y P 7, 9 
Softwood and hardwood harvest 
volume 

262,553 m3 Y S 1 

Time harvest machinery is in 
use  

56.69 hrs 200 m-3 N P 10 

Roundtrip distance to site  107 km Y P 10 
Ratio of exported roundwood  0.28 - Y P 10 
Area of case study 607,028 ha Y P 9 
Carbon in harvest volume 203 kg m-3 N S 2, 8 
Harvester fuel economy 19 l hr-1 N S 4 
Forwarder fuel economy  11 l hr-1 N S 4 
Chainsaw fuel economy  0.47 l hr-1 N S 10 
Ratio of mechanized harvesting 0.86 - Y P 6 
Carbon in combusted diesel 4.0 kg l-1 N S 3 
Fuel economy of heavy duty 
truck 

8 km l-1 of 
diesel 

N S 5 

Load per logging truck 24 m3 N S 3 
Fuel economy of logging truck 2.6 km l-1 of 

diesel 
N S 3 

Time worked per day 8 hrs N S 1 
Distance from forest to mill 105 km N P 10 

 
* Reference or Data Source: 
1 Assumptions 1) Harvest is half softwood and half hardwood, except in the case of 

NHAL where actual (P) data were available.  2) Standard workday in the U.S. is 8 
hours. 

2 Birdsey and Lewis (2002) 
3 Gower, et al. (in press, 2005) 
4 Data:  Harvester and forwarder company, personal communication (2004) 
5 Heavy duty truck company websites (2003) 
6 Rickenboch (in prep, 2005) 
7 Data:  USDA Forest Service (2003) 
8 Skog and Nicholson (2000) 
9 Data:  Wisconsin Department of Natural Resources (2003) 
10 Appendix 
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Table 2.4:  Parameters used to calculate LCI-PM 
 
Yes (Y) and no (N) indicate whether values for respective parameters varied across forest 
ownerships.  Primary (P) indicates the value is collected data.  Secondary (S) indicates 
value is assumed based on primary reference or is an averaged value of collected data. 

Parameter Example 
Parameter 

Value 

Unit Vary 
Acrossed 

Ownership 

Data 
Type 

Reference 
or Data 

Source * 

Roundwood volume processed  703,826 tonnes Y P 4 
Softwood and hardwood volume 
processed 

24,342 tonnes Y P 1, 4 

Imported roundwood volume 
processed 

154,815 tonnes Y P 1, 4 

Natural gas 3,000,048 therms Y P 1, 4 
CO2-equiv per GJ of natural gas 55.96 kg N S 6, 7, 8 
Propane 333,631 l Y P 1, 4 
BTUs in 1 gallon of propane  95,475 btu N S 3 
CO2-equiv per GJ of propane 62.99 kg N S 6, 7, 8 
Fuel oil 1,458,690 l Y P 1, 4 
BTU's in 1 gallon of middle 
distillate fuel oil 

138,690 btu N S 5 

CO2-equiv per GJ of fuel oil 73.53 kg N S 6, 7, 8 
Electricity 65,675,812 kWh Y P 1, 4 
CO2 per MWh of electricity in 
Wisconsin 

798.62 kg N S 2 

 
* Reference or Data Source: 

1 Assumptions:  1) If not reported, OSB chips are all hardwood.  2)  If not reported, 
imports and exports do not exist at mill.  3)  If fuel/electricity use is not reported, 
then no use exists at mill. 

2 EPA (2004) 
3 Gower, et al. (in press, 2005) 
4 Data: Mills (2000-2003) 
5 Wisconsin energy statistics (2003) 
6 WRI, et al. (2001) 
7 NAFA (2004) 
8 DOA (2003) 
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Table 2.5:  Assumptions used to calculate the industrial forest carbon budget. 
 

Assumption 
number 

Assumption 

1 The same type of harvesting that occurred in the LCI-H case-studies is occurring on 
all acreage of that ownership type in WI. 

2 Ratios Rickenbach (2005) tabulated for the northwest and northeast units of WI are 
representative for the entire state and that each forest ownership type has the same 
ratios. 

3 Ratios for roundwood to mill type are 0.74=pulp/paper, 0.13=large saw mill, 
0.1=small saw mill. 

4 Three types of primary mill's carbon budgets in the LCI-PM represent all in WI. 
5 OSB mill A, OSB mill B, and pulp are representative for all pulp/paper mills in WI. 
6 Dimensional lumber mill is a representative large saw mill for WI. 
7 Dimensional lumber mill is a representative small saw mill for WI.  
8 There are only pulp/paper, large saw, and small saw mill types in WI. 
9 Secondary products weigh twice that of how much carbon is used to make them. 

10 All pulp/paper mill products are made into magazines. 
11 All large and small saw mill products are made into dimensional lumber based 

products. 
12 The case studies within Gower (2005) study contain representative secondary mill 

processing for all secondary mill processing in WI. 
13 The carbon budgets for secondary products are (0.57 t C/t of magazine), (0.61 t C/t 

of magazine), (0.22 t C/t of DL product). 
14 Secondary mill processing makes up 7% of the C budget for magazines – which 

includes: transport of paper to printers, magazine printing, and distribution of 
magazine. 

15 Secondary mill processing makes up 94% of the C budget for dimensional lumber – 
which includes:  transportation of dimensional lumber to distribution centers. 

16 Proportion of pulp/paper mill production goes into respective half-life’s of 1yr: 0.75 
and 20yr: 0.25 and 50 yr: 0. 

17 Proportion of large and small saw mill production goes into respective half-life’s of 
1yr: 0 and 20yr: 0.25 and 50 yr: 0.75. 

18 Products decay according to the decay curve used in the Minor (2004)  100 year 
method.  

19 Seventy-five years for half-life snapshot calculation. 
20 1yr and 20yr products are disposed of according to the WI MSW report of 2000 

(2003). 
21 50 yr products are disposed of in the same way as 20yr products. 
22 Ratios calculated from Denison (1996) of k t of CO2 emitted per/k t of carbon in 

product disposed of are the same for WI forest products. 
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Table 2.6:  Detailed description of industrial forest carbon budget calculation 
 
� (E2) + � (E5) + � (E6) + � (E10) = C budget (t C/yr) for NIPF, state, national forest 
ownerships in the state of WI.  

Equation Number 
(EX) 

Calculation Product of Equation 
(PX) 

1 Average (2000-2003) C budget (t/ha)* total area (ha) C budget of 
ownership type (t) 

2 P1* proportion of wood to mill type C budget from 
harvesting allocated 
to mill type (t) 

3 C harvested of ownership type (t)/ total C harvested of 
ownership type (t) 

Ratio of production 
for final calculations 

4 � (C harvested of ownership type (t) * proportion of 
wood to mill type) 

C harvested allocated 
to mill type (t) 

5 P4 * Mean of primary mill C budgets (t C /t C processed)  C budget from 
primary mill process 
(t) 

6 Weight of secondary product (t) * Mean of secondary 
mill C budgets (t of C/t of secondary product processed) 

C budget from 
secondary mill 
process (t) 

7 P4 * Proportion of mill production that goes into 
respective half-life  

C harvested allocated 
to secondary product 
type (t) 

8 P4 - C production left after 75 years (t) C harvested that goes 
into product disposal 
process (t) 

9 P8 * Proportion of products that go to disposal processes 
in the state of WI 

C amount that is 
disposed of in a 
particular disposal 
process (t) 

10 P9 * t of C emitted/ t of C product disposed of C budget from 
disposal (t) 
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Table 2.7: Coupled industrial and biological forest carbon budget:  An exercise 
 
Numerical columns display the possible range of values, all in g C m-2 yr-1. 

CNNF biological carbon budget 
ANPPa 290 to 1150 

RH
b 809 to 1194 

NEPc -519 to -44 
CNNF industrial carbon budget 
LCId -208.27 

CNNF complete carbon budget (CCB) 
CCBc -727 to -252 

 
a Values derived from a woody increment and detritus of 6 stand types 

in north central Wisconsin (Fassnacht and Gower, 1997). 
b 

Values derived from a northern hardwood and mature aspen stand in 
Price county in northern Wisconsin from 2001 and 2002 (Bolstad, et 
al. 2004).  

c NEP = ANPP-RH , CCB = NEP + LCI 
d Industrial forest carbon budget value tabulated from objective 3 

results of this study. 
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Transportation

Transportation

6

Pre-harvest forest 
management

Harvest (H)

Primary Mill (PM)

Secondary Mill 
(SM)

Product Use (PU)

Product Disposal 
(PD) 

1

2

3

4

5

Road building, seedling 
nursery, tree planting, 

cruising, transportation, 
fertilizing, prescribed 

burns 

Thinning, harvesting, 
transportation of crew 

to site, transport of 
wood to mill

Processing roundwood
into dimensional 

lumber, pulp, or OSB

Transportation of 
primary product to mill, 

processing 
dimensional lumber, 

pulp, or OSB into 
finalized products like 
furniture, paper, and 

siding

Transportation of 
secondary product to 

consumer, use of 
product by consumer.

Transportation of 
secondary product to 
end-of-use, product 

landfilling, recycling, or 
incineration.

=

=

=

=

=

=

Objective 3
(Secondary and tertiary data)

Objective 1
(Primary and secondary data)

Key

Objective 2
(Primary and secondary data)

Not included in objective 3

Examples of process inclusions
Transportation

Transportation

6

Pre-harvest forest 
management

Harvest (H)

Primary Mill (PM)

Secondary Mill 
(SM)

Product Use (PU)

Product Disposal 
(PD) 

1

2

3

4

5

Pre-harvest forest 
management

Harvest (H)
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2.7 Figures 
Figure 1:  Industrial forest processes 
 
 

 

 

 

 

 

 

 

 

 

 
A conceptual diagram illustrating the links between the 6 industrial forest processes.  
Processes are numbered and depicted in rectangles.  Corresponding examples of activities 
within each process are depicted in ovals.  This figure also highlights the level of analysis 
of the objectives.  The LCI-H and LCI-PM, or objectives 1 and 2, were completed using 
primary and secondary data.  Objective 2, or the industrial forest carbon budget 
incorporates the secondary mill (SM), product use (PU), and product disposal (PD) 
processes by scaling the LCI-H and LCI-PM to the total acreage of ownership type and 
by incorporating tertiary data.  The boundaries of investigation do not include pre-harvest 
forest management, transportation between SM and PU and PU and PD, nor 
environmental factors other than CO2 emissions or carbon sequestrations. 
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Figure 2:  Carbon LCI-PM 
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Summary of the primary mill carbon budget, or the ratio of carbon emissions to carbon 
processed at each mill.  The LCI-PM is represented in white, and the expanded LCI-PM 
to include transportation is represented by gray, white, and black.  For comparison, data 
from the Chetwynd dimensional lumber LCI (Gower et al. 2005) were included. 
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Figure 3:  Wisconsin industrial forest carbon budgets 
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The industrial forest carbon budgets for Wisconsin are -208 (g C m-2 yr-1) for the 
National forests, -264 (g C m-2 yr-1) for the state forests, and -183 (g C m-2 yr-1) for the 
NIPF.  
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Figure 4:  Percent contributions of components in the industrial forest carbon budget 
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The percentages that the processes (harvest (H), primary mill (PM), secondary mill (SM), 
and product disposal (PD)) contribute to the total industrial forest carbon budget 
calculation.  The harvest process (H) has a contributing carbon budget from the National, 
state, and NIPF; the primary mill process (PM) has a contributing carbon budget from the 
pulp, large saw, and small saw mills.  The pulp mill carbon budgets are assumed to be 
similar to the pulp and OSB calculations from objective two.  The large and small saw 
mill carbon budgets are assumed to be similar to the dimensional lumber mill calculations 
from objective two.  The secondary mill process (SM) has a contributing carbon budget 
assumed to exist from the products produced in the pulp, large, and small saw mills.  For 
example, the secondary mill process includes a carbon budget to represent transportation 
to a finer product mill, paper processing, furniture assembly, or transportation to a 
distribution warehouse.  The product disposal process (PD), or final fate, has a 
contributing carbon budget from three end-of-life options, incinerated, landfilled, or 
recycled.  The sum of all percentages equals 100%. 
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Figure 5:  Sensitivity analyses of paramters within LCI-H and LCI-PM carbon budgets. 
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Parameter sensitivity of LCI-PM for OSB mill B
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E 

Paramter sensitivity of LCI-PM for dimensional lumber mill
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Figure 6:  Sensitivity analysis of parameters within the industrial forest carbon budget 
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The 12 most sensitive parameters are displayed.  The remaining 51 parameters changed 
output less than 0.1%.   
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3.0  GIS/REMOTE SENSING AND ECOLOGICAL 
MODELING 
 

3.1 Introduction 
 
The Wisconsin forest landscape consists of a diverse mix of tree species and forest stands 
whose growth is influenced strongly by climate and landuse history.  The rapid rise of 
atmospheric CO2 and accompanying rise in average global temperature over the past 30 
years has prompted researchers and policy makers to investigate the potential 
consequences of future climate change on our forest resources.  Major drivers of these 
investigations include federal and state initiatives aimed at both improving our basic 
understanding of Earth system processes and exploring the uncertainty and associated 
socioeconomic impacts of climate change.  In particular, the Kyoto Protocol has 
identified forest management activities as a possible opportunity to offset CO2 emission 
due to fossil fuel burning.  For example, Wisconsin’s Voluntary Emission Reduction 
Registry allows registrants to record reductions of greenhouse gas emissions.  However, 
there are no known federal or state standards for measuring or validating forest C 
sequestration.  Further, to our knowledge nobody has examined the impacts of forest 
management activities on the biological and industrial C footprint of Wisconsin’s forests. 
 
The objective of this study was to estimate the carbon sequestration potential of 
Wisconsin’s forests, and determine how forest management and product decisions affect 
the net biological and industrial carbon emissions.  The specific objectives were to: 
 
(1) Quantify the carbon content in forest vegetation, detritus, and mineral soil for 

forests in Wisconsin. 
 
(2) Model and evaluate the carbon budgets  for Chequamegon-Nicolet National 

Forest, and the NHAL State forest. 
(3) Use data from Objective (1) and (2) and their related forest product chains (e.g. 

paper, dimensional lumber, etc.) in life cycle analyses to identify management 
and industrial processes that can be modified to mitigate GHG emissions and/or 
increase carbon sequestration. 

(4) Incorporate ecophysiological elevated CO2 and warming mechanisms into 
ecosystem process model and simulate forest C budgets and forest product 
chains for future. 

 
 
 

3.2 Methodology 
Our approach to using remote sensing and modeling techniques to estimate the 

biological and industrial carbon cycle was based on existing data and well-accepted 
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methods (Fassnacht et al. 1997, Gower and Landsberg, 1997, Ahl et al. 2003).  Key to 
our approach was the use of the data and products from the MODIS satellite sensor – 
currently used by scientists to study all aspects of global biospheric processes.   

Quantifying present day carbon content 
The present day carbon content of forests was calculated using the U.S. Forest 

Service (USFS) Forest Inventory and Analysis (FIA) data.  Reliance on a standardized 
data is critical to estimating U.S. forest carbon stocks and fluxes.  Estimates of carbon 
stocks and trends at landscape-scale are possible thanks to extensive, past and ongoing 
forest inventory work conducted across all forest ownerships by USFS FIA Program 
(Frayer and Furnival, 1999).  These vegetation data are collected on geo-referenced field 
plots established as part of systematic, regionally consistent, periodic and annual 
inventories conducted by the USFS FIA, the National Forest System and USDI Bureau of 
Land Management (Gillespie 1999). The plots sample all forest and woodland areas at an 
intensity of at least one plot per 6000-7400 acres.  Recently, FIA has adopted an 
annualized survey design that will provide updates on an annual basis across all states 
compared with the historical FIA 7-14 year return time to each state.  This project used 
FIA estimates of carbon stocks from year 2000 FIA data.  The State Soil Geographic 
database (STATSGO, 2003) was used to estimate terrestrial soil organic carbon for the 
State.  Site specific soil carbon storage data were linked to these datasets to estimate the 
spatial distribution of soil organic carbon (Markewich and Buell, 2001). 

Modeling Carbon Sequestration & Future Growth 
The net carbon sequestration for a given ecosystem, or net ecosystem production 

(NEP), was calculated as the difference between the net primary production (NPP) and 
heterotrophic respiration (Figure 3.1).  NPP, the difference between gross primary 
production (GPP) and autotrophic respiration, is an important ecosystem process because 
it removes carbon dioxide (CO2) from the atmosphere and stores it in short-lived (foliage 
and fine roots) and long-lived (wood) tissues.  The gross uptake of CO2 (GPP) and the 
allocation of carbon to autotrophic respiration and biomass components are sensitive to 
climate change, yet a clear understanding of this process is lacking (Ruimy et al., 1999; 
Gower et al., 1999; Canadell et al., 2000).   Ecosystem process models that simulate NPP 
and NEP require inputs on the ecophysiological and biophysical characteristics of the 
ecosystem of interest.  Remotely sensed data indirectly provide some of the spatial data 
(e.g., land cover, leaf area index) needed to simulate carbon dynamics from landscape to 
global scales (Waring and Running, 1998).  Land cover data are needed for species or 
lifeform specific model parameterization, and leaf phenology and structure can be used to 
derive absorbed photosynthetically active radiation (APAR).    

A tiered approach, appropriate for the region of interest, is necessary for reducing errors 
associated with aggregating fine scale information to landscape scales.  We used 
ecophysiological coefficients, derived from the previous field research in the study 
region, specific to plant functional groups, to simulate NPP for the Chequamegon-Nicolet 
forests, NHAL, and the entire State.   Landcover and leaf area index products derived 
from the MODIS satellite sensor were used as input to the ecosystem process model, 
BIOME-BGC (Thorton et al. 1998; Bond-Lamberty et al. 2005).  We focused our initial 
simulations on the Chequamegon-Nicolet National Forest (CNNF) and the Northern 
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Highland American Legion State Forest (NHAL) to coincide with data collected for the 
industrial carbon cycle.  Harvest data collected from each forest were used directly in 
BGC to simulate the effects of differing harvest intensities on the net ecosystem 
production (NEP, carbon sequestration) over 100 years.  Present day climatology data 
were acquired from the UW-AWON, ASOS, and AWOS weather networks.  Soils and 
soil carbon data were derived from STATSGO.  All spatial data were registered to 1-km 
statewide grid established for simulations.  Climate change data from the Hadley Climate 
Centre (Johns et al. 1997) were incorporated into the model to simulate the effects of 
changing temperature, precipitation, and atmospheric CO2 on the combined biological 
and industrial carbon cycle. 
 
Ecophysiological process models estimate NPP and NEP by simulating processes such as 
photosynthesis, respiration, nutrient and water cycling, growth and mortality, and 
decomposition.  Process models can estimate ecosystem functions at landscape to global 
scales, at which field sampling and inventory become impractical (Waring and Running 
1998). We used a modified version of Biome-BGC to simulate biological carbon cycling 
in Wisconsin (Bond-Lamberty et al. 2005).  A detailed description of BGC can be found 
in Bond-Lamberty et al. (2005), Running and Coughlin (1988), Running and Gower 
(1991), Kimball et al. (1997), and Thornton (1998).  Biome-BGC is a biogeochemical 
and ecophysiological model that uses daily meteorological data and general stand soil 
information, to simulate energy, carbon (C), water and nitrogen (N) cycling.  Leaf area 
index (LAI) controls canopy radiation absorption, which is linked explicitly to 
photosynthesis and evapotranspiration.  Ecosystem respiration components (autotrophic 
and heterotrophic respiration) are regulated by empirical relationships to temperature.  
Vegetation types in BGC represent coarse distinctions between functional groups (e.g., 
evergreen needle-leaf and deciduous broadleaf) with the capability of representing 
multiple interacting types.  For simplicity, we used only single vegetation types to 
establish initial estimates of carbon pools for Wisconsin.  We are now extending current 
results to include multiple interacting vegetation types. 
 

Statewide Climate Data 
 
Climate data for years 2000-2003 were collected from the University of Wisconsin-
Madison Extension Services in the Department of Soil Science.   There are 5 daily 
climate variables needed as input to Biome-BGC: maximum temperature, minimum 
temperature, solar radiation, precipitation, and vapor pressure deficit (Figure 3.2).  
Temperature data were made available to this project in gridded form.  The temperature 
grid was created using an interpolation technique to extend the data from weather stations 
to approximately 40 km x 40 km grid spacings.  Average daily vapor pressure deficit, the 
difference between saturation pressure and actual water vapor pressure, was calculated 
using relative humidity and temperature data.  Precipitation was not available in gridded 
form.  We used hourly precipitation data from every available weather station for each 
year and created a gridded daily precipitation estimate using an inverse distance 
interpolation.  Solar radiation was available as daily total solar insolation at the surface 
derived using the GOES satellite (Diak et al. 1996). 
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Future climate change information for Wisconsin were acquired from the Hadley Climate 
Center.  We used a single linear scalar for all Wisconsin, applied to the existing gridded 
climate data, to simulate 100 years of changing temperature (+0.03°C year-1), 
precipitation (+0.00008 mm year-1), and atmospheric CO2 (+3.65 ppm year-1).   

Landcover and Ecophysiology 
 

Landcover is an important characteristic of the landscape but also serves as an 
indexing tool for implementing an ecosystem process model.  Most ecosystem process 
models are constrained by the ecophysiological parameters associated with vegetation 
species.  The Wiscland landcover data was developed from 30 m Landsat satellite data to 
provide detailed statewide landcover information.  The data has proven extremely useful 
for many applications.  However, Wiscland was developed using early 1990s imagery, 
now almost 15 years old, and has shown to be outdated in places.  We developed a 
landcover classification based on the Wiscland data and using 6 dates of MODIS 250m 
imagery acquired in 2000.  The six dates spanned the entire growing season to maximize 
phenological separability due to climate (e.g., north vs. south) and species differences.  
The Wiscland data was used to develop training signatures for processing the MODIS 
imagery.  The training signatures were created by visually inspecting raw landsat and 
MODIS imagery to determine if the landcover type had changed, and then extracting 
spectral information from the MODIS imagery for input into the classification procedure.  
To the extent possible, we used the level three classification scheme (i.e., species level), 
which was easily combined with similar class types or aggregated into a higher levels.  
To reduce misclassification of forested wetlands, wetlands were separated in the imagery 
from uplands using the Wisconsin DNR wetland survey technique (Sader et al., 1995). 
We used hybrid image classification techniques (Bauer et. al., 1994; Stuckens et. al., 
2000) to classify the MODIS imagery.  A post classification contextual procedure was 
applied to remove the “salt and pepper” effect and assign each pixel a majority land cover 
of the classes surrounding it (Stuckens et. al., 2000). 

We developed a matrix of ecophysiological parameters indexed to the landcover 
classification that were used directly in the ecosystem model (Table 3.2).  The values of 
these parameters can greatly influence model results, and were chosen from the literature 
to best represent forest species found in Wisconsin. 

 

    

Biological and Industrial Carbon Budget of Chequamegon-Nicolet National 
Forest 
 
Site Description 
 

The study area includes the Chequamegon-Nicolet National Forest in northern 
Wisconsin.  For these model simulations we restricted analysis to the Chequamegon 
forests excluding what was once the Nicolet forests.  The area also includes an Earth 
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Observing System (EOS) Validation site (http://modis-land.gsfc.nasa.gov) centered on a 
447-meter tall communications tower (WLEF tower; 45.9450°N, 90.2733°W) that was 
used to aid model parameterization and validate results.  The topography is slightly 
rolling with an elevation difference of 45 m between highest and lowest elevations.  The 
climate is cool, temperate continental, with mean air temperatures ranging from –12°C to 
19°C for January and July, respectively.  Average precipitation is 811 mm per year for 
this region (Barish and Meloy, 2000).  

Much of northern Wisconsin, including the study area, was logged in the late 
1800s - early 1900s and a heterogeneous mixture of forest cover types has regrown, 
reflecting a combination of complex glacial history and forest management (Fassnacht 
and Gower, 1997).  Outwash, pitted outwash, and moraines comprise almost 63% of the 
geomorphic landform for this study site.  Red pine plantations (Pinus resinosa Ait.) 
dominate well drained glacial outwash.  Northern hardwood species occur on fine 
textured moraines and include sugar maple (Acer saccharum Marsh.) and basswood 
(Tilia americana L.) primarily.  Trembling aspen (Populus tremuloides Michx.) and 
balsam fir (Abies balsamea (L.) Mill.) dominate intermediate sites in this area.  Poorly 
drained lowland organic soils (peat) comprise approximately 30% of the area and are 
dominated by speckled alder (Alnus rugosa DuRoi), white cedar (Thuja occidentalis L.), 
and tamarack (Larix laricina DuRoi), with some balsam fir and black spruce (Picea 
mariana Mill.) throughout. Wetland grass, shrub and open water communities comprise 
less than 10% of the area. 

 
Harvest Data 
 

Simulating a harvest operation in BGC involved removing an amount of stem 
carbon from the total carbon pool and then allocating the residual (leaves, roots, 
branches) to the litter pool for decomposition.  Merchantable stem harvest amounts were 
collected from US Forest Service timber sale and cutting reports for the CNNF (White et 
al., 2005).  Data were further partitioned into softwood and hardwood to facilitate 
ecosystem modeling with the landcover map.  Since the grid spacing was 1 km2 and 
much larger than a typical harvest operation, only a proportion of the grid cell’s stem 
carbon was removed in a harvest.  Simulation harvest amounts were randomly chosen 
based on the estimated mean and standard deviation from Forest Service data.  Grid cells 
chosen for harvest in the simulation were also randomly chosen because actual locations 
were not readily available from the sales records.  Intitial test simulations indicated these 
assumptions produced reasonable results.  
 
Biological Simulations 
 

BGC simulations for CNNF were implemented for 100 years to simulate the 
effects of harvesting and climate change on the net ecosystem productivity (carbon 
sequestration) of the forest.  Three harvesting scenarios were implemented:  1) no 
harvesting, 2) normal harvest regime, and 3) double harvest.  No attempt was made to 
distinguish among silvicultural treatments.  Two climate scenarios were implanted for 
each harvest scenario: 1) no climate change and 2) climate change of temperature, CO2, 
and precipitation.  The 4 years of climate data assembled were reused every four years, 
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25 times, to simulate the 100 years.  We note that the 4 years of climate data we used are 
not significantly different from the long term record and should not affect ‘normal’ 
simulations.  At the end of each simulation year, the harvest amount was subtracted from 
the stem carbon pool as described above.  The four years of harvest data collected 
remained the same throughout the 100 years, repeating every four years.  We assumed 
leaf litter, branches, and roots were left onsite has harvest residue.  The total amount of 
harvest residue left behind was assumed to be 50% of the total tree volume harvested, or 
calculated as twice the harvest amount (Birdsey et al. 2002). 
 
Coupled Biological and Industrial Budget 
 

Data from White et al. (2005) were used to calculate the net carbon emissions 
associated with harvesting and producing forest products in Wisconsin (Table 3.3, Figure 
3.10).  Harvest factors contributing to carbon emissions included harvest machinery use 
and fuel economy, transportation of workers to harvest site, average harvest load per 
truck and log truck fuel economy.  Harvest product processing included data from an 
oriented strand board mill, dimensional lumber mill, and three paper mills in northern 
Wisconsin.  Product processing factors included fuel and electricity use of the processing 
facility.  Final factors of the industrial budget included data for secondary mill 
processing, transportation of products, product use and disposal.  For this study, we 
excluded imported wood for product processing.  The net result of combining all factors 
and associated emissions is an efficiency rate of carbon emitted per mass of carbon 
harvested.    The amount of carbon emitted during processing was added to net ecosystem 
productivity of the CNNF to produce a coupled carbon budget. 
  

3.3 Results and Discussion 

Wisconsin Forest Carbon Content 
 

Statewide soil C density calculated from STATSGO soil polygons up to 1 meter 
depth ranged from 0.5 to 23.0 kg m-2 with an average of 7.3 (Figure 3.1).  These results 
are consistent with those reported by Campbell et al. (2004).  County estimates of total 
forest C from FIA data range from 17.6 to 37.4 kg m-2 with a mean of 23.8 kg m-2.   
Spatial forest C patterns are visible (Figure 3.2) reflecting the dominance of forests in the 
north and agriculture in the south and southeast Wisconsin.  Notable are the large forest 
carbon stocks of the old growth forests in Menominee county.  Total forest C was 
tabulated using the Carbon Online Estimator (COLE) and includes forest floor, coarse 
woody debris, understory, live and dead trees, roots, and soil organic matter (See 
Appendix).   Since this project was initiated, the Forest Service has improved the tools 
available to quickly tabulate state or national carbon estimates from FIA data.  In 
particular, the online tool COLE (  http://ncasi.uml.edu/COLE/index.html) can be used to 
derive various carbon pool estimates for each year, on a county-wide scale, that FIA data 
are available.  Similarly, the Forest Service now offers online data tabulation and 
mapping tools to access FIA data directly (http://www.fia.fs.fed.us/tools-data/tools/).  
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However, locations of individual FIA are not released and data represent spatial averages 
based on the number of samples taken within a county. 
 

Wisconsin Forest Carbon Sequestration 
 

Statewide forest soil carbon decreased slightly over the 100 simulation years for 
both climate scenarios (Figure 3.3).  Climate change had a stronger affect on soil carbon 
loss likely due to increased microbial activity under a warmed climate. Overall, these 
trends are not unusual for long term model simulations (Turner et al. 2003).  Soil carbon 
does not exhibit the spatial variability throughout the state relative to stem carbon.   The 
slight decrease in soil carbon may also be an artifact of how the ecosystem model was 
parameterized for a steady-state condition that is not known.  The lowest soil carbon 
occurs on the sandy soils shown in the northwest and central parts of the state, and does 
not change much over our 100 years of simulated forest growth.  Soil carbon makes up a 
significant part, almost 40-50%, of the total forest carbon pool.  The soil carbon trends 
suggest that long term management for optimal carbon sequestration might focus on soil 
carbon, rather than vegetation carbon that eventually will be converted and released as 
CO2. 
 

Statewide stem carbon continued to increase for each scenario (Figure 3.3, 3.5).  
At year 100, statewide stem carbon reaches a maximum of 20 kg m-2 under a climate 
change scenario.  Mean stem carbon changes from 4.5 to 7.5 and from 4.5 to 8.5 kg m-2 
under no climate change and climate change scenarios respectively.  Data for stem carbon 
for simulations were derived from FIA data and seem to be consistent with data from 
other studies (Burrows et al. 2003).  However, we note that the FIA data available to us 
were aggregated to the county level.  Spatial variability of stem carbon estimates within 
the county may improve small scale simulations but we feel these county-wide averages 
are a reasonable start for examining statewide carbon budgets and future trends.  Notable 
is the very large stem carbon associated with the old growth forests of Menominee 
county.  Although after 100 years of simulation, stem carbon pools look similar to present 
day Menominee county.  We note that the trajectory of stem carbon warrants further 
scrutiny of the models carbon allocation (and mortality function) to stem.   
 

Average statewide forest carbon sequestration (NEP) for a 100 year simulation 
was 0.03 and 0.04 kg m-2 year-1 for no climate and climate change scenarios, respectively 
(Figure 3.3, 3.7).  Carbon sequestration in both scenarios is negative (~-0.6) for the first 
few years of simulation and rises to a maximum in 10 – 15 years and then declines to a 
near steady-state close to zero by year 100.  Climate change increases overall 100-year 
carbon sequestration by about 10% over a no-climate change scenario.  In both cases, 
Wisconsin forests remain a slight carbon sink.  The magnitude of the sink for northern 
Wisconsin forests is consistent with other site specific studies (Davis et al. 2003).  
Simulated 100-year NEP for the NHAL was much lower (~0.07) than NEP for CNNF 
(Figure 3.9, 3.9) despite having somewhat similar landcover and model ecophysiological 
parameters.  The large difference could be due to differences in the climate data used 
between regions, which in turn will affect water and nutrient availability (Fassnacht and 
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Gower, 1997).    However, the trajectory of NEP through time between the two forests is 
similar.  Ongoing refinements of the simulation model should improve carbon budget 
estimates between these two import Wisconsin forests.  Carbon sequestration of the 
southern forests of Wisconsin are more difficult to verify and we are unaware of any 
other study that has attempted to quantify long term ecosystem production of these 
forests.   We note that the carbon sequestration rate is negative for the first few years of 
simulation.  This is likely due to the scale mismatch between initial LAI (1km) from 
MODIS and the county-wide stem carbon estimates from FIA.     
   

Biological and Industrial Carbon Budget of CNNF 
 

The biological carbon balance (NEP) used throughout this study includes the 
difference between the CO2 assimilated by plants through photosynthesis and the CO2 
released by plants and soil organisms through respiration.  The overall soil carbon 
balance for CNNF over 100 years remained somewhat stable for the first 50 years for all 
scenarios and then began to diverge after 50 years, apparently as a result of the different 
harvesting regimes (Figure 3.13).  The average soil carbon content in 2000 for the CNNF 
based on the STATSGO data was 6.2 kg C m-2.  Increased harvesting activity seemed to 
have the affect of increasing slightly the long term carbon content presumable because of 
the harvest residue left behind.  Simulated climate change appeared to have little effect 
on the overall soil carbon content. 
 

Climate change had a significant affect on stem carbon accumulation over 100 
simulation years with larger differences occurring after 50 years of simulation (Figure 
XX).  Average stem carbon content for the CNNF in 2000 based on FIA data was just 
under 6 kg C m-2, which is consistent with data collected by Burrows et al. (2003).  Stem 
carbon content reaches a maximum (18 kg m-2) in year 100 under a climate change 
scenario for the no harvesting and normal harvest scenarios.  The 2X harvest scenario 
remains similar for climate change and no climate change indicating that harvest regime 
has a greater influence than climate change on overall stem carbon accumulation.  
Climate change has a dramatic affect on a no harvest scenario and normal harvest 
scenario likely due to the combined fertilization effect of temperature and CO2.  In a 
separate analysis of modeling photosynthesis, we found that increased temperature had a 
slightly greater affect than increased CO2.  The lower trajectory for the 2X harvest 
scenario for stem carbon is likely due to the doubling of stem carbon removed each year.  
We also note that this model predicts a near-linear rise in stem carbon for 100 years.  This 
is not likely very realistic  as we would expect stem carbon for this northern Wisconsin 
forest to rise to a maximum, around year 15-20, and then remain steady or decrease as 
trees age.   
 

Net ecosystem production (NEP) rises to about 0.2 kg C m-2 year-1 after 15 years 
and then declined to a steady state of about 0.15 and 0.1 for climate change and no 
climate change scenarios, respectively (Figure 3.13).   Climate change had the predicted 
effect of increasing primary production for each harvest scenario (Figure 3.15-17.  The 
rise and then fall of NEP is a common trajectory (Gower et al. 1997; Ryan et al. 1998; 
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Bond-Lamberty et al. 2004).  Under a climate change scenario, this effect is offset by the 
increase in CO2 and temperature, whereas under no climate change, NEP continues to 
decline.   The initial values of NEP start fairly low and have a high variability across the 
landscape.  These initial values for the first few years are consistent with other studies of 
NEP in the area.  For example, Davis et al. (2003) at the WLEF tower in the 
Chequamegon forest found NEP to be around 0.04 kg C m-2 year-1 for years 1998-2000 
with a standard deviation also around 0.04, indicating the forest to be near neutral. 
 

Results show the CNNF to be a net sink of carbon in 2000 with the sink becoming 
stronger for about 10 years.  It appears that doubling the current harvest amount does not 
have the same effect under a climate change scenario as it does under a no climate change 
scenario.  This seems to suggest that there are likely optimal management scenarios that 
can be prescribed to maximize carbon sequestration if climate change continues on the 
current trajectory.  The assumption with these scenarios is that the model incorporates the 
correct climate change ecophysiological mechanisms and feedbacks.  Research on this is 
lacking but we believe this study provides plausible outcomes given the state of 
knowledge at this time. 
 

Harvesting changed the overall mean by about 0.05 kg C m-2, which is likely 
within the error of ability to measure NEP in the field.  The spatial patterns of harvesting 
are evident among the scenarios tested and it is not surprising that harvesting seems to 
help reintroduce young regenerating vegetation, which will typically have greater net 
primary production rates than older growth vegetation (Gower et  al. 1997).  The vast 
forested landscape of the CNNF, we note includes non-merchantable timber in forested 
wetlands, represents the dominant signal for NEP, and not harvesting.  On a per harvest 
site basis, NEP typically drops to about -1 to -2 kg m-2 year-1, which comprises a net 
source to the atmosphere do to the decomposing residue left behind.  As the regenerating 
stand develops, NEP increases quickly and becomes a net sink after 6-10 years. 
 

The total biological and industrial carbon balance for 100 years was calculated by 
adding the industrial emissions to the harvesting scenarios each year (Figure 3.14).  
Under each scenario, the total balance remained a net sink of carbon indicating that 
biological sequestration was still much stronger than industrial emissions associated with 
harvesting, producing, and using forest products within Wisconsin.  We note here again 
that the emissions coefficients did not include import transportation of any material from 
outside Wisconsin.  The normal harvest with climate change had the largest net biological 
and industrial carbon sequestration.  The net industrial carbon budget, represented by 
CO2 emissions, only accounted for approximately 10% of the combined budget for the 
CNNF.  The biological effects of harvesting had a much greater influence than the 
industrial emissions under climate change, while the 2X harvesting seemed to improve 
the sink under no climate change.  We speculate this is because of the greater amount of 
regenerating vegetation spatially distributed at different times on the landscape, with less 
loss to respiration under the climate change scenario.  The results suggest that more work 
is needed to examine potential ecophysiological thresholds that affect carbon 
sequestration.  When compared on an individual harvest site basis, the net effect of CO2 
through decomposition is greater than the combined industrial emissions over the short 
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term.  In terms of a cost recovery where industrial production is a cost or detriment to the 
environment, the cost is recovered after only 3 years on a per harvest site basis because 
regenerating vegetation have the capacity to assimilate CO2 quickly over 5 to 10 years.     
 
  

3.4 Conclusions 
 

Forest management activities have a significant affect on the short and long term 
(~100 years) carbon sequestration of a forest.  The net effect of forest management, 
whether it results in a net sink or source of CO2, depends on many factors.  Our results 
suggest that the CO2 released due to harvesting operations and related forest product 
processing do not result in a net loss of CO2 in the long term because of the offsetting 
process of CO2 assimilation through photosynthesis.  Or stated differently, the CO2 
uptake by other commercial forests or non-commercial forests appears to offset CO2 
emissions associated with the industrial forest carbon cycle.  On a harvest-site basis, 
harvesting does result in a net loss of CO2 in the short term (1-5 years) partly because of 
the increased release of CO2 due to decomposition of harvest residuals on site.  However, 
short and long term net ecosystem production plus industrial emissions, are tempered by 
the spatial extent of the area, or land ownership, used in calculations, and will greatly 
influence whether an area is considered a net sink or source.    

 
We have several recommendations for future work and improving the analyses 

presented in this report. 
 
1) Other harvesting scenarios and management options should be explored in an effort to 
elucidate optimal approaches to meet multiple goals.  A significant amount of CO2 
released immediately after harvest seems to originate from residuals left on site.  The 
effects of varying residual amounts, and distribution should be examined more closely. 
 
2) There is a need to examine the trade offs of considering spatial extent when 
developing a total carbon budget.  This is especially relevant if carbon credits or trading 
value are associated with carbon management activities.  For example, total harvest area 
for a given year in the CNNF typically represents less than 1% of the total ownership. 
Increasing total spatial extent (i.e., greater sequestration area) under consideration could 
have the effect of minimizing CO2 emissions impacts.   
 
3) A better accounting of product imports and exports and associated emissions will 
likely have an impact on the net biological and industrial carbon budget.  This study only 
considered product processing within Wisconsin.  A significant amount of emissions are 
associated with transport over long distances and will affect carbon sequestration 
potential.    
 
4) Incorporation of improved landcover classification data including associated 
ecophysiology parameters should improve biological carbon budget estimates.  Similarly, 
incorporation of improved future climate change data and ecophysiological response 
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mechanisms should be ongoing with these types of projects.  An important step to 
determining plausible impacts of climate and harvesting on carbon budgets could be an 
extensive sensitivity analysis of key model parameters. 
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3.5 Tables 
 
 
 
Table 3.1.  Key data sets used in this project for modeling carbon cycling. 
 
 
 
 
Key Data Set Source 
Carbon Content USFS FIA, STATSGO 
Land cover MODIS MOD12 Land Cover 

http://modis.gsfc.nasa.gov/ 
Leaf Phenology and Structure MODIS MOD13 Enhanced Vegetation Index 

MODIS MOD15 LAI, fAPAR 
http://modis.gsfc.nasa.gov/ 

Solar Radiation GOES Weather Satellite 
Diak et al. (1996) 

Temperature 
Precipitation  
Relative Humidity 

UW Automated Weather Observation Network 
NWS ASOS and FAA AWOS Weather Networks 

Light Use Efficiency Gower et al. (1999), Fassnacht and Gower (1997) 
Ahl et al. (2002) 
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Table 3.2.  Representative ecophysiological parameters of primary forest vegetation types 
(evergreen needle-leaf (ENL), deciduous broadleaf (DBL)) found in Wisconsin and used directly 
in Biome-BGC. Abbreviations: C = carbon; N = nitrogen; LAI= leaf area index; SLA = specific 
leaf area; gs = stomatal conductance; �L = leaf water potential; and VPD = vapor pressure 
deficit. 
 
Parameter ENL DBL  
 
Phenology and Turnover 
Transfer growth (%) 20 20  
Litterfall (%) 20 20  
Leaf turnover (year-1) 0.26 1.0  
 
Live wood turnover (year-1) 0.7 0.7   
Whole-plant mortality (year-1) 0.01 0.01  
Fire mortality (year-1) 0.005 0.0025  
 
Allocation and N requirements 
 
Fine root C:leaf C  1.4 1.2   
Stem C: leaf C 2.2 2.2  
Live wood C:total wood C 0.1 0.16  
Coarse root C:stem C 0.3 0.22  
Growth C:storage C 0.5 0.5  
Leaf C:leaf N 42 25   
Leaf litter N:leaf litter N 93 55  
Fine root C:fine root N 58 48  
Live wood C:live wood N 50 50  
Dead wood C:dead wood N 730 550  
Leaf litter labile:cellulose:lignin (%)        31:45:24 38:44:18  
Fine root labile:cellulose:lignin (%) 34:24:22 34:44:22  
Dead wood cellulose:lignin (%) 71:29 77:23  
 
Canopy parameters 
 
Water interception (LAI-1 day-1) 0.01 0.01  
Light extinction 0.5 0.54  
SLA projected area (m2 kg-1 C) 8.2 32.0  
Shaded/sunlit SLA 2 2  
All sided:projected leaf area 2.6 2  
Leaf N in Rubisco (%) 3 8.8  
Maximum gs (mm s-1) 4.0 6.0  
Cuticular conductance (mm s-1) 0.04 0.06  
Boundary layer conductance (mm s-1) 90 10  
�L start gs reduction (MPa) -0.63 -0.34  
�L complete gs reduction (MPa) -2.3 -2.2  
VPD start of gs reduction (kPa) 610 1100  
VPD complete gs reduction (kPa) 3100 3600  
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Table 3.3.  Harvest amounts and industrial carbon budget parameters derived from White et al. 
(2005) and used to calculate carbon emissions associated with harvesting.  
 
 
CNNF HARVEST AMOUNT (Tons C) 2000 2001 2002 2003 
 

Softwood  42540 53328 36942 37351  
Hardwood  57336 71876 49790 50341 
 

 
 
 

 
 
Harvest Biomass:total tree biomass  0.5 
 
Harvest tC emitted:tC processed    0.08    
 
Lumber tC emitted:tC processed     0.078    
 
Average Lumber:Paper production   0.466 
 
Paper Mill tC emitted:tC processed   0.148
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3.6 Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.1.  Carbon sequestration (NEP) is calculated as the difference between net 
primary production (NPP) and heterotrophic respiration (Rh) and then used as input into 
life cycle analysis of wood and paper product chains. 

NEP 

Rh 
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Figure 3.2.  Primary spatial data developed for input into ecosystem process model. 
Meteorological data represent mean of years 2000 to 2003.



 

 54 
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Soil Carbon Live Tree Stem C Net Primary Production Net Ecosystem Production

 
Figure 3.3.  One hundred-year trajectories of Wisconsin forest carbon for no climate change and climate change scenarios.  



 

 55 

Climate Change

No Climate Change Soil Carbon

Year 5 Year 100

Figure 3.4.  Wisconsin soil carbon (kg m-2) map and histogram for simulation year 5 and year 100, for no climate change and climate 
change scenarios.   
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Figure 3.5.  Wisconsin stem carbon (kg m-2)map and histogram for simulation year 5 and year 100, for no climate change and climate 
change scenarios.   

Areas of non-forest or no data 
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Climate Change

No Climate Change

Year 5 Year 100

Net Primary Production

Climate Change

No Climate Change

Year 5 Year 100

Net Primary Production

Figure 3.6.  Wisconsin net primary production (kg m-2) map and histogram for simulation year 5 and year 100, for no climate change 
and climate change scenarios. 
 
 

Areas of non-forest or no data 
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Climate Change

No Climate Change

Year 5 Year 100

Net Ecosystem Production

Figure 3.7.  Wisconsin carbon sequestration (kg m-2) map and histogram for simulation year 5 and year 100, for no climate change and 
climate change scenarios. 

Areas of non-forest or no data 
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Figure 3.8.  Biological carbon pool trajectories for 100 simualtion years for the Northern Highland American Legion (NHAL) forest. 
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Figure 3.9.  Northern Highland American Legion (NHAL) forest carbon sequestration for simulation years 5 and 100. 
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Figure 3.10.  Generalized pools and carbon fluxes of Biome-BGC (left) used in this study 
to estimate ecosystem carbon sequestration.  Stem carbon harvested is processed through 
the industrial carbon cycle (right). 
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Figure 3.11.  Soil carbon simulation for the Chequamegon National forest for different 
harvest and climate scenarios. 
 

 
Figure 3.12.  Total Stem C simulation for the Chequamegon forest for different harvest 
and climate scenarios. 
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Figure 3.13.  Mean net ecosystem production of the Chequamegon forest for 100 years.  
Normal harvest represents actual harvest levels for 2000 to 2003, repeated 25 times.  
Double harvest increases actual harvest by a factor of 2 for each year.  Climate change 
simulations include temperature (+0.03°C year-1), precipitation (+0.00008 mm year-1), 
and atmospheric CO2 (+3.65 ppm year-1).   
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Figure 3.14.  Combined mean biological (NEP) and industrial carbon flux for a 100-year 
simulation of the Chequamegon National Forest.  Simulations scenarios are as described 
in Fig. 3.13.   
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No Harvest/No Climate Change

No Harvest/Climate Change

0.142 (0.140) 0.204 (0.087) 0.125 (0.067) 0.070 (0.044)

year 5 year 15 year 50 year 100

0.147 (0.144) 0.223 (0.095) 0.164 (0.081) 0.133 (0.076) <-0.39

>0.51

0.06

Figure 3.15.  Chequamegon National Forest simulated carbon sequestration (kg m-2 year-1) for no harvest scenario.  Spatial mean 
given for each simulation with standard deviation in parentheses. 
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year 5 year 15 year 50 year 100

Normal Harvest/Climate Change

0.118 (0.141) 0.158 (0.095) 0.091 (0.080) 0.061 (0.060)

0.145 (0.155) 0.188 (0.091)0.218 (0.110) 0.170 (0.079) <-0.39

>0.51

0.06

Figure 3.16.  Chequamegon National Forest simulated carbon sequestration (kg m-2 year-1) for normal harvest scenario. Spatial mean 
given for each simulation with standard deviation in parentheses. 
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2X Harvest/No Climate Change

2X Harvest/Climate Change

year 5 year 15 year 50 year 100

0.137 (0.163) 0.186 (0.122) 0.151 (0.102) 0.121 (0.090)

0.121 (0.155) 0.169 (0.117) 0.160 (0.110) 0.146 (0.101)
<-0.39

>0.51

0.06

Figure 3.17.  Chequamegon National Forest simulated carbon sequestration (kg m-2 year-1) for double harvest scenario. Spatial mean 
given for each simulation with standard deviation in parentheses. 
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Appendix A – Acronyms 
 

Acronym Definition 

ANPP Aboveground Net Primary Productivity 

AreaTotal Total area of ownership type in Wisconsin 

C Carbon 

Cbudget Carbon Budget 
CCB Complete Carbon Budget 

CH4 Methane 

CNNF Chequamegon-Nicolet National Forest 

CO2 Carbon Dioxide 

DQI Data Quality Indicator 

EH Carbon emitted in Harvest process 

EPA Environmental Protection Agency 

EPM Carbon emitted in Primary Mill process 

EPM Carbon emitted in Primary Mill process 

GHG Greenhouse Gas 

H Harvest process 

HH Carbon harvested in Harvest process 

HTotal Pro-rated volume harvest from total are of ownership type 

IPCC International Panel on Climate Change 

ISO International Standards Organization 

LCA Life-Cycle Assessment 

LCI Life-Cycle Inventory 

LCIA Life-Cycle Impact Assessment 

LCI-H Life-Cycle Inventory of the Harvest process 

LCI-PM Life-Cycle Inventory of the Primary Mill process 

MFL Managed Forest Laws of Wisconsin 

MFL-NIPF 
Non-Industrial Private Forests participating in the Managed Forest Laws of 
Wisconsin 

NEP Net Ecosystem Productivity 

NHAL Northern Highland - American Legion state forest 

NIPF Non-Industrial Private Forests 

NO2 Nitrous Oxide 

OSB Oriented Strand Board 

PBP Project-By-Project 

PD Product Disposal process 

PM Primary Mill process 

PU Product Use phase 

RH Heterotrophic respiration 

SETAC Society of Environmental Toxicology and Chemistry 
SM Secondary Mill process 
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WDNR Wisconsin Department of Natural Resources 
WRI World Resource Institute 

XH Carbon exported in Harvest process 
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Appendix B – Glossary 
Board Foot (BF) is a cut of wet wood that measures 12 inches by 12 inches by 1 inch.  
MBF is the acronym for one thousand board feet. 
Boundaries  The point at which the system of study begins and ends.  The processes that 
fall outside of the boundary are not analyzed, whereas those that are inside the boundary 
are. 
Chequamegon-Nicolet National Forest (CNNF)  Is the representative national forest 
studied in this project.  It is managed by the United States forest service. 
Cord is a stack of wet wood (including air space and bark) that measures 4 feet by 4 feet 
by 8 feet. 
Cubic Foot (CF) is a volume of material that measures 1 foot by 1 foot by 1 foot.  MCF 
is the acronym for one thousand cubic feet. 
Emission  Is the process by which solid carbon is transformed into a gaseous state, and 
released into the atmosphere. 
Export/Import  Is when solid carbon is transported out of/into the state of Wisconsin. 
Forest biological carbon budget  Is the sum of all fluxes both negative and positive 
which additively produce a loss or gain of carbon throughout the processes associated 
with forest biological dynamics over a certain time frame.  The biological carbon budget 
begins when a forest assimilates atmospheric carbon and ends when carbon is removed 
from the forest. 
Forest industrial carbon budget  Is the net loss or gain of carbon throughout the 
processes associated with the industrial processing of forest products over a certain time 
frame.  The industrial carbon budget begins when carbon is removed from the forest and 
ends when the forest assimilates atmospheric carbon.  
Forest industrial carbon cycle is the sub-section of the carbon cycle that sequesters and 
emits carbon from industrial processing of forest products.  For the purposes of this study 
the industrial forest carbon cycle begins when the roundwood is harvested and ends when 
the product made from that roundwood has been completely incinerated or decayed.   
Forest ownership refers to the organization or person that owns a forest.  There are 7 
forest ownership categories in Wisconsin:  National, state, industrial private, non-
industrial private, county, tribal, and municipal. 
Functional unit  Is the measure of material of interest in the study.  In this case, that 
material is carbon and the measure is metric tonnes.  The functional unit is tracked from 
process to process. 
Industrial private forest (IPF) is forest land owned privately by companies or 
individuals who also own wood-using plants. 
Life-Cycle Assesment (LCA) is an objective process to evaluate the environmental 
burdens associated with a product, process, or activity by identifying energy and 
materials used and wastes released to the environment, and to evaluate and implement 
opportunities to affect environmental improvements (SETAC 1990). 
Life-Cycle Inventory (LCI) a methodology similar to LCA but lacking in the final 
impact assessment step.   
Lumber  A wood product manufactured from logs by sawing, resawing, and usually 
planning, with all four sides sawn. 
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Managed Forest Laws (MFL’s)  Are a set of laws in the state of Wisconsin that provide 
tax incentives for NIPF or IPF forest owners if they develop and implement forest 
management plans. 
Non-Industrial Private Forests (NIPF) is forest land owned by an individual or group 
of individuals who do not own a primary wood using plant. 
Northern Highland American Legion State Forest (NHAL)  Is the representative state 
forest studied in this project.  It is managed by the state’s department of natural resources. 
Phases or Processes are the words chosen in this study to describe the divisions of 
management within the industrial forest carbon cycle in northern Wisconsin.  There are 
six of them:  Forest management, harvest, primary mill, secondary mill, product use, and 
product disposal. 
Roundwood is harvested wood still in the ‘round’ form.  Specifically, industrial 
roundwood is all commercial roundwood products except for fuelwood.   
Sequestration  Is the process by which atmospheric carbon is assimilated and stored in a 
solid form. 
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Appendix C – Life-Cycle Assessment 
Overview 
 Over the past two decades nations have been concerned with the sustainability of 
our natural resources, economic growth, and human health.  In 1987 the Brundtland 
Commission, appointed by the United Nation’s General Assembly, was put together to 
study the nature of earth and humanity (World Commission on Environment and 
Development (1987).  Since then, agency, academia, and industry have been developing 
tools or metrics to quantify sustainable development.  Life-cycle assessment (LCA) is 
one such tool.   

The Society of Environmental Toxicology and Chemistry (SETAC) has defined 
the components of a LCA to include a goal and scoping definition, inventory, impact 
assessment, and improvement assessment (1993). The goal and scoping stage defines the 
purpose, boundaries, and assumptions of the study.  The inventory stage quantifies the 
resource use and environmental releases associated with the first stage.  Then, based on 
the first two stages, the impact assessment classifies and places values (weights) to each 
inventory category.  The final stage, improvement assessment, uses the information 
gathered from the impact assessment to make management decisions and improvements.  
Generally, by completing the four stages of this tool, one can evaluate the environmental 
performance of a product or a process by accounting for all the environmental inputs and 
outputs throughout a product’s life-span (cradle to grave) (Curran 1996).  However, only 
the inventory stage has been used routinely.  The inputs and outputs include raw 
materials, energy, atmospheric emissions, wastes, and co-products.  The International 
Standards Organization (ISO) has also issued a 14040 series which outlines what must be 
considered within each of these components for an LCA to be reputable.  They offer only 
guidelines for completing an LCA; and do not certify analyses, products, or processes. 

Historically, LCA methodology was first used in 1969 by the Coca-Cola company 
to compare packaging materials, followed by the Mobil Chemical Company, and then the 
U.S. Department of Energy in 1976 (Vehar 2001).  Since then, LCA methodology has 
been used for various applications within industry, consulting firms, academia, 
government, and non-governmental organizations (Vehar 2001). 
 There are many environmental tools that are similar to or have branched out from 
the main tenants of LCA.  LCA is similar to ecobalance, resource and environmental 
profile analysis (REPA), product line analysis, and integrated chain management (Curran 
1996).   
 Since an agreed upon methodology for conducting the impact assessment and 
improvement assessment stages of LCA has not been determined, many LCA studies 
have only focused on the goal, scoping, and inventory portions.  A study which doesn’t 
include the last two stages is more appropriately termed a life-cycle inventory (LCI).  
There are other life-cycle methods that have more specialized names.  Streamlining life-
cycle assessment (SLCA) involves scaling down the boundaries and impact categories to 
create a more manageable and affordable LCA.  Life-cycle design uses LCA thinking to 
design a product rather than to assess a product.  Life-cycle costing (LCC) attributes cost 
as well as environmental factors to a product’s life-cycle evaluation.  Life-cycle 
management (LCM) focuses on the management component of the improvement 
assessment of a product.  Eco-labeling utilizes LCA techniques to evaluate and make 
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visible the environmental attributes of a product for a particular labeling system.  Foot-
print uses an SLCA approach to attain a single sustainability rating (usually in terms of 
land area) to represent an aggregated environmental burden of a product or service.   
 There are important analytic limitations of LCA, therefore, it must be used with 
caution (Ehrenfeld 1997).  The boundaries of a LCA determine what processes of product 
development are being included or excluded from a study.  The comparability of studies 
depends strongly on appropriate temporal, regional, and process boundaries.  Setting the 
boundaries (scoping) can be challenging (Ehrenfeld 1997).  Including or excluding a 
process into the scope of the study depends on assumptions, data availability, and costs.   
Data quality can also lead to varied results.  Tabulations based on averaged data, screened 
data, or assumed values can lead to incorrect outputs.  Therefore, it is important when 
doing an LCA to indicate all assumptions made and the levels of data quality. 

When LCA is used within the forest industry, Miner and Lucier note that it is 
important to incorporate site specific data, biofuels as well as fossil fuels, and proper 
allocation of open-loop recycling systems (1994).  Specifically, a forest C LCI should 
include the characteristics of wood, energy balance, primary energy inputs, carbon 
balance, CO2 uptake and emission, and carbon storage (Jungmeier et al. 2003).   

It is important to note that LCA is based on valuation and interpreted through 
valuation.  However, LCA, while predominantly used within industry, can provide a 
useful tool to analyze the ability to sustain resources for the future (Fava 1993).   
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Appendix D – CNNF & NHAL Purchaser Questionnaire 
A questionnaire was sent to the purchasers who operated in the CNNF and NHAL 

from years 2000-2003.  The responses were analyzed and used as parameters for the LCI-
H.   
Questionnaire sent February 2004 
Page 1: 
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Results 
Of the 75 questionnaires sent, 3 were never received by the purchaser.  Two 

purchasers returned the questionnaire unanswered .  Eighteen purchasers submitted 
answers, of which 10 were from purchasers operating on the CNNF and 8 were from 
purchasers operating on the NHAL.  The total return rate of the questionnaire was 24% 
(see Table 1). 

(Table 1) 
Number of purchasers doing business in only CNNF FY '00-'03 51
Number of purchasers doing business only in NHAL FY '00-'03 19

Number of pruchasers doing business in CNNF and NHAL FY '00-'03 (treated as 
CNNF when questionnaire was sent out) 5

Total number of questionnaires sent 75
Number of questionnaires never received by purchaser 3

Number of questionnaires returned un-answered 2
Number of questionnaires returned answered 18

Number of answered questionnaires returned from CNNF 10
Number of answered questionnaires returned from NHAL 8

Proportion of returned answered questionnaires from CNNF 0.18
Proportion of returned answered questionnaires from NHAL 0.42

Proportion of returned answered questionnaires from the total number of 
questionnaires sent 0.24

Proportion of questionnaires never received by purchaser of toal number of 
questionnaires sent 0.04  



 

 85 

Question 1:   
Table 2 displays frequency of machinery use during harvest and associated fuel 

economies.  Of these machine types, if a purchaser reported using the machine it was 
likely only one was being used on the harvest.  For each machine, varying fuel 
economies, oil economies, and days in use per 10 day harvest were reported. 

(Table 2) 

Sample 
Size Machinery Type

Quantity of 
MachineryOwned

Fuel Consumption 
per Day In Use 

(gallons)

Oil 
Consumption 

per Day In 
Use (gallons)

Machinery 
Use per 10 
day harvest 

(days)
12 Chainsaw (average) 1 0.9 0.4 7

Chainsaw (sd) 0 0.8 0.3 3
11 Forwarder (average) 1 23.6 0.1 9

Forwarder (sd) 0 8.8 0.3 2
11 Harvester (average) 1 36.1 2.5 9

Harvester (sd) 0 17.1 0.7 1
6 Log Truck (average) 1 93.3 0.2 8

Log Truck (sd) 0 8.2 0.4 2
7 Bulldozer (average) 1 16.0 0.0 3

Bulldozer (sd) 0 8.0 0.1 4
6 Skidder (average) 1 12.7 0.0 10

Skidder (sd) 0 5.4 0.1 1  
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 Thirty-six machines were reported as being used to harvest roundwood on the 
CNNF.  Twenty-nine machines were reported as being used to harvest roundwood on the 
NHAL.  Both of these numbers include multiple frequencies of one type of a machine.  
Of machines reported on the CNNF, 16.7% were chainsaws, 22.2% were forwarders, 
19.4% were harvesters, 13.9% were trucks, 11.1% were bulldozers, and 8.3% were 
skidders (see Figure 1).   
 

(Figure 1) 

CNNF - Proportion of Machinery Use 
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Of machines reported on the NHAL, 31% were chainsaws, 13.8% were 

forwarders, 17.2% were harvesters, 10.3% were trucks, 6.9% were bulldozers, and 10.3% 
were skidders (see Figure 2). 

(Figure 2) 
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Question 2: 
 Eighty-nine percent of the purchasers reported no machinery change when the 
dominant species on the stand changes.  The 11% that did report a change in machinery 
use, explained that the change occurred when harvesting for a specialty softwood 
product. 
 
Question 3: 
 Seventy-eight percent of the purchasers reported no significant change in 
machinery use when the product being harvested for changes.  The 22% that did report a 
change in machinery use, explained that when harvesting for large sawlogs they use a 
chainsaw instead of a harvester. 
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Question 4: 
 Purchasers reported an average need of 8 days to harvest a 10 acre stand, 21 days 
to harvest 25 acre stand, 44 days to harvest a 50 acre stand, and 98 days to harvest a 100 
acre stand (see Figure 3).  The standard deviations of each of the averages were all 75-
85% of the number of days reported as needed to harvest.  The standard deviation for the 
10 acre stand was 6, the 25 acre stand was 17, the 50 acre stand was 33, and the 100 acre 
stand was 84. 
 

(Figure 3) 
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Question 5 
 Purchasers reported an average need of 5 days to harvest 100 cords, 16 days to 
harvest 300 cords, 35 days to harvest 600 cords, and 124 days to harvest 1000 cords (see 
Figure 4).  The standard deviations of each of the averages were all between 80-225% of 
the number of days reported as needed to harvest. 
 

(Figure 4) 
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Question 6 
 Purchasers reported taking their harvested roundwood to a total of 105 mills (see 
Table 3).  This number includes multiple frequencies of one mill.  Of the 105 entries, 
24% were out of state (Michigan and Minnesota) and 76% were in state (Wisconsin).  Of 
the responses for the CNNF, 28% of the mills were out of state and 73% were in state.  
Of the responses for the NHAL, 8.3% of the mills were out of state and 92% were in 
state.  

(Table 3) 
Mill Name Mill City Mill State Frequency

Bessemer Plywood Corp. Bessemer MI 8
Louisianny Pacific Gwinn MI 3
Louisianna Pacific Sagola MI 3
International Paper Iron Mountain MI 2
International Paper Quinnesec MI 2
Pine River Lumber Amasa MI 1

Ottowa Ironwood MI 1
Lumberjack Hardwoods Birch Creek MI 1

Kisawyer Marquette MI 1
Sappi Cloquet MN 1

Blandin Paper Grand Rapids MN 1
Stora Enso Wisconsin Rapids WI 9

Louisianna Pacific Tomahawk WI 6
Stora Enso Niagara WI 5

Packaging Corporation of America Tomahawk WI 5
Mosinee Paper Mosinee WI 5

Pukall Lumber Company Woodruff WI 4
Weyerhauseior Rothchild WI 3

Wausau Mosinee Papers Mosinee WI 3
Park Falls Hardwoods Park Falls WI 3

Midwest Timber Mercer WI 3
Stora Enso North America WI 2

Stora Enso Fifield WI 2
Soloman Rhinelander WI 2

Sappi Glidden WI 2
Pine River Lumber Fifield WI 2
Nicolet Hardwoods Laona WI 2
Louisianna Pacific Hayward WI 2

Larson Pallet Ogema WI 2
Johnson Timber Co. Hayward WI 2

Columbia Forest Products Mellen WI 2
Besse Forest Products Goodman WI 2

Bayside Timber Ashland WI 2
Zdroik Lumber Starks WI 1

Wolf Stenville WI 1
Wettsrau Wood Products Antigo WI 1

Thillmany Kaukana WI 1
Summitt Lake Timber Park Falls WI 1

Snowbelt Lumber Hurly WI 1
Robbins Flooring Ashland WI 1

Pine River Lumber Long Lake WI 1
Pine River Lumber Pine River WI 1
Nokomis Lumber Heafford Junction WI 1
Nokomis Lumber Nokomis WI 1

Merrill Merrill WI 1
L.S. Roberts Hiles WI 1

International Paper Kaukauna WI 1
Goodman Forest Products Goodman WI 1

Future Wood Hayward WI 1
Forest Sawmill Wabeno WI 1

Dorchester Hardwood Dorchester WI 1
Caswell Lumber Goodmax WI 1
Caswel Lumber Cavour WI 1
Wausau Paper Brokaw WI 1

Biewer Prentice WI 1
Besse Lady Smith WI 1

Beaver Creek Butternut WI 1  
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Of the mills reported, purchasers operating on the CNNF reported as taking 

pulpwood to 57% of them, bolts to 21% of them, sawlogs to 16% of them, boxwood to 
4% of them, and veneer to 1% of them (see Figure 5).   

(Figure 5) 
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Of the mills reported, purchasers operating on the NHAL reported as taking 

pulpwood to 56% of them, bolts to 10% of them, sawlogs to 25% of them, and veneer, 
mini-bolts, logs, and mini-logs to 2% of them (see Figure 6). 

(Figure 6) 
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Question 7: 
 Purchasers operating on the CNNF reported an average round-trip distance to 
harvest site of 66.5 miles with a standard deviation of 22.6.  Those operating on the 
NHAL reported an average round-trip distance to harvest site of 88 miles with a standard 
deviation of 47.  Most purchasers reported using a heavy duty Ford or Chevy truck to 
commute to and from harvest site.  The average value reported for logging truck load was 
12 cords of wood with a standard deviation of 0.9.  Most purchasers reported that the 
logging trucks were either Mack, Peterbilt, or Kenworth log trucks
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Appendix E.  Wisconsin Forest Carbon. Total forest carbon estimates by 
county from USFS FIA.  Data were compiled using the Carbon On Line Estimator 
(COLE): http://ncasi.uml.edu/COLE/cole.html

County Total Forest C t/ha Total Aboveground C t/haTotal Belowground C t/ha Understory C t/ha Forest Floor C t/ha CWD C t/ha
Florence,WI 230.35 83.19 169.2 1.75 19.15 4.94
Forest,WI 253.95 86.71 174.97 1.7 22.29 4.94
Langlade,WI 264.17 83.21 172.31 1.7 21.77 4.71
Lincoln,WI 251.03 65.57 169.49 1.85 17.7 3.64
Marinette,WI 227.92 70.46 162.84 1.83 16.79 4.1
Menominee,WI 286.46 113.77 158.04 1.63 24 6.81
Oconto,WI 243.26 75.97 166.98 1.8 17.45 4.49
Oneida,WI 251.98 64.3 179.44 1.94 17.26 3.63
Shawano,WI 242.47 88.75 169.72 1.67 21.67 5.13
Vilas,WI 254.52 83.74 167.18 1.82 18.03 5.05
Ashland,WI 256.73 83.67 177.43 1.72 21.15 4.8
Barron,WI 200.41 78.83 145.93 1.85 14.44 5
Bayfield,WI 233.72 73.33 155.34 1.86 15.01 4.46
Burnett,WI 198.13 69.39 143.03 1.91 12.41 4.22
Douglas,WI 227.36 60.93 159.76 1.91 14.57 3.47
Iron,WI 276.94 87.4 180.7 1.7 23.09 4.9
Polk,WI 240.71 74.42 141.37 1.84 13.9 4.59
Price,WI 242.2 67.92 177.94 1.82 20.11 3.61
Rusk,WI 228.69 77.5 157.51 1.76 17.98 4.52
Sawyer,WI 263.03 82.9 167.14 1.75 19.6 4.79
Taylor,WI 239.16 75.39 165.91 1.75 19.95 4.22
Washburn,WI 239.18 70.57 151.17 1.87 14.22 4.25
Adams,WI 184.08 63.41 124.69 1.91 10.25 3.94
Chippewa,WI 229.73 74.57 152.64 1.79 16.34 4.38
Clark,WI 192.26 66.09 143.39 1.86 13 4.02
Eau Claire,WI 218.37 73.34 127.28 1.85 10.45 4.76
Jackson,WI 187.78 65.45 135.48 1.92 11.47 4.04
Juneau,WI 202.87 66.44 128.84 1.89 11.34 4.03
Marathon,WI 240.96 79.57 159.19 1.72 19.53 4.54
Marquette,WI 207.02 91.97 136.01 2 11.66 6.14
Monroe,WI 198.86 74.07 128.22 1.85 11.68 4.67
Portage,WI 224.02 72.9 144.08 1.85 13.95 4.45
Waupaca,WI 261.69 88.56 167.48 1.79 19.74 5.08
Waushara,WI 232.18 77.14 139.27 1.89 12.2 4.88
Wood,WI 221.1 66.59 146.39 1.89 13 4.07
Buffalo,WI 215.53 89.7 134.46 1.83 11.97 5.82
Crawford,WI 235.16 89.63 130.75 1.75 13.19 5.66
Dunn,WI 224.38 79.33 134.66 1.78 14.51 4.83
Grant,WI 214.2 85.08 131.09 1.73 14.64 5.33
Iowa,WI 222.05 77.57 127.68 1.82 11.76 4.92
La Crosse,WI 258.21 89.46 132.5 1.79 12.32 5.65
Lafayette,WI 262.51 88.26 127.67 1.72 15.23 5.58
Pepin,WI 313.37 89.89 143.78 1.78 16.31 5.34
Pierce,WI 209.61 83.45 145.62 1.7 18.54 4.75
Richland,WI 209.89 81.7 133.16 1.68 16.4 4.93
Sauk,WI 230.56 73.94 144.36 1.84 13.98 4.52
Trempealeau,WI 198.63 84.98 131.48 1.76 13.71 5.34
Vernon,WI 245.96 72.58 133.18 1.85 11.66 4.6
Brown,WI 287.39 86.83 132.7 1.72 15.43 5.38
Calumet,WI 374 89.19 156.06 1.71 20.27 4.94
Columbia,WI 214.82 102.99 163.01 1.67 21.64 6.12
Dane,WI 204.76 82.15 129.53 1.82 11.36 5.34
Dodge,WI 176.3 85.47 126.47 1.79 13.04 5.64
Door,WI 314.07 81.08 156.11 1.8 18.25 4.49
Fond du Lac,WI 253.87 93.71 187.52 1.66 23.27 5.58
Green,WI 222.68 81.91 160.91 1.79 18.58 4.61
Green Lake,WI 227.06 75.1 138.68 1.77 16.73 4.3
Jefferson,WI 230.87 95.25 140.09 1.79 14.7 6.19
Kenosha,WI 225.55 91.23 159.27 1.74 20.18 5.29
Kewaunee,WI 300.5 79.79 121.07 1.86 10.89 5
Manitowoc,WI 247.83 87.39 187.38 1.78 25.56 4.38
Milwaukee,WI 304.93 89.94 175.59 1.71 22.81 4.78
Outagamie,WI 257.57 95.27 156.25 1.53 20.92 5.77
Ozaukee,WI 258.28 79.55 169.73 1.82 20.52 4.04
Racine,WI 212.48 84 162.87 1.74 18.4 4.55
Rock,WI 259.94 75.39 142.33 1.81 14.74 4.68
Sheboygan,WI 230.41 98.62 132.7 1.74 14.48 6.39
Walworth,WI 177.28 85.56 165.78 1.69 21.63 4.88
Washington,WI 258.4 74.89 121.92 1.81 12.03 4.92
Waukesha,WI 236.91 75.49 171.15 1.83 19.64 3.93
Winnebago,WI 227.63 91.24 152.89 1.79 16.95 5.6

86.95 154.91 1.68 18.99 5.25
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Appendix F. Light Use Efficiency Modeling NPP.  
 
The positive relationship between NPP and APAR is the basis for the light use efficiency 
(LUE) model (Monteith, 1972; Gower et al., 1999).  LUE is widely used in estimating 
NPP and often coupled with remote sensing data products (Bartelink et al., 1997; Coops 
et al., 1998; Franklin et al., 1997; Goetz and Prince, 1998; Gower et al., 1999; Landsberg 
and Gower, 1997; Medlyn, 1998; Running et al., 1994; Choudhury,  2001).  NPP and 
APAR are related such that:   NPP = � APAR;  where � is the LUE coefficient, and is 
expressed as the amount of carbon produced per unit of absorbed PAR (gC MJ-1).  Two 
advantages of modeling NPP using this equation are that it is simple to use and can be 
parameterized with remotely sensed data (Kumar and Monteith, 1982; Field et al., 1995; 
Prince and Goward, 1995; Gower et al., 1999).  The simplicity of LUE models is partly 
due to the functional convergence hypothesis, which predicts that � should be similar 
among functional plant groups subject to biophysical constraints such as light 
availability, aerodynamic resistance, and time lags associated with light absorption and 
net photosynthesis (Field, 1991).  We used LUE coefficients, derived from the Ahl et al. 
(2004), specific to plant functional groups, to simulate NPP for the entire State in 2000.   
We used existing MODIS satellite products (biome level land cover information to 
constrain LUE coefficients and enhanced vegetation indices to derive APAR) to calculate 
NPP using the equation: NPP = � APAR, where � is the light use efficiency coefficient.  
Input solar radiation for the State in 2000 was derived from the GOES satellite (Diak et 
al. 1996), and photosynthetically active radiation (PAR) calculated as (0.5 Solar Input). 
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Appendix G.  Online Carbon Decision Support. 
Prototype interface for an online carbon decision support tool.  Users can select an area of 
interest and query a database containing carbon sequestration information 
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