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ABSTRACT

In United States, voluntary and mandatory state-level carbon trading programs are
multiplying that allow forest landowners to be compensated for carbon sequestered by
their forests. Forests are a potential carbon sink, and certain forest management activities
can effectively result in increased carbon sequestration. This study tries to answer two
questions: 1) Can owners of oak forest stands in Pennsylvania benefit by participating in
carbon markets and are the benefits sufficient to induce participation? And 2) If so, to
what extent and how would participation in carbon markets change the management
behavior of Pennsylvania oak forest owners? In order to answer these questions, two
objectives are addressed: First, apply the CAR Forest Project Protocol to a variety of
Pennsylvania oak forest management scenarios on a sample of oak forest stands that vary
in terms of age, site quality and stocking. Second, Evaluate how participation in CAR
would affect the profitability of each management scenario and, if so, how participation
would likely change the preferred management practice for each stand.

Thirty-six oak plots in Pennsylvania were selected from the Forest Inventory and
Analysis (FIA) database, with two from each of 18 groups based on Stand Age, Basal
Area, and Site Condition. Seven management alternatives (two even-aged alternatives,
four uneven-aged alternatives, and a No Management alternative) were simulated for
each of the sampled plots using the Forest Vegetation Simulator (FVS). Carbon credits, or
Climate Reserve Tonnes (CRTs), were calculated for each plot and management scenario
using the Forest Project Protocol from CAR. The Shelterwood 80 (SW 80) management

alternative was designated as the baseline scenario. The present value of the CRTs were



calculated based on two carbon prices ($10 tCOze and $30 tCOze) and discounted rates
(4% and 6%). In addition, the present value of timber harvests was also calculated for
each plot and management scenario. Negative quantified removals were addressed by
assuming that each plot/stand was part of a larger ownership and that negative removals
are offset by positive removals on the rest of the property in any given year. Thus, no
negative removals were carried over and no buffer pool was needed to account for
reversals. This approach is referred to as the “enterprise-wide perspective.” Confidence
deductions were also set at 10%.

Total quantified removals are generally larger for the no management scenario
and the SW120 scenario but are lower and often negative for the other treatments. When
carbon price is at $10/ tCO.e and the discount rate is 4%, the present values of the
projected carbon credits shows that No Mgt or U 30W management is probably the better
choice for landowners interested in maximizing CRTs. However, uneven-aged
management treatments tended to produce the greatest present values of timber revenues.
At a carbon price of $10/tCO.e, timber values tend to be much larger than carbon values.
However, at a carbon price of $30/ tCO,e, the No Mgt option produces nearly as much
value from carbon alone as the timber values from other options. This finding suggests
that raising carbon price could make the No Mgt become the best scenario even though it
produces no timber revenue. The higher discount of 6% disproportionately negatively
affects the management scenarios that favor waiting longer before harvesting and reduces
the ability of carbon credits to shift the optimal management regime to longer rotations

and waiting longer before harvesting.



Some limitations of the analysis presented here include the lack of cost data and
possible inaccuracies in the way FVS projects stand development under the uneven-aged
management scenarios.

Keywords: Oak stands, Pennsylvania, carbon credit, carbon benefits, CAR
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Chapter 1

INTRODUCTION

Background

Climate change has been defined in different ways. The Intergovernmental Panel
on Climate Change (IPCC 2007a, p. 667) defines it as “a change in the state of climate
that can be identified (e.g., using statistical tests) by changes in the mean and /or the
variability of its properties, and that persists for an extended period, typically decades or
longer.” The United Nations Framework Convention on Climate defines climate change
as “a change of climate which is attributed directly or indirectly to human activities that
alter the composition of the global atmosphere and which are in addition to natural
climate variability observed over comparable time periods” (UNFCCC. 2013, Articlel:
definitions, p. 1). Climate change can be caused by internal processes or external forcing
(IPCC 2007a). Internal climate system processes are natural changes in the components
of the Earth's climate system, such as the EI-Nifio Southern Oscillation (ENSO).Some
external influences, like changes in solar radiation and volcanism, occur naturally and
contribute to climate variability. Other external factors include changes in the
composition of the atmosphere resulting from human activity. Some human activities are
considered to be important causes of climate change, for example, increased CO, levels
in the atmosphere due to emissions from fossil fuel combustion, animal agriculture and

deforestation.


http://en.wikipedia.org/wiki/Fossil_fuel
http://en.wikipedia.org/wiki/Deforestation

The warming of the climate system is evident. Scientists have observational
evidence that global average air and ocean temperatures are rising. Widespread melting
of snow and ice and rising average sea levels have also been observed (IPCC 2007b).
Changes in precipitation and increased climate variability around the world also are
evidence of climate change. Data from all continents and most oceans show that many
natural systems are being affected by climate change, particularly temperature increases
(IPCC 2007b). The IPCC (2007b) also projects some future impacts from climate change.
For instance, warming in the western mountains of North America will cause increasing
forest wildfire activities and earlier snow melt, which will lead to more winter flooding
and reduced summer snow (IPCC 2007b). This could increase competition for water
resources. Climate change could increase yields of rain-fed agriculture, but suitable
ranges of crops could also shift dramatically. Cities that have experienced heat waves
could suffer from more frequent heat waves than before. Also, coastal communities will
be increasingly stressed by rising sea levels (IPCC 2007b, p30-33).

An increasing number of studies have added evidence that climate change is
already affecting the U.S. In the Northeast, Frumhoff et al. (2007) showed that since 1970
the region has been warming at a rate of nearly 0.5 degrees Fahrenheit (°F) per decade.
Winter temperatures have been rising even faster, at rate of 1.3°F per decade between
1970 and 2000. Hayhoe et al. (2007) synthesized and analyzed historical records to show
that surface air temperatures in the northeastern United States have warmed by 0.144 °F
per decade over the twentieth century, with greater increases (0.45 °F) per decade in the

past three decades. Temperature differences were higher in the winter than in the
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summer. Precipitation has been more variable, with an average increase of 10 mm/decade
for the twentieth century, but decreases over the past three decades.

According to Evans and Perschel (2009), climate change will likely have great
impacts on forests, including range shifts and changes in soil properties, tree growth,
disturbance regimes, and insect and disease dynamics. Evans and Perschel (2009) also
state that climate change will interact with other processes — for example, forest
fragmentation — making forests more susceptible to species invasions. More and more
evidence indicates that global climate change is already negatively affecting forest

ecosystems (Parmesan and Yohe 2003, Parmesan and Galbraith 2004).

The Role of Forests in Climate Mitigation

Forests have the capacity to both emit and sequester carbon dioxide (COy). A
forest has three main carbon pools: live biomass, woody debris, and soil organic matter
(Pregitzer and Euskirchen 2004). Trees capture carbon dioxide from the air through
photosynthesis, the process by which green leaves produce carbohydrates (Song and
Woodcock 2003, Baskent and Keley 2009). In managed forests, the carbon balance is
driven by human activities such as site preparation, planting-stock selection, thinning
treatments, and length of timber harvest rotations.

Forested lands in the United States represent a significant carbon sink and could
play an important role in climate change mitigation (Galik et al. 2012a). In 2007, U.S.
forests offset more than 900 million tons, or 12.7%, of the nation’s CO, emissions

(Perschel et al. 2007, Daniels 2010). Daniels (2010) also notes that net carbon



sequestration increased by 16% from 1990 to 2005 in the U.S. due to an increase in the
rate of net carbon accumulation in forests. Researchers have also observed that from the
mid-1990s to the mid-2000s, forests in the United States have sequestered about 200
million tons of atmospheric carbon per year, offsetting 10% of the CO, emitted by
Americans burning fossil fuels (Heath and Smith 2004, Bosworth et al. 2008).

Forests clearly have significant potential to offset CO, emissions. However,
forests in the United States are not always carbon sinks. Birdsey et al. (2006) estimate
that in the 19th century U.S. forests were a net source of carbon rather than a sink,
reaching a peak rate of emissions of as much as 800 million tons of carbon per year just
after 1900, mainly because of agricultural clearing, heavy logging, and losses to fire and
pests. So forest management activities can lead to either reductions or increases in carbon
emissions. A range of forest management alternatives, including afforestation,
agroforestry and reduced-impact logging, can help reduce greenhouse gas emissions or
increase carbon sequestration (Bosworth et al. 2008). Studies also suggest that
appropriate forestry activities in the United States could increase carbon sequestration by
100-200 million tons per year, possibly doubling the amount of carbon annually
sequestered by America’s forests (Birdsey et al. 2000, Stavins and Richards 2005).

Good forest management can help increase carbon storage. In general,
management strategies that encourage larger trees, employ harvest methods that reduce
waste and damage to residual trees and minimize soil disturbance during harvest will
improve carbon sequestration (North East State Foresters Association 2002, Evans and
Perschel 2009). Extending rotations and increasing the length of time trees can grow

before harvest can capture more carbon on site (Stavins and Richards 2005, Bravo et al.



2008). Another option that can increase carbon storage is increasing the forest structure
complexity (Keeton 2006, Evans and Perscgel 2009). Other strategies, like partial cutting,
and low impact logging, can reduce damage to the residual trees and can increase carbon
storage (Birdsey et al. 2006, Neilson et al. 2007). Although harvesting forests can reduce
the carbon stored in forests, retaining carbon in wood products can also help reduce
carbon emissions (Penman et al. 2003). In addition, studies have shown that late
successional or old growth natural forests can contribute higher carbon storage than
younger forests (Birdsey et al. 2006, Taylor et al. 2007). Mature forests also continue
sequestrating carbon even after they move into old growth or late successional stages. So
forest preservation can play an important role in carbon sequestration in addition to forest

management.

Carbon Exchange Mechanisms and Carbon Markets

The 2007 IPCC report states that the warming of the climate from anthropogenic
activities is “unequivocal.” This statement highlighted the importance of climate change
mitigation. Economists have suggested for decades that trading can be used for pollution
mitigation (Pigou 1920, Coase 1960, Dales 1968). Several carbon exchange mechanisms
or carbon markets are in effect today. Although the effectiveness of these mechanisms is
still debated, more and more countries have been participating in these exchanges in
order to reduce their carbon emissions. For example, some developed countries have
agreed under the Kyoto Protocol to reduce their greenhouse gas emissions by an average

of 5% below their 1990 levels from 2008 to 2012 (UNFCCC 2013). In the U.S., the



government established a national goal of reducing greenhouse gas (GHG) emissions
intensity by 28% by 2020 (The White House 2012).

A few voluntary carbon offset registries have been used in the United States.
These protocols accept project applications that quantify carbon sequestration from
various activities and earn credits in return. According to Stevens et al. (2011), there have
been at least seven registries in the US, including the American Carbon Registry (ACR),
Chicago Climate Exchange (CCX) (closed in 2010), Climate Action Reserve (CAR),
Department of Energy Section 1605(b) (DOE), US EPA Climate Leaders (EPACL), the
Regional Greenhouse Gas Initiative (RGGI), and Verified Carbon Standard (VCS). Other
protocols, such as the Alberta Offset System and GE Energy Financial Services, are
developing or considering the development of protocols for forest projects in the future.

Several carbon emissions reduction protocols in the U.S. accept forest projects.
Afforestation or reforestation projects are the most common types of forest projects
recognized by these protocols. EXxisting protocols such as ACR, CAR, RGGI, 1605(b),
EPACL, VCS, have accepted affoestation projects in the United States. CAR and 1605(b)
accept forest management, forest conservation and preservation, forest products and

urban forestry projects in addition to afforestation projects.

Key Elements of Calculating Carbon Benefits

Determining how the amount of carbon emissions that can be sold and credited

should be measured and reported is an important issue for carbon registries or protocols.



The science of carbon accounting is still in an early stage of development, but some
concepts are already broadly accepted (Cathcart and Delaney 2006, Pearson et al 2008):

1. Additionality: the demonstration that a carbon project has directly led to an
increase in sequestration or a decrease in emissions;

2. Baseline: the emissions of greenhouse gases that would have occurred without the
project;

3. Permanence: a requirement that ensures that the carbon benefits are not
prematurely reversed,;

4. Leakage: increased emissions outside the project due to the project activities;
Co-benefits: the project benefits that are not directly related to greenhouse gases;
and

6. Timing: assurance that the time the carbon credit is realized occurs in the period

the purchaser wishes to report the credit.

These elements are considered to be important principles because they are critical for
carbon accounting and key factors for project developers to address. These criteria are
important in order to judge the balance between protocol implementation and monitoring

costs and total claimable carbon credits.

Problem Statement

The research questions addressed by this study are:

1. Can owners of oak forest stands in Pennsylvania benefit by participating in carbon
markets and are the benefits sufficient to induce participation?
2. If so, to what extent and how would participation in carbon markets change the

management behavior of Pennsylvania oak forest owners?



Currently, forest landowners in Pennsylvania have no relevant studies to guide their
decision whether to participate in carbon markets, and policymakers do not have
research-based information to support policies that would encourage participation by
forest landowners in carbon markets. Thus, there is a need for the analysis of carbon
offset project options for forest owners in Pennsylvania. This study uses the existing
CAR carbon offset protocol to assess how the carbon accounting rules might apply to

forest management alternatives for Pennsylvania oak forest stands.

Research Goals and Objectives

The goal of this study is to evaluate whether oak forest landowners in
Pennsylvania can benefit by participating in a carbon trading mechanism such as CAR
and if such participation would lead to changes in the way they manage their forests and
the resulting carbon sequestration on their forestland. The following objectives were
addressed to achieve the project goal.

1. Apply the CAR Forest Project Protocol to a variety of Pennsylvania oak forest
management scenarios on a sample of oak forest stands that vary in terms of
age, site quality and stocking.

2. Evaluate how participation in CAR would affect the profitability of each
management scenario and, if so, how participation would likely change the

preferred management practice for each stand.



Chapter 2

LITERATURE REVIEW

Role of Forest in Climate Change Mitigation

The United States is responsible for a large share of global carbon emissions.
Considerable research has focused on how to reduce the use of fossil fuels (Perschel et al.
2007; Pew Center for Global Climate Change 2007), but the potential for increasing
carbon sequestration is also an important research topic. Forests contain the largest
carbon pool of all terrestrial ecosystems (Houghton 1999, Houghton et al. 2001), and the
gas exchanged between forests and the atmosphere through photosynthesis and
respiration are the largest fluxes of carbon between terrestrial ecosystems and the Earth’s
atmosphere (Field et al.1998, Houghton et al. 2001 and Chiang et al. 2008).

Forests can be divided into three carbon pools: live biomass, woody debris, and
soil organic matter, and their ability to sequester carbon is determined by growth and
disturbance processes that either add to or take away from these pools (Pregitzer and
Euskirchen 2004, Bosworth et al 2008). Carbon sequestration in forests depends on
climate, species, age classes, site productivity, type of disturbance, and soil activities. For
managed forests, human activities such as site preparation, species choices, thinning, and
harvest rotations can also affect the rate at which they sequester carbon. The type and

intensity of disturbances is a key factor that drives forest carbon dynamics. In general,



10
carbon stocks tend to increase with time. Bosworth et al. (2008) note that the longer the
average time between disturbances, the more carbon will be stored in forest stocks.
However, carbon stocks, like woody debris, may increase after timber harvest. As forests
become older, carbon pools of living biomass are positively correlated with forest age
(Smith et al. 2006, Bosworth et al. 2008). On the other hand, carbon pools of dead
biomass are negatively correlated with forest age from 0 to 20 years but positively
correlated for ages greater than 20 years.

Today, forests in the United States represent a significant carbon sink and could
play an important role in climate change mitigation (EPA 2010, Galik et al. 2012a). From
the middle of the 1990s to the middle of the 2000s, forests in United States sequestered
about 200 million tons of carbon per year, an amount equal to about 10% of the CO,
released by the burning fossil fuels in the U.S. (Heath and Smith 2004). The EPA (2007)
stated that net forest carbon sequestration increased by 16% from 1990 to 2005. Yardley
(2009) estimated that forests in the U.S. could increase their carbon storage by as much
as 50%. However, Hurtt et al. (2002) indicate that ecosystem recovery processes will
slow in the 21% Century, resulting in a significant reduction in carbon sequestration rates
due to land use change and forest fire.

About sixty percent of the forest land (430 out of 749 million acres) in the United
States belongs to private owners (Bosworth et al. 2008). Because of this, private sector
forests play a central role in carbon mitigation. However, financial incentives are required
to enlist widespread private participation in carbon sequestration efforts, as such efforts
will likely provide little economic value to forest landowners. Yet some studies

(Lewandrowski et al. 2004, EPA 2005, Stavins and Richards 2005, and Bosworth et al.
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2008) have suggested that improving forest management to sequester more carbon can
become attractive to landowners at carbon prices as low as $10/tonne of CO,. Clearly, the
trading price will be crucial to the development of successful carbon markets. Other
factors, such as carbon accounting rules and methods are also important. In addition,
technical support is needed to provide private land owners the knowledge they need to
manage their forests to increase carbon sequestration. Although using forests as tools of
carbon mitigation may be feasible, some potential side effects cannot be ignored. For
instance, changing agriculture land to forests might affect food prices (Bosworth et al.,
2008). Bosworth et al. (2008) also note that increasing carbon stocks might reduce the
availability of water for other uses because higher tree density will result in more water
used for transpiration.

Although forest carbon sequestration can provide opportunities for GHG
mitigation, the risk of reversals can become a barrier to including forest offsets in climate
exchanges (Galik and Jackson 2009). Reversals are the intentional or unintentional
release of carbon back to the atmosphere due to storms, fire, insect outbreaks and other
events. Dale et al. (2001) listed five U.S. forest disturbances that have great annual
impact: fire, wind (hurricanes and tornados), ice, insects or pathogens, and drought. The
Pennsylvania Climate Impacts Assessment indicated that fire, insects and diseases are the
main factor that could directly kill trees or increase forest mortality in Pennsylvania
(Allen et al. 2010, Shortle et al. 2013). For example, the Gypsy Moth can cause
substantial damage to oaks stands in Pennsylvania during an outbreak (Hoover 2000).
From the 2012 Forest Health Report, 1132 acres of forests were attacked by Gypsy Moth

in Pennsylvania in 2012 (PA DEP 2012). Sudden oak death, caused by Phytophthora
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ramorum, is another big threat for oak stands (Cobb et al. 2013). This disease is
widespread in coastal California but can be found on oak stands in Pennsylvania since
2003 (PA DEP 2011).0ther extreme weather events like hurricanes can also increase the

risk of carbon loss in Pennsylvania (Shortle et al. 2013).

Climate Action Reserve and Forest Management

The Climate Action Reserve (CAR) is one of the most active carbon registries in
the United States. CAR establishes protocols for quantifying and verifying GHG
emissions reduction projects and issues and tracks carbon credits called Climate Reserve
Tonnes (CRTs) (CAR, 2012a). The Reserve is focused on developing standardized GHG
reduction project protocols (CAR 2012a). CRTs are not traded through the Reserve
system, and the Reserve plays no role in setting the price for CRTs. CAR also gets
recognition and support from other environmental organizations, including the California
Air Resources Board (CARB), the State of Pennsylvania, and Verified Carbon Standard
(VCS) (DuBuisson 2010). One of the important characteristics of CAR is its
transparency: all protocols, all account holders and all issued CRTs for every project are
reported on the CAR website (DuBuisson 2010).

CAR is one of the protocols in U.S. that has a completed set of forest projects to
reduce GHGs. The Reserve has three basic types of forest projects: reforestation,
improved forest management, and avoided conversion (CAR 2012b). A reforestation
project requires restoring tree cover on land that is not at optimal stocking levels. It is a

common type of forest project that can be found in the carbon offset protocols in the
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United States (Stevens et al. 2011). In addition, rotational harvesting of reforested trees or
any pre-existing carbon in live trees is not allowed during the first 30 years of an
afforestation project. An improved forest management project includes management
activities that maintain or increase carbon stocks on forest lands relative to a baseline of
carbon stocks. The project is only eligible if the land has greater than 10% tree canopy
cover, and the project should employ natural forest management practices. In other
words, improved management project must promote a diversity of native species and
maintain native forests composed of multiple ages and mixed native species. An avoided
conversion project involves preventing the conversion of forestland to a non-forest land
use. The project landowner must demonstrate that there is a significant threat of
conversion of the project land to a non-forest land use and establish the project’s baseline
to calculate the carbon sequestration from keeping the land in forest.

Forest offset projects are the third most common type of projects in CAR, and
improved forest management projects are the most common among forestry-offset
projects (Thompson and Auten 2010). Thompson and Auten (2010) studied the forest
projects to test the CAR protocol and identify management strategies for both wood and
carbon markets. They found that joint management for carbon and timber can be
profitable under the current CAR protocol. However, in some situations, they found that
the increased minimum baseline derived from the CAR protocols will preclude the joint
production of wood and additional carbon. They encouraged those participating in CAR
forest projects to switch from even-aged to uneven-aged management if landowners wish
to obtain benefits from both timber production and carbon. Foster et al. (2010) studied the

carbon dynamics associated with even-aged management under CAR’s forest protocols.
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They concluded that carbon stocks under the CAR forestry protocol for improved forest
management were clearly influenced by the presence or absence of harvesting activities.
Their analysis showed that all harvesting reduces forest carbon by over 40% when
starting with a standing forest. Rotation length and the site quality classes are other

factors influencing carbon storage over time.

Principles of Carbon Accounting

The accounting rules or protocols play an important role in determining the
economic viability of forest carbon projects. A number of national and regional forest-
offset initiatives have emerged that have led to considerable research into accounting
methods to estimate creditable carbon (Galik et al., 2009a). Forest-based carbon can offer
the potential to provide landowners and public agencies with additional income while
helping to reduce greenhouse gases. However, the methods used to measure and report
the amount of carbon emissions offsets that can be credited and sold are important and

still being developed. Some key carbon accounting concepts are discussed in this section.

Additionality

Additionality is the demonstration that a carbon project has led directly to an
increase in sequestration or a decrease in emissions (Pearson et al. 2008). It can also be

defined as:
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“Offsets must arise from an activity that would not have otherwise

occurred but for the carbon investment in the activity” (Cathcart and
Delaney 2006, p. 158)

The concept of additionality is very important in international climate
negotiations. It defines how much emissions reduction actually occurs as a result of a
project compared to what would have been emitted without the project (Streck 2011).
However, additionality is hard to measure because it is a counterfactual concept.
Additionality, as defined in the U.S., is the positive difference in the carbon storage
between the project and the baseline (Pearson et al. 2008).

In CAR’s Forest Project Protocol, additionality is requires that “the forest
management must result in additional carbon storage in the forest and where the
harvested products are used that would not have occurred with business-as-usual
(Common Practice), estimated over a 100 year time horizon” (Thompson and Auten
2010, p.628).

Chomitz (1998) describes two basic ways of making the determination of
additionality. The first method uses comparison groups. This method is practical for
smaller activities when there is an adequate population of control units. The second
method is by simulating the project investment decision. This method is more suitable for
larger projects because it is hard to find obvious comparison groups. However, the
approach still needs a baseline or reference project. Cathcart (2000) used an example of
Oregon reforestation activities and noted that if a stand of timber was harvested and the
land had to be replanted, this would not qualify as being additional in Oregon because of
the legal obligation to reforest. In contrast, afforestation projects may be considered

additional because forest establishment on marginal agriculture, pastureland or brush land
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is voluntary. Streck (2011) suggests that to ensure transparency, legitimacy,
environmental effectiveness and institutional feasibility, the criterion of additionality can
be expressed in two ways: the first is to guide the establishment of baselines and the
second is to determine the additionality of certain activities that applies to all reviewed

cases where additionality matters.

Baseline

The baseline is “the emissions or removals of greenhouse gases that would occur
without a project” (Pearson et al. 2008, p492). The baseline is determined by calculating
the emissions from a “without project” scenario (Cathcart and Delaney 2006). The
baseline establishes a starting point from which sequestered carbon is measured (Ruddel
et al. 2007). The concept of the baseline is critical because it is related to additionality.
Any reduction in CO; emissions provides the initial estimate that can be credited to the
project. For an afforestation project this would involve comparing the carbon content of
planted trees versus the carbon content under the current land use. For instance, the
carbon stocks under grassland cover could be used as the baseline (e.g., Pearson et al.
2008). The baseline is also important for forest management because managers need to
know how the land would normally be managed based on a legal, profit-maximizing
motive for management (Cathcart and Delaney 2006). In CAR’s Forest Project Protocol,
the baseline is “carbon that would have been stored in lieu of new activities to store

additional carbon, aka, Business-As-Usual” (Thompson and Auten 2010, p.628).
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A common term used in definitions of baselines for voluntary US registries and
programs is “Business As Usual” (BAU) (Cathcart and Delaney 2006, Ruddel et al.
2007). BAU was created for clean technology offset projects where additional climate
change mitigation can be evaluated with and without a project. Some registries created
their own rules for forest project baselines. Some registries define their forest project
baseline by measuring the existing carbon stock and using models to predict how that
stock would increase or decrease over the project time period. For instance, the Alberta
Offset System (AOS), the Climate Action Reserve (CAR), and the US EPA establish a
baseline activity level at project initiation that forecasts how much carbon would be
sequestered on the land without the afforestation project, usually expressed as an annual
greenhouse gas emission rate (Stevens et al. 2011). Credit is given for the difference
between the modeled end point without the project and the actual end point with the
project.

There are several problems with the establishment of the BAU for the forest
management. For example, Ruddel et al. (2007) suggest that one of the problems is that
there is no credible method to separate the management actions made on a forest from the
impacts of environmental conditions over time. Another problem is that there are too
many uncertainties when defining a baseline under the BAU scenario, such as timber
prices, ecosystem service prices, and changes in technology and knowledge. An
alternative approach is directly using carbon stock change measurements in the forest.
This method is called “base year” approach. Using this method, an inventory is measured
at the beginning of the project period and a second inventory is conducted several years

later using the same inventory design. The net change in carbon stocks represents the
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carbon sequestration in the forest during the project period. This method will include all
the management activities. This method also reflects the impacts on carbon stocks not
only from anthropogenic management actions but also natural events such as weather,

wildfire, insects, and disease.

Permanence

Permanence is a requirement that ensures that the carbon benefits are not
prematurely reversed (Cathcart and Delaney 2006). In other words, the longevity of
sequestered carbon due to the carbon project activity should be measured and required in
a protocol (Pearsons et al. 2008). It is one of the unique features of forest carbon offset
projects. The impermanence of forest carbon sequestration is a hurdle that limits the role
of forests in future climate policy (Galik and Jackson 2009). Under current carbon
accounting mechanisms, permanence can be defined as the additional carbon that is
maintained in the forest for a pre-determined period of time, but this definition does not
incorporate risk of carbon loss from disturbance (Hurteau et al. 2009). In CAR’s Forest
Project Protocol, permanence is “sequestered carbon must be long-term to be of value in
mitigating climate change” (Thompson and Auten 2010, p. 628).

For forest carbon projects, the carbon sequestration can last from several decades
to more than 100 years. Another principle that should be considered along with
permanence is duration. Duration is the time period during which the carbon offsets are

measured and reported (Cathcart and Delaney 2006). Cathcart (2000) measured the
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change in carbon stocks as a forest grew over a duration of more than 30 years. In CAR’s
protocols, the measured and reported time period is set as 100 years.

Ensuring a carbon project is permanent can be difficult because the sequestered
carbon might be emitted through natural disturbances such as fires or hurricanes or
management activities such as harvesting. Several protocols, including the American
Carbon Registry (ACR), address reversals and permanence by establishing a reserve or
buffer pool of carbon offsets.

Ruddel et al. (2007) suggest that it is possible to ensure permanence if we can
disclose the various sources of risk involved and provide insurance to mitigate them. In
carbon markets, payment upon delivery of credits is often preferred because it reduces the
risk to project developers and increases assurance of permanence (Harris 2007, Kossoy
and Ambrosi 2010, Anderson and Zerrifi 2012). Haskett (2010) studied Land Use, Land-
Use Change and Forestry (LULUCF) projects and suggested that permanence can be
quantified and evaluated using an integrated spatio-temporal approach. Some studies
provide recommendations for ensuring permanence. First, projects should demonstrate
financial, legal and technical viability and capacity. Second, there should be a clear
definition of liability. Third, projects need to present a detailed risk management plan,
including insurance, credit reserves or buffers (UNFCCC 2002, Garcia-Oliva and Masera

2004).
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Leakage

Leakage can be defined as “an induced shift in activities, resulting in a change in
emissions or sequestration outside the boundaries of a particular policy, market, or entity”
(Foley et al. 2009). Cathcart and Delaney (2006) mentioned that leakage includes not
only the physical CO, emissions indirectly linked to the project, but also indirect effects
from market responses. In CAR’s Forest Project Protocol, leakage is described as
follows: “the increased carbon storage can introduce reduced carbon storage due to
higher local timber prices, those leakages must be subtracted from the measured local
benefits” (Thompson and Auten 2010, p.628).

Market leakage or economic leakage can be considered as a marginal price effect
from competitive markets (Murray et al. 2004). Cathcart and Delaney (2006) explain
economic leakage with the following example. When a forest carbon project extends its
harvest rotation age, this reduces the timber supply and causes a price adjustment in the
market. In this case, the price will be higher in the market and other suppliers of timber
will be induced to harvest their timber elsewhere. This effect can be seen as an economic
leakage. It can be estimated by comparing the relative elasticities of the supply and
demand functions. Murray et al. (2004) estimated the economic leakages for the US and
the results are quite variable, ranging from 10% to over 90% of the initial CO, emissions
reduction estimate, depending on the type of forest project activity and region. The
international leakage from changing the land use was assessed by Jackson and Baker
(2010), who found that as soon as the greenhouse gas mitigation policy is put into effect,

simulated agricultural prices and imports will rise for a given carbon price. Erickson
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(2011) also describe leakage can occur in forest management projects because of the
decreasing supply of timber to markets.

There are two key issues when measuring the leakage of a project. The first is the
identification of the underlying drivers that may cause leakage, such as grazing, fuelwood
collection, fertilization and drainage. The second issue is to develop estimation methods
for the calculation of their associated emissions effect (Blujdea et al. 2010). Approaches
for accounting and monitoring leakage could be either project-specific or standardized
(Garcia-Oliva and Masera 2004). The specific approach includes careful site selection,
good project design, and establishing control plots in areas independent from the project
area (Aukland et al. 2002). The standardized approaches use discount or adjustment
coefficients developed by project type and region (Brown et al. 2000). Methods of
addressing leakage are also included in the VCS (VCS 2008), and a practical approach to
leakage has also been developed by the World Bank’s BioCarbon Fund (BioCarbon Fund
2008). The EPA requires inclusion of leakage in the calculation of greenhouse gas
emission reductions, but it does not provide a specific quantification method. CAR
determines a leakage risk percentage at project outset, and ACR assesses leakage on a
case-by-case basis (Stevens et al. 2011).

Although leakage should be addressed in the protocols, the methods for
measuring leakage are still incomplete. The sources of leakage are unidentified in a forest
afforestation or reforestation project in some protocols. The source of leakage may not be
valued because leakage can be ignored because of applicability conditions imposed by
the methodology (Blujdea et al. 2010). The applicability conditions ensure that there is no

leakage. For example, there is no leakage when trees are planted on degraded lands



22
without any agriculture activities. But inconsistencies in measuring leakage have much
larger implications if the scale is larger. Erickson et al. (2011) argued that significant
uncertainty exists regarding the extent of this leakage in afforestation because the leakage
is dependent on how global agricultural markets respond to changes in the supply of

goods due to the removal of agricultural lands from production.

Co-benefits

In the carbon literature, co-benefits are commonly left undefined or used
interchangeably with the term “ancillary benefits” (Aunan et al. 2004, Pittel and
Ribbelke 2008). Pearson et al. (2008) define co-benefits as the project benefits that are
not directly related to greenhouse gases. For example, afforestation can result in some
social benefits, improvements of water conservation, and biodiversity. The Climate Trust
prefers projects with environmental, health, and socioeconomic co-benefits, and will
request information on co-benefits from proposers, and special consideration is given to
projects with excellent co-benefits (von Hagen and Burnett 2006).

Forest carbon mitigation projects are usually considered to have co-benefits. For
example, agroforestry projects may address climate and development goals by generating
“co-benefits” simultaneously (Pandey 2007, Roshetko et al. 2007, Nair et al. 2009,
Anderson and Zerriffi 2012). Forest offset projects often generate environmental and
social co-benefits, including job generation, habitat retention/enhancement, water quality
improvements, recreational opportunities, and enhancement of scenery, not to mention

potential co-production of timber (von Hagen and Burnett 2006). Binkley et al. (2006)



23
compared the financial performance of an industrial regime focused exclusively on
timber production with an ecosystem-based forest management approach. They found
that the ecosystem-based forest management approach opened up other revenue sources,
including a small premium from higher-valued logs, the sale of conservation easements,
and the sale of carbon sequestration credits, and that when these benefits are included, the
ecosystem-based forest management approach earns more than the industrial forestry
approach.

But obtaining the co-benefits in an individual forest carbon project may be
complicated in practice. The United Nations Food and Agriculture Organization has
warned that poor forest landowners do not get benefits from carbon payments
automatically (Boyd et al. 2007). The adoption of the agroforestry systems may either be
significant sources of GHG emissions or have negative effects on crop production (Dixon
1995, Reynolds et al. 2007, Siriri et al. 2009). One study also found that modeling
suggests that best practices for earning carbon benefits may not always be best for
realizing livelihood benefits (van Noordwijk et al. 2008). Even more, several studies
concluded that many carbon projects, particularly compliance market projects have been
largely unsuccessful in delivering co-benefits (Brown and Corbera 2003, Boyd et al.
2007, Murdiyarso et al. 2008, Wittman and Caron 2009). Anderson and Zerriffi (2012)
review the literature on agroforestry, tree-based carbon projects and co-benefit carbon
projects and concluded that considerable tension exists in designing co-benefit
smallholder agroforestry projects and suggested that seeking ancillary benefits rather than

co-benefits may help to reduce this tension.
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Timing

Timing refers to assurance that the carbon credit is realized in the period the
purchaser wishes to report the credit (Cathcart and Delaney 2006). Some carbon projects,
like tree planting, occur over many years. A project developer is supposed to get paid
when credits are actually produced. Protocols must decide if the crediting can be counted
at a discounted rate or not (Pearson et al. 2008). The timing issue might be a challenge
for forest carbon projects in the future if carbon mitigation registries continue to use
specific emissions reporting periods. If timing is considered, it may increase the
incentives for forest carbon project investors. For example, the Forest Resource Trust
Stand Establishment Program received $1.5 million in carbon offset funding from the
Klamath Cogeneration Project based on carbon offsets that were estimated to accrue over
a 100-year period. However, the period of the CO, emissions of the Klamath
Cogeneration Project is only 30 years. The planted forests under the Stand Establishment
Program will not achieve enough carbon sequestration to exceed the initial or baseline
carbon on the site until around age 15, with the majority of the net CO, sequestration
occurring between ages 15 and 30 years (Cathcart 2000, Cathcart and Delaney 2006),
toward the end of the cogeneration plants’ operating life. Moreover, one third of the
awarded forecast carbon offsets accrue after 65 years in the second rotation (Oregon
Office of Energy 1996).

Other principles related to carbon offsets have also been considered. For example,
Cathcart and Delaney (2006) stated that measurement, the quantification of CO, through

direct or indirect means, is an important consideration for projects. Because researchers
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are used to estimating and forecasting CO, benefits by indirect methods like modeling or
look-up tables, some underlying quality assurances should be included to account for
modeling reliability and risk. Reliability means long-term legal and contractual project
management and accounting over time, while risk means the forecast carbon credits may
not be realized and maintained throughout the accounting period (Cathcart and Delaney

2006).

Forest Management and Forest Carbon Offset Projects

Silvicultural practices such as site preparation and tree establishment play a role
in carbon storage on both short and long time frames (Harmon and Marks 2002). Also,
the ability of forests to sequester carbon is influenced by species composition (Liski et al.
2001, Gutrich and Howarth 2007). Furthermore, reducing waste and damage to residual
trees and minimizing soil disturbance during harvest increase carbon sequestration
(Northeastern State Foresters Association 2002). Natural forests, urban trees and wood
products have high potential for carbon storage (Woodbury et al. 2007). Extending
rotations or entry cycles and increasing the length of time trees grow before the harvest
can also result in more carbon storage (Liski et al. 2001, Sampson 2004, Stavins and
Richards 2005, and Bravo et al. 2008). Sohngen et al. (2007) found that increasing the
rotation can result in an increase in storage of about 3Mg/ha CO,, per year in softwoods in
the Northeastern U.S. On the other hand, Liski et al. (2001) argued that shorter rotations
can help increase carbon sequestration by increasing carbon in soils, litter production and

harvest residues.
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Increasing the complexity of forest structures can also help increase carbon
storage. For instance, uneven-aged management can be used to store more forest carbon
in oak-pine forest communities (Strong 1997, Li et al. 2007). In addition, partial cutting
appears to increase carbon sequestration in boreal mixed-species forests and northern
upland forests (Lee et al. 2002, Neilson et al. 2007). Many studies have shown that
reducing damage to the residual stand can also help preserve forest productivity and
increase carbon storage (Lee et al. 2002, Stavins and Richards 2005, Birdsey et al. 2006).
However, other studies have found that carbon storage in forest soils is largely unaffected
(changed by less than 10%) by timber harvesting (Strong 1997, Yanai et al. 2003).

In general, fossil fuel use in forestry is negligible in comparison to the fate of
carbon stored in trees (Chen et al. 2000, Finkral and Evans 2008, and Evans and Perschel
2009), but intensive silvicultural systems require greater fossil fuel inputs (Markewitz
2006). By using natural regeneration methods and low impact logging techniques,
forestry-related fossil fuel use can be minimized in Northeastern forests (Evans and
Perschel 2009). Although harvesting reduces carbon storage, forest management can
result in a net carbon benefit (Schmid et al. 2006). Management activities like thinning
from below and from the middle in Alleghany hardwoods increased the carbon stores by
about 40 Mg/ha and 7.5 Mg/ha, respectively, when wood products storage is accounted
for (Hoover and Stout 2007). Studies have shown that wood-based houses may result in
20% to 50% less greenhouse gas emissions than steel or concrete-based houses over a
100-year life span (Upton et al. 2007). However, conversion of forests to other land uses
or reducing the size of forest parcels can reduce the opportunity to sequester carbon in

wood products (Egan et al. 2007).
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Forest preservation plays an important role in climate change as well as carbon
storage. Preserving genetic diversity will help species adapt to climate change (Rehfeldt
et al. 2001, Parmesan and Galbraith 2004). Late successional or old growth reserves store
larger amounts of carbon than young forests (Harmon et al. 1990, Law et al. 2003,
Birdsey et al. 2006, and Taylor et al. 2007). Mature forests continue to sequester carbon
even after they reach old growth status (Luyssaert et al. 2008). Studies have shown that
old forests, such as a 200-year-old hemlock forest, can continue to sequester 3.0 Mg/ha of
carbon per year (Hadley and Schedlbauer 2002). Wood products are a potential carbon
stock that is often neglected. When wood is removed from forests, all of the carbon is not
immediately released to the atmosphere. Wood products include wood in use and
discarded wood. Woody biomass can also be used to offset use of fossil fuels. For
instance, wood can be burned for heat or converted to ethanol to power transportation.

One of the main factors that influence the risk of reversal faced by forest offset
projects is landowner behavior or management treatments. Studies show that
manipulation of forest structure, age, and composition can be used to influence carbon
sequestration and risk of reversal. For example, in even-aged management, longer
rotations generally lead to greater amounts of carbon sequestration in aboveground
biomass (e.g., Huang and Kronrad 2006). However, researches have indicated that longer
rotations could also expose forest stands to higher fire and ice risks (e.g., Gonzalez et al.
2005). Nevertheless, it is believed that mixed stand management can both address carbon
sequestration and reduce the risk of reversals (Galik and Jackson 2009).

As carbon markets have developed, forest owners have had the opportunity to

receive financial incentives to include carbon sequestration in their management
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planning. Forest carbon sequestration may become an economically viable alternative to
traditional timber harvesting (van Kooten et al.1995, Huang and Kronrad 2006, Sohngen
and Brown 2008). Some mechanisms and strategies have already been developed from
carbon offset protocols to deal with the reversal risk. For example, a portfolio
diversification method, which minimizes impact of disturbances by pooling diverse
project types or projects in geographically diverse areas, has been discussed by Laurikka
and Springer (2003) and Hultman (2006). Other strategies like assignment of liability,
insurance, buffers (where some portion of storage is set aside in a project-specific pool),
and program re-evaluation have already been applied in several protocols to account the
risk of reversals. Hurteau et al. (2013) studied fire-prone forests and found that the
probability of disturbances such as wildfire can be quantified in a carbon offset project in
the local geographic scale but might not be suitable for larger or global scales.

Some studies have analyzed the relationship between carbon accounting of forest
management activities and forest carbon offset methodologies. Schatzki (2003) found
that high uncertainty in the returns to agriculture and forestry affect afforestation
decisions by agricultural landowners in Georgia. Lauterbach (2007) found that
reforestation and afforestation project profitability and viability is dependent on how
carbon markets evolve. Pearson et al. (2008) examined a hypothetical afforestation
project in California and applied four sets of protocols, the California Climate Action
Registry, the CCX, the RGGI and the USDOE 1605(b) program. They compared the
results to the “actual” net sequestration. The study found that the consequence of
applying different protocols for reportable carbon was significant and concluded that the

1605(b) protocol maximizes the returns to landowners from carbon management. In



29
contrast, the CCAR Protocol and RGGI Protocol are likely to increase costs for
landowners. Although the Chicago Climate Exchange (CCX) had simple measurement
and reporting methodologies, it may have increased landowners’ costs because of the
greatly reduced reportable carbon credits due to the limitation that only the carbon in the
stem of the tree was counted.

Foley et al. (2009) used modeling to calculate the amount of creditable carbon
generated from adjusting the rotation age of multiple forest stands in 46 distinct North
American forest types. The study also provided a comparison of total creditable carbon
generated under three carbon accounting methodologies: the Department of Energy
1605b Registry, the CCX, and the VCS. They concluded that there are large differences
among the carbon accounting schemes. Methodologies to account for leakage,
permanence, additionality, and baseline potentially increase the overall legitimacy of any
forest carbon offset program, but these methodologies can reduce creditable carbon to the
forest owner by up to 70%. Foley et al. (2009) also noted that strong regional differences
exited between these carbon projects.

Galik et al. (2009b) used fifty-year carbon cycling data from South Carolina and
estimated carbon storage for a hypothetical rotation extension. They found that after 100
years, net carbon sequestration varied significantly among the seven protocols. The
variance resulted from how individual carbon pools, baseline, leakage, certainty and
buffers were addressed under each protocol. They concluded that protocol-specific
restrictions or requirements are likely to discount carbon credits in a real project and lead

to higher costs.
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Some studies have focused on the relationship between project costs and forest
management for carbon offsets. For example, Galik et al. (2009a) used a custom
spreadsheet model to examine the transaction costs of different forest offset projects
operating in different forest types under different accounting methodologies or protocols.
Their results suggested that transaction costs can be significant for small forest
management offset projects. They also found that costs vary by protocol and tend to
decrease with project size and length of rotation extension. Torres et al. (2010) analyzed
the sequestration costs of agroforestry afforestation and reforestation projects based on a
partial market equilibrium analysis. They suggested that agroforestry options not
requiring complete land conversion might be cost-effective strategies because they do not
generate high opportunity costs. Their results also suggested that payments in the early
years of the project and lower transaction costs will benefit the development of
afforestation and reforestation projects in the voluntary market, especially in marginal
rural areas with high discount rates. In addition, Galik et al. (2012a) examined the
implementation costs of different forest offset project types (afforestation, extended
rotation, and improved productivity) operating under different accounting and sampling
methods. They found that carbon accounting methods, specifically the method used to
establish the project baseline may be among the most important factors driving
implementation cost and dramatically increasing variability in both transaction and
production costs. In order to explore the question further, Galik et al. (2012b) used a
forest growth and carbon accounting model to assess the relative influence of several key
accounting, financial, and market variables on forest carbon offset project viability. They

found that the effects of carbon price and project length vary in both magnitude and
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direction from project to project. In addition, a one-size-fits-all accounting approach may
fail to maximize either landowner participation or the representation of forest types or
management systems.

Raciti et al. (2012) compared carbon budgets and evaluated the carbon-mitigation
potential for nine counties in the northeastern United States and found that afforestation,
sustainable fuelwood harvest for bioenergy, and utility-scale wind power could provide
the largest and most cost-effective mitigation opportunities among those evaluated.
Erickson et al. (2011) examined protocol designs and indicated that although lenient
offset rules and protocols may bring several times more credits to the market than a
conservative approach, these gains in offset supply would come at a significant cost to
the effectiveness of the cap-and-trade system in achieving its central purpose: reducing
overall GHG emissions. Macauley and Sedjo (2011) state that the lack of good data
severely hampers efforts to shape climate policy because it is difficult to model the role
of forests both in the physical global carbon cycle and in cost-effective regimes to abate
GHG emissions. Stevens et al. (2011) compared different carbon mitigation protocols and
their potential applicability in Florida and concluded that the protocols that accept a
broader range of tree types would be more applicable for afforestation and reforestation
projects and would have a larger potential benefit (e.g., VCS). But mature management
protocols that allow other methods of greenhouse gas reduction present less expensive
offset project options (e.g., CDM, CCX) and landfill gas capture protocols that offer a
choice of complexity and requirements and resulting offset credits may be more attractive

to offset project applicants (e.g., AES).
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Pennsylvania Climate Action Plan

On July 9, 2008, Pennsylvania Governor Ed Rendell signed the Pennsylvania
Climate Change Act (Act 70). As directed by the Act, the Department of Environmental
Protection (DEP) prepared the Climate Change Action Report with the assistance of the
Climate Change Advisory Committee (CCAC). The CCAC and the DEP led a
stakeholder-driven process which evaluated and recommended 52 work plans to mitigate
greenhouse gases. In order to put this climate change action plan into practice and
facilitate monitoring of progress towards reaching the recommended GHG reductions, it
was necessary to establish three key elements: a baseline year, a target year and a target
(PADEP 2009). The target of this plan is to reduce GHG emissions by 30 percent from
year 2000 levels by 2020.

According to the Pennsylvania Climate Change Action Plan, Pennsylvania's
forests sequester moderate amounts of carbon. In 2000, the carbon sequestration from
forests and land use change in Pennsylvania was about 21 million metric tons carbon
dioxide equivalent (MMt CO, e). However, from 2000 to 2020, the amount of net carbon
sequestered by forest lands in Pennsylvania is projected to decline by about 8% relative
to 2000 levels due to land use changes. Key challenges in increasing the role of forests in
mitigating climate change include balancing the implementation of forest protection and
economic growth in the Commonwealth, providing incentives to utilize durable wood

products and wood energy sources, and ensuring funding for new forestry programs.
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In order to increase the role of forests as carbon sinks, the CCAC recommended
nine work plans for the forestry sector that could offer the potential for significant, cost-

effective GHG emission reductions within the state (PADEP 2009):

1. Forest Protection: preserving the existing forest base and conserving additional
forestland. This will be accomplished in two ways: one is assisting local partners
in acquiring open space, such as parks, greenways, river and stream corridors,
trails, and natural areas; and the other is acquiring voluntary conservation
easements with private landowners.

2. Woodnet: promoting the utilization of locally and sustainably produced wood
products to extend the forest carbon storage cycle and reduce emissions from the
utilization of alternative products.

3. Forestland Protection and Avoided Conversion: examining the carbon benefits
from various land conservation scenarios. Two implementation scenarios are
considered: The first considers protection of private forestland through direct
acquisition or through various Pennsylvania Department of Conservation and
Natural Resources’ (DCNR) programs for open-space preservation. The second
focuses on providing incentives to forest landowners to reduce the likelihood of
forestland conversion.

4. Reforestation, Afforestation, Regeneration: to increase carbon stored in
vegetation and soils through expanding the land base associated with terrestrial
carbon sequestration. In addition to planting forest cover, it also includes
planting short-rotation woody crops and warm-season grasses on a variety of
underutilized land cover types.

5. Improved Forest Management: addressing the potential for increasing carbon
stocks in forests through forest practices that increase tree density, enhance
forest growth rates, alter rotation lengths, or decrease the chances of biomass
loss from fires, pests, and disease. The CCAC also suggested that CAR, CCX

and VCS are all suitable for Pennsylvania to join the carbon offset protocols.
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6. Durable Wood Products: to enhance the use and lifetime of durable wood
products. This can be achieved by enhancing management activities and timber
sales to provide a reliable supply of timber for durable wood products.

7. Urban Forestry: to increase carbon stored in urban forests, and thereby to reduce
residential, commercial, and institutional energy use for heating and cooling.

8. Wood to Electricity: promoting the use of wood as a fuel for electricity
production. Market and policy forces are driving the expanding use of forest
biomass energy.

9. Biomass Thermal Energy Initiatives: promotes community-based and district-
scale energy initiatives that reduce net carbon emissions through the utilization
of forested woody biomass and other clean wood source material. There are two
types of GHG benefits from this work plan recommendation: the first is
offsetting electricity, and the second is offsetting other fossil fuels that would
have otherwise been used for heating and/or steam (oil or natural gas).

To sum up, the Pennsylvania Climate Change Action Plan planned to reduce
carbon emissions from the forest sector by using forest protection, forest management
improvements, planting new forests, increasing durable wood product usage, and
increasing the use of wood as an energy source to reduce fossil fuel emissions. If the plan
is implemented, the forestry sector is expected to sequester an equivalent of 7.5% of the

state’s gross GHG emissions (PA DEP 2009).



Chapter 3

METHODS

The data for the analysis performed in this thesis was obtained from the United
States Department of Agriculture (USDA) Forest Service Forest Inventory and Analysis

(FIA) database (http://www.fia.fs.fed.us/) for Pennsylvania. This inventory database

contains the necessary information for this study, including the forest type, stand age,
basal area and site productivity of Pennsylvania oak stands.

The Forest Service’s Forest Vegetation Simulator (FVS,
http://www.fs.fed.us/fmsc/fvs/) has been used by North American forest managers for
over 30 years and can be used in multiple biomes (Crookston and Dixon 2005). FVS is an
individual-tree, distance-independent, growth and yield model that can simulate a wide
range of silvicultural treatments for most major forest tree species, forest types, and stand
conditions. The FVS model can make projections for any number of years, from five to
hundreds of years, with five to ten-year time steps. Because FVS can report carbon
storage in different carbon pools at each time step, including live, dead, soils, and wood
products, it was used to simulate management strategies in this study.

Three kinds of management activities (No Management, Shelterwood and
Individual Tree Selection) were selected for modeling because The Pennsylvania Climate
Change Action Plan (PA DEP 2009, hereafter “PA Action Plan”) identifies these as

activities that may contribute to GHG emissions reductions.
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Quantifying CO, reductions and removals is an important step whether the
objective is to evaluate carbon sequestration or to calculate carbon credits. This study
uses the CAR protocol to quantify net carbon benefits. CAR measures the benefits of a
Forest Project in Climate Reserve Tonnes (CRTS), and one credit is issued for each CRT.
Tons of carbon can be converted into metric tons (tonnes) of CO; equivalent (tCO2e),
which is the basic unit for calculating CRTs in CAR. The conversion factors used are 1
ton CO,e = 0.272 tons of carbon and 1 tonne = 1.1023 tons (CAR 2012c).

In order to evaluate the potential benefits from participating in carbon markets,
present value accounting is used to determine the market value of the carbon credits.
Because timber revenue is also an important source of income for forest landowners, the
present value of timber revenue was also determined. In order to see how the projected
carbon price and discount rate affect the results, more than one carbon price ($10/ tCO.e
and $30/ tCO,e) and discount rate (4% and 6%) were used in the analysis.

The following sections describe the sampling procedure, provide detailed
descriptions of the modeling of management activities and methods of quantifying the

CO, removals, and describe how the economic analysis was done in this study.

Sampling

Sampled FIA plots in the Oak-Hickory forest type that are all in one condition
(plots that straddle multiple conditions were excluded) (O’Connell et al. 2012) were
selected to represent Pennsylvania oak forest properties that might enroll in the CAR

carbon offset registry. Because FVS does not perform well for stands younger than 20



37
years, plots with Stand Age less than 20 were eliminated. These plots were divided into
groups based on three attributes: Stand Age, Basal Area (BA), and Site Class. Plots were
classified into three categories for both Stand Age and BA and two categories for Site
Class (Table 3-1), resulting in 18 groups of plots. Two plots were selected from each
group by choosing the two plots identified as being most representative of the group. The
two plots with the smallest Euclidian distance of the plot attributes from the median of
the Age, BA, and Site Class of plots within the group were selected. This procedure
resulted in 36 plots that were used to represent stands to be simulated for this study.

The definition of site class used in the study is important. The soil productivity of
the site affects the growth, and therefore the carbon sequestration rate, of the stands and
is a key attribute in the calculation of carbon credits. The site class of a stand is used to
determine the Common Practice carbon stock for a stand in CAR. The Common Practice
carbon stock is based on two site categories, “good” and “poor” (CAR 2012c). Based on
a review of several studies on the site index of oak stands (Carmean 1972, Scott and
Voorhis 1986, and Stringer 2006), plots with FIA Productivity Class codes greater than
or equal to 5 were considered “good” sites for oak or oak-dominated stands and sites with

lower Productivity Class codes were considered to have “poor” productivity.



38

Table 3-1. Plot sampling groups used in the study.

Stand ages (years) Basal area (ft2/acre) Site class*
Low ( 1-28) Good
Poor
: Good
Young (20-75) Medium ( 29-54)
Poor
. Good
High (> 54
gh ( ) Poor
Low ( 1-38) Good
Poor
. ) Good
Middle (76-90) Medium ( 39-70)
Poor
. Good
High (> 70
ah ( ) Poor
Low ( 1-50) Good
Poor
old (> 90) Medium ( 50-74) Good
Poor
High ( > 74) Good
Poor

* Good site: Site Productivity code from FIA=1-5, poor site: Site Productivity code from
FIA =6-7

Management Project Alternatives

This study focuses on how alternative forest management strategies can affect the
profits and potential carbon credit revenues of forest landowners. Three kinds of
management types were selected: 1) no management, 2) even-aged management, and 3)
uneven-aged management. Based on Nunery and Keeton (2010), the scenarios included
different harvest frequencies, as shown in Table 3-2. “Shelterwood 1,” or SW 80, which

involves a shelterwood harvest at age 70 and an overstory removal at age 80, was
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selected as the “business as usual” alternative. “Shelterwood 2,” or SW 120, involves a
shelterwood harvest at age 110 and an overstory removal at age 120 and represents an
even-aged management alternative with a longer rotation. Two of the uneven-aged
management scenarios, U 15 and U 15W, involve uneven-aged harvests that occur every
15 years. In the U 15 case the first harvest occurs immediately, and in the U 15W case the
first harvest occurs in 15 years. Similarly, the U 30 and U 30W scenarios involve uneven-
aged harvests that occur on a cutting cycle of 30 years, with the first harvest occurring

immediately in the U 30 case and after 30 years in the U 30W case.

Model Descriptions and Simulations

The Forest Vegetation Simulator (FVS, Dixon (2002)) was used to simulate and
report the outcome for each forest management scenario in Table 3-2 for each of the 36
selected plots. In this study, the management activities were simulated in five-year
increments for a 100-year project life. The output from the FVS simulations included
total stand carbon and volumes of forest products (sawtimber) produced, in board feet.

In order to simulate even-aged and uneven-aged silvicultural treatments for oak
stands, some key simulation parameters were specified (Table 3-3). Even-aged
shelterwood scenario parameters (Table 3-3) were based on management practices
discussed in Brose et al. (1999), Botti and Mech (2000), Stringer (2006), Brose et al.

(2008), Dey et al. (2010), Leak et al. (2011) and Schweitzer et al. (2011). Uneven-aged
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Table 3-2. Forest management project alternatives (prescriptions) used in the study.

Management Prescription ID Management Harvest Frequency (age/year)
Type

No Management No - -
Shelterwood 1 SW 80 Even-aged 80
(Business As Usual)
Shelterwood 2 SW 120 Even-aged 120
Individual tree selection 1 U 15 Uneven-aged 15

(harvest immediately)
Individual tree selection 2 U 30 Uneven-aged 30

(harvest immediately)
Individual tree selection 3 U 15W Uneven-aged 15

(harvest in year 15)

Individual tree selection 4 U 30W Uneven-aged 30

(harvest in year 30)

management parameters (Table 3-3) were selected based on Marquis (1976), Lamson and

Smith (1991), Iffrig et al. (2004), Jensen and Kabrick (2008), and Johnson et al. (2009).

Table 3-3. Management parameters used in FVS simulations

Even-aged (shelterwood)

Uneven-aged (Individual Tree Selection)

Residual basal area /acre: 75 ft2/ac
Removal cut residual trees: 3 /ac

Smallest diameter in removal cut: 5 in.

Residual basal area/acre: 50 ft2/ac
q factor=1.2

Minimum DBH Class: 2 in.
Maximum DBH Class: 20 in.
Diameter Class Width=1 in.

No legacy trees
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The default NE-FVS vegetative regeneration sub-model (Dixon 2002) was used to

predict regeneration. This regeneration model only includes limited stump sprouting.

While one might expect that this would under-predict likely regeneration levels, visual

inspection of the output suggested that adequate regeneration was being projected.

Furthermore, some key factors that may negatively affect regeneration are not simulated

in this model (Nunery and Keeton 2010). For example, overabundant deer can negatively

affect the regeneration of oak stands in Pennsylvania (Rawinski 2008). Other factors such

as competing native and exotic plants, and pests and pathogens can also cause difficulties

in regenerating oak forests (McCaskill et al. 2009).

Quantifying Net CO, Reductions and Removals

This study uses the CAR methodology, as described in the Forest Project Protocol

version 3.3, to quantify net carbon benefits. Seven steps are involved in calculating CRTs

in the CAR forest management improvement protocols:

1.

2.

Estimating baseline onsite carbon stocks (p. 49-58, CAR 2012b);
Estimating baseline carbon in harvested wood products (p. 59-61, CAR
2012b);

Determining actual onsite carbon stocks;

Determining actual carbon in harvested wood products;

Calculating the project’s Primary Effect;

Quantifying the project’s Secondary Effects (indirect effects) (p. 62, CAR

2012b); and
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7. Calculating total net GHG reductions and removals (p. 44, CAR 2012b).

First, a business as usual (SW 80) FVS simulation was run for every sampled plot
to get the carbon profile for the baseline management scenario. Then the baseline was
standardized and adjusted using equations from the CAR Forest Project Protocol (stepsl
and 2). After setting the baseline, the information for steps 3 to 6 was obtained by

simulating the remaining management scenarios.

Defining the Baseline Onsite Carbon

In the CAR (2012b) Forest Project Protocol, the baseline is estimated differently
for public and private lands because their scales and policies are very different. This
study assumes that all properties are private. Several steps are involved in estimating the
baseline:

(1) Determine the inventories of above-ground live carbon, below-ground live

carbon, and dead carbon for the project area;

(2) Model the baseline 100-year growth and harvest regime (CAR, 2012b, p45);

(3) Standardize the unadjusted baseline for the above-ground live carbon by

averaging annual values;

(4) Apply standard criteria to modify the above-ground live portion of the

standard unadjusted baseline;

(5) Proportionally adjust other reported carbon stocks to match the standard

adjusted baseline for above-ground live carbon stocks; and



43

(6) Combine the results of steps 4 and 5 to produce the final baseline for all onsite

stocks (CAR 2012b, p. 49).

Steps (1) and (2) were accomplished in this study using the FIA plot data and
FVS to simulate a 100-year period under the baseline management alternative (SW 80).
Inventories of above-ground live carbon, below-ground live carbon, and dead carbon for
the plot (project area) were projected for the 100-year period. When the baseline is
calculated, standing live carbon, dead carbon and wood product carbon are also projected
and adjusted for the final baseline value. The modeled carbon pools provide the
Preliminary Unadjusted Baseline values. The units of the baseline are equivalent tons of
CO; (tCOye) per acre. Both legal and financial constraints must be followed, if they
apply, during the project life, but in this study no legal or financial constraints were
considered in order to simplify the analysis.

The baseline must be adjusted and standardized as outlined in the protocols. This
is done using different procedures for different carbon pools. If no legal constraints must
be considered, or legal constraints do not result in an upward trend in above-ground
standing live carbon stocks, then the standard unadjusted baseline is given by equation

(3-1):
(Equation 3-1)
where:
is the Standardized Unadjusted Baseline value for above-ground live
carbon stocks (and other related and reported carbon stocks as shown

below) for year y (including the start date at y=0), and
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is the Preliminary Unadjusted Baseline value for year y (obtained from the

FVS output).

PUBq represents the initial carbon stocks at the project start date. However, additional
steps have to be applied to standardize the baseline. The live stand component must be
modified to conform to a set of performance criteria that establish minimum above-
ground standing live carbon stock values for the baseline in each year. To start, the High
Stocking Reference (HSR) for the project area has to be identified. HSR is defined as 80
percent of the highest value over the 10 years preceding the project start for above-
ground standing live carbon stocks per acre within the project area. In this study, the HSR
was set at 80% of the standing live carbon in the year before the project start date because
the plots were assumed to be undisturbed over the preceding 10-year period.

In the CAR Forest Project Protocol, the site class of a stand is used to determine
the Common Practice (CP) carbon stock for the forest. The CP means the average stocks
of above-ground standing live carbon in similar stands in the project area region. CP
values are calculated by CAR from Forest Inventory and Analysis data and are provided
in the Assessment Area Resource File on the CAR Forest Protocol Project webpage
(CAR 2012c). For Allegheny and North Cumberland Mountains oak forests in
Pennsylvania, the above-ground Common Practice value is 115 tCO.e/acre for high
productivity class sites and 93 tCOye/acre for low productivity class sites. After the
standardized unadjusted baseline above-ground standing live carbon stocks have been

calculated by equation 3-1, the baseline depends on whether the initial live carbon is
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above or below the common practice. When the initial above-ground live carbon is higher

than the common practice, the baseline for the above-ground live part is:
) )  (Equation 3-2)

On the other hand, if the initial above-ground live carbon is below the common practice,

the baseline for the above-ground live carbon is:
) ) ) (Equation 3-3)

where:
is the Standardized Adjusted Baseline for above-ground standing live
carbon stocks value in yeary;
is the Common Practice carbon stock;

is the Preliminary Unadjusted Baseline, i.e., the initial above-ground
standing live carbon stocks per acre within the project area;

is Weighted-average above-ground standing live Carbon Stock value per
acre for all project operators in the same Logical Management Unit
(LMU);

is the value of the Standardized Unadjusted Baseline for year y, and

is the High Stocking Reference for the project area.

The Weighted Carbon Stocks value (WCS) is defined as the weighted average
above-ground standing live carbon per acre. This factor is used to determine whether the
standing live carbon stocks in the project area are greater or less than standing live carbon

stocks outside of the project area. The calculation of WCS uses the concept of a Logical
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Management Unit (LMU) to define the managed forest land in the CAR Forest Protocol.
A LMU is all the land that is managed by the landowner in the project area. It is possible
that only part of the landowner’s land is involved in the project and that some areas are
excluded. The initial standing live carbon is weighted to adjust the real baseline in one
LMU. From equation 3-2 and 3-3, the WCS is used as a standard to define the value of

the adjusted baseline for aboveground live standing carbon, and can be described as:

| —)| (Equation 3-4)

where:
is the average above-ground standing live carbon stocks per acre within the
LMU, excluding the project area;
is the size of the Project Area, and

is the size of the LMU, excluding the project area.

In this study, for the purposes of this calculation, each plot was treated as one Logical
Management Unit (LMU). In this case, the WCS equals the PUBy for all the sampled

plots.
The standardized adjusted baseline for below-ground standing live carbon is

directly proportional to the standardized adjusted baseline for the above-ground live

carbon stocks.

) (Equation 3-4)
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(Equation 3-5)

where:
is the Standardized Adjusted Baseline value for below-ground standing
live carbon stocks in year y;
is the Standardized Unadjusted Baseline value for below-ground
standing live carbon stocks in year y;
is the Preliminary Unadjusted Below-ground standing live carbon stocks

value for yeary.

In contrast, the standardized adjusted baseline for the harvested above-ground
standing live carbon is inversely proportional with the standardized adjusted baseline for

the above ground live carbon stocks:

) (Equation 3-6)

(Equation 3-7)

Where:
is the Standardized Adjusted Baseline for harvested above-ground
standing live carbon stocks value in year y;
is the Standardized Unadjusted Baseline for harvest above-ground

standing live carbon stocks value in year y;

The baseline for the dead carbon is not adjusted and remains constant based on

the inventory of above- and below-ground standing dead carbon stocks at the project start
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date. Finally, all standardized adjusted baseline components are combined, and the final
baseline is the sum of the standardized adjusted baselines from the above-ground
standing live carbon, the below-ground standing live carbon, the dead carbon stocks, and

the harvested above-ground standing live carbon.

Defining the Baseline Carbon in Harvested Wood Products

The baseline carbon in harvested wood products represents the amount of
harvested carbon that would be transferred each year (on average) to long-term storage in
wood products (CAR, 2012c). From the CAR Quantification Guidance for Forest
Projects (2012c), the baseline carbon in wood products is estimated from the baseline
harvest volumes. Two types of parameters are used to estimate the carbon stored in
harvested wood products: mill efficiencies and the 100-year average storage factor.

The carbon in harvested wood products was simulated in FVS using the Fire and
Fuels Extension Model. Based on the Fire and Fuels Extension Model, the simulated mill
efficiencies for Pennsylvania are 62.5%, which is within the range of the mill efficiencies
in Pennsylvania provided by the Climate Action Reserve (51%-65%). For Wood-
Product-in-Use accounting, three kinds of wood product classes are classified in this
study: hardwood lumber, softwood lumber and pulpwood. The 100-year storage factors
for wood products in use provided in the CAR protocol are 0.262 for hardwood lumber,
0.470 for softwood lumber, and 0.078 for pulpwood (CAR 2009). However, the landfill
stores of wood products are not accounted for in the current protocol because the

potential of change in wood flows to landfills over the 100-year project lifetime is hard to
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predict. This is a significant challenge to the accuracy and verification of emission
reductions at the project level (CAR 2009). So the baseline carbon in harvest wood

products is calculated as follows:

(Equation 3-8)

(Equation 3-9)

where:
is the estimated wood product carbon value from harvested carbon stocks in
yeary;
is the predicted harvested carbon stocks in year y (from FVS);
is the mill efficiency factor,
is the wood product 100-year storage factor, and

is the baseline carbon in stored in harvest wood products.

Calculating the CRTs for Each Management Scenario

Each CRT in principle represents one metric ton of CO, (tCO.e) reduced or
removed from the atmosphere. In CAR, CRTSs are based on how much GHG reductions
and removals occur per year that would not have occurred under the baseline. This is
represented by (quantified reduction in year y) in the CAR Forest Project Protocol.
The equations below are used to calculate the CRTs for each year in the 100-year project

life for each plot and management scenario.



50
[ ) ( ) ]
(Equation 3-10)
where:
is the Quantified GHG Reductions and removals for year y;
is the Actual Carbon in wood products produced in year y that is projected
to remain stored for at least 100 years;
is the annual Baseline Carbon in wood products that would have remained
stored for at least 100 years;
is the Secondary Effect from GHG emissions caused by the project activity in
year y; and
is any Negative carryover from the prior year (occurs when total quantified
GHG reductions are negative prior to issuance of any CRTSs for the

project).

And,
( )( ) ( ) )
(Equation 3-11)
where:

is the Actual onsite Carbon as inventoried for year y;
is the Actual onsite Carbon as inventoried for year y-1;
is the Confidence Deduction for year y; and

is the Confidence Ceduction for year y-1.
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And,
( ) ) (Equation 3-12)
where:

equals baseline onsite carbon as estimated for year y; and

equals baseline onsite carbon as estimated for year y-1.

The Secondary Effects of the project are carbon emissions that are not directly
due to the project. In the CAR Forest Project Protocol the Secondary Effects are only
considered for projects on public forest land. For private forest landowners, this
parameter can be excluded in the calculation of the CRTSs.

A reversal occurs when the total net GHG removals for the year are negative and
CRTs have previously been issued to the Forest Project. If calculated GHGs reduction
and removals are negative and no credits have been issued to the project since its start
date, the result should be treated as a “negative carryover,” which is represented by the
parameter in equation 3-10. In CAR’s FEE protocol, reversals that occur after
credits have been issued should be insured against by contributing CRTs into a Buffer
Pool. However, the rate at which CRTs should be contributed to a buffer pool is project-
specific, and guidelines for calculating this rate are not provided in the protocol. As a
result, there is not enough information to build a Buffer Pool model for this study. In
order to simply the calculations, one can alternatively take what is referred to in this
analysis as an “enterprise-wide perspective,” which assumes that the forest landowner
owns more than one stand that is included in the project. In this case, the calculation of

CRTs would be based on the sum of all the stands in the ownership. It is assumed in this
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analysis that there are always positive removals on another part of the ownership to offset
any negative removals on any given stand. Thus, negative removals are counted in the
period when they occur. In other words, the parameter in equation 3-10 was not
used in this study, and negative removals were treated as a cost to the management of the
modeled stand.

The Confidence Deduction, , accounts for field sampling error, which can
range from 0% to 100% (CAR 2012c). However, in this study management units are
artificially constructed from a single FIA plot, so the confidence deductions are
undefined. To address this issue, a confidence deduction of 10% were used and it was
assumed that an adequate inventory was performed on the property to earn this
confidence deduction.

is the value used by CAR to calculate the credits that the project operators
earn from a project, and in theory it represents the net carbon sequestration in the current
year. This calculation does not accurately represent the true net carbon balance in the

current year because the is reduced by the Confidence Deduction and the

carbon sequestration of wood products ( ) is also discounted by 20%

due to the carbon lost during transportation and conversion. However Quantified
Removals can be interpreted as a measure of net carbon sequestration under different

alternative scenarios during the project year compared to the baseline scenario.
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Economic Analysis

In order to compare the differences between alternative treatments, present values
were calculated for timber and carbon credit values. Revenue from harvested wood was
calculated in the year of harvest using stumpage prices from the Pennsylvania Woodlands
Timber Market Report, April-June, 2013 (Jacobson and Kovach, 2013). A real discount
rate of 4% was used to calculate present values. For the shelterwood treatment, the forest
value includes terms for the present values of harvests that occur during the project
period, plus the present value of the Land Expectation Value (LEV), which represents
harvests that will occur after the project period. Thus, the formula assumes that the
property will be used to grow trees in perpetuity. Revenues for harvests that occur after
the end of the project period are assumed to equal the average of revenues for similar

harvests that occur during the project period.

(Equation 3-13)

(Equation 3-14)

where:
= the Forest Value for shelterwood scenarios;
= the Land Expectation Value based on a perpetual series of equal harvests
that are assumed to occur after the project period;

= the stumpage price for product p in 2013
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= the yield of product p from shelterwood harvests that are projected to
occur after the project period (these values are based on the projected

harvest values that occur during the project period);
= the yield of product p from overstory removal harvests that are projected
to occur after the project period (these values are based on the projected
harvest values that occur during the project period);
= the age at which the overstory removal harvests occur;
= the age at which the shelterwood harvests occur;
= interest rate, which equals to 4% in this study;
R= the length of the rotation (equalto ) ;
= the number of even-aged harvests that occur during the project period;
= the yield of product p from even-aged harvest h that occurs during the
project period;
= the number of even-aged harvests that occur during the project period;

= the year when even-aged harvest h that occurs during the project period,;

= the year when the project starts.

The formula for the present value of harvest revenues for the uneven-aged
management scenarios is similar to the forest value for the even-aged shelterwood
systems. The values of harvests that occur after the project period are estimated using the
mean of the projected harvest values for the 100-year project period. Initial harvest values

are often quite different from subsequent harvest values, and harvest values tend to settle



55
down to a long-term steady state. Thus, some of the initial harvest values were excluded

from the calculation of the value of the harvests that occur after the project period:

(Equation 3-15)

> 2 (Equation 3-16)

where:
= the Forest Value for uneven-aged management scenarios;
= the present value of a perpetual series of equal harvests that are
assumed to occur after the project period,;
= the number of uneven-aged cuttings that occur during the project period;
= the first uneven-aged cutting that occurs during the project period that is
representative of harvests that can be sustained indefinitely;
= the cutting cycle, or interval between uneven-aged harvests;
= the year when cutting ¢ occurs;

and all other variables and parameters are as defined above.

According to the Environmental and Energy Study Institute (EESI), in 2012 the
auction carbon price was about $3.5/tCO2e for RGGI. However, carbon prices from
around the world range from $10/tCO2e to $30/tCO2e in EUETS (EESI 2012).
According to Hamilton et al (2009), the carbon price for CRTs ranged from $2 to $20
with an average $8.90 in 2009. While carbon prices are currently low, it is possible —

even likely — that in the future climate change will be seen as a more pressing problem,
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and policies will be put in place in the U.S. and elsewhere that will lead to higher carbon
prices. This study assumes such a situation, and two prices were considered — $10 and
$30 — to calculate the present value of the carbon credits per year. The present value of

the carbon credits over the 100-year period will be:

> (Equation 3-17)

Where,
= the total present value of the quantified carbon removal credits;
= the assumed price of the carbon credits in the market;
= the quantified GHG reductions and removals for year y;

= the interest rate, in this study is 4% or 6%.

No management costs were included in this study because cost data are not readily
available and likely would vary considerably with the composition and conditions of the

sampled plots.



Chapter 4

RESULTS and DISCUSSION

Carbon Profile

In order to illustrate how the projected forest carbon pools and quantified
removals relate over time and how the CAR protocol works, carbon profiles are presented
in this section for each of the seven management scenarios for a sampled plot from the
Middle Age, Medium BA, and Good Site group (plot #2789). Three carbon stock series —
baseline carbon, onsite carbon, and live standing carbon — and quantified carbon
removals are shown in Figures 4-1 to 4-7. Some important concepts need to be clarified
before discussing the data in the figures.

First, the carbon stocks are projected by FVS in 5-year time increments rather
than annually. In order to create one-year increment projections, the 5-year data were
interpolated to produce smooth annual projections.

Second, “the quantified removals” shown in the Figures 4-1 to 4-7 in principal
represent the difference between the carbon removals per year under the given scenario
and the removals from the baseline scenario. However, true sequestration and emissions
generally do not equal the quantified removals due to adjustments that have been made to
both the baseline and the carbon stocks that “count” under the protocol. This is clearly
illustrated by the baseline scenario, where the quantified removals should logically equal

zero but do not.
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Third, this study assumes that the forest landowner has more than one stand to
manage. It is assumed that there are always positive removals on another part of the
ownership to offset any negative removals on any given stand. Thus, negative removals
are counted in the period when they occur. Finally, note that in all analyses, the
confidence deduction is set at 10%.

The baseline carbon line in Figures 4-1 to 4-7 is based on the modeled carbon in
the above-ground live biomass assuming the stand is managed following the shelterwood
management scenario with an 80-year rotation (SW 80). The SW 80 scenario is the
baseline management scenario for all stands in this analysis. Because the initial live
standing carbon (86.2 tCO.e) is below the Common Practice (115 tCO2), the baseline of
plot #2789 is adjusted by Equations 3-1 and 3-3 in Chapter 3. As can be seen in Figure
4-1, baseline carbon is a flat value (109.53 tCO,e) after standardization and adjustments
prescribed in the protocol.

The live standing carbon and (total) onsite carbon for the SW 80 management
scenario on plot #2789 are also shown in Figure 4-1. The difference between live
standing carbon and the onsite carbon consists of belowground onsite carbon, standing
dead carbon, down woody debris, forest floor carbon, and carbon in shrubs and
herbaceous plants. As one would expect, when the overstory removal occurs in 2023 the
live standing and the onsite carbon both drop sharply. After the cutting, the live carbon
begins increasing again as the stand regenerates. However, onsite carbon decreases for a
few years due to decomposition of carbon in the other pools, particularly the dead wood
pools and forest floor carbon. Eventually, these pools recover and begin accumulating

carbon again as the regenerated stand re-grows. The onsite carbon reaches a maximum of
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203.29 tCO»e and the live carbon reaches a maximum of 137.77 tCO»e in 2092 when the

second shelterwood harvest is conducted. A second regeneration harvest is projected

happen in 2103 after the stand again reaches 80 years.
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Figure 4-1. Carbon profile curves for plot #2789 for the SW 80 management scenarios
with a 10% confidence deduction.

The quantified removals of CO, emissions, which ostensibly represent reduced

carbon emissions from a given management regime, are also shown in Figure 4-1. The

spike in the quantified removals in 2013 comes from the value of the expression

at the beginning of the project. The value of this spike in this first

period is essentially equal to 90% of the total onsite carbon, minus the baseline carbon in

the first period. The difference also includes some adjustments for carbon that is from the

positive quantified removals from the harvested wood products, but these are very small

Quantified Removal s (tCO2e/yr) /acare
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after being adjusted by the storage factors (0.026 tCO,e). Also, in this stand very little
carbon was removed in the shelterwood harvest that occurred in the first year because the
stand basal area was already close to the target basal area for the shelterwood cut.
Quantified removals are positive from 2012 to 2022 as the live standing carbon continues
to increase. In 2023, there is a negative spike in the quantified removals due to the first
overstory removal cutting. From 2024 to 2036, the quantified removals are slightly
negative due to decomposition of dead wood and other carbon pools. From 2036 to 2092,
quantified removals are positive because the positive change in the onsite carbon is being
compared with no change in the baseline carbon. After the second regeneration harvest in
2093, quantified removals are largely negative again between 2093 and 2013 due to the
second series of regeneration harvests. Between the second set of regeneration harvests
the quantified removals are very close to zero, but after the overstory removal cutting in
2103, the quantified removals become negative through the end of the project.

The baseline, live standing carbon, onsite carbon, and quantified carbon removals
for the SW 120 management scenario on plot #2789 are shown in Figure 4-2. Because the
harvests are delayed, the onsite and live standing carbon pools increase from 2012 to
2037. In 2038, the carbon stocks decline sharply when the shelterwood harvest is
conducted. After the shelterwood harvest, the carbon stocks increase again until the
overstory removal harvest occurs in 2048. As with the SW 80 scenario, there is an initial
spike in the quantified removals because the initial onsite carbon is greater than the
baseline carbon, even after the 10% confidence deduction. Two large negative spikes (-
21.1 tCOze and -64.4 tCO2e) occur in the quantified removals when the shelterwood

harvest is conducted in year 2038 and when the overstory removal harvest occurs in
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2048. In the CAR Forest Protocol, some of the carbon stored in wood products after a
harvest can be included in the quantified removals. For example, in 2048, about 11.2
tCO2e are assumed to be stored in wood products when this harvest occurs. This offsets
some of the loss of carbon due to the harvest; otherwise, this negative spike would have
been even larger. Following the harvests in 2038 and 2048, the quantified removals are
negative, particularly after the 2048 harvest, as carbon in dead wood decomposes. Then
removals become positive as the live carbon growth rates pick up and the baseline
remains flat.

The baseline, live standing carbon, onsite carbon, and quantified removals for the

U 15 and U 15W scenarios for plot #2789 are shown in Figures 4-3 and 4-4. Compared to
the shelterwood scenarios, the onsite carbon and live standing carbon do not show a
growing trend in the latter half of the project life in these scenarios. On the contrary, the
onsite carbon and live standing carbon curves show a gradual declining trend. In the U 15
case, the small negative quantified removal in the first year comes primarily from the
initial cutting in the first year. The remaining negative spikes, starting in 2014,
correspond to the uneven-aged harvests that occur approximately every 15 years.
Although the quantified removals in the cutting year are partially offset by wood products

credits, these credits are not large enough to make the spikes positive.
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Figure 4-2. Carbon profile curves for plot #2789 for SW 120 management scenarios with
a 10% confidence deduction.
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Similar patterns are shown in the U 15W scenario (Figure 4-4), except that there

is a large positive spike in the quantified removals in the first period because there is no

initial harvest in 2013 and the initial onsite carbon is greater than the baseline carbon,

even after the 10% confidence deduction. So, as with the SW 120 scenario, there is a

large initial spike in the quantified removals because of the difference between the initial

onsite carbon stock and the initial baseline. From the year 2014 to 2027, the quantified

removals are positive because of the harvesting delay. When the first harvest occurs in

2028, the negative quantified removal is relatively large (-37.8tCO.e) because the volume

available for harvest is relatively large. After 2028, the patterns for the U 15W are very

similar to those of the U 15 scenario.
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The baseline, live standing carbon, onsite carbon, and quantified removals for the
U 30 and U 30W management scenarios for plot #2789 are shown in Figures 4-5 and 4-6.
The patterns in the U 30 and U 30W charts are similar to the patterns in the U 15 and U
15W charts (Figures 4-3 and 4-4). In the U 30 chart (Figure 4-5), there is an initial small
negative spike in quantified removals due to the carbon loss from the initial harvest in the
first year of the project. In 2043, 2073 and 2103, there are large negative spike when the
uneven-aged harvests occur. The remaining negative spikes starting in 2014 correspond
to the uneven-aged harvests that occur approximately every 30 years. In between the
negative spikes corresponding to harvests, small positive quantified removals occur as the

stand grows back after harvest.
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The U 30W scenario starts out exactly like the U 15W scenario, except that there

is a longer delay before the first uneven-aged harvest. There is an initial positive spike in

the quantified removals because the initial onsite carbon is greater than the baseline

carbon, even after the 10% confidence deduction. There is a long period of positive

quantified removals before the first uneven-aged harvest occurs in 2043. By the time this

harvest occurs, there is more wood to harvest so there is a large negative spike in

quantified removals associated with this harvest (-52.9 tCO.e).
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Figure 4-6. Carbon profile curves for plot #2789 for U 30W management scenarios with
a 10% confidence deduction.

The baseline, live standing carbon, onsite carbon, and quantified removals for the

No-Management (No Mgt) scenario for plot #2789 are shown in Figure 4-7. As expected,



the live standing and onsite carbon stocks grow throughout the project life. The live

standing and onsite carbon reach 250.12 tCO-e and 375.68 tCO.e, respectively, by the
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end of the project. A positive spike in the quantified removals occurs in the first year. As

with the SW 120, the U 15W and the U30W management scenarios, the quantified

removals in 2013 come from the difference between the initial onsite carbon stock and

the initial baseline stock. After 2013, the quantified removals are relatively steady at

about 3 tCO2e/yr until 2082. After 2082, the quantified removals decrease gradually until

they are very close to zero at the end of the project (Figure 4-7) as the growth rate of the

stand declines with age.
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Nunery and Keeton (2010) graphed above-ground carbon with wood products for
no-management, shelterwood at 80 years, shelterwood at 120 years, individual tree
selection with a 15-year cutting cycle, and individual tree selection with a 30-year cutting
cycle for forests in the northeastern United States. The patterns in their figures are similar
to those found in this study. Sharp declines in live standing carbon in active management
scenarios are caused by the removal of carbon from the forest following scheduled
harvests. In general, scenarios with lower harvesting frequencies or delayed harvesting
show greater accrual of carbon as a result of accumulation of carbon in dead wood pools
and increased live biomass (Figures 4-1 to 4-7).

CAR’s Forest Project Protocol assumes that the forest landowner will manage
their timber to increase the standing live carbon stocks. Landowners are generally
required to maintain or increase their standing live carbon stocks within the project area
during the project life. However, some exceptions are allowed when reductions in
standing live carbon stocks can benefit forest health or increase co-benefits. And
reductions in carbon stocks are also acceptable if the landowners own less than 1,000
acres of forest and if the decrease is part of normal silvicultural cycles (CAR 2013b).
Nevertheless, the overall trend of the live carbon stocks is expected to increase or stay the
same over the life of the project (e.g., as in Figure 4-8). Live standing carbon follows an
increasing trend in the SW 120 (Figure 4-2) and the No Mgt (Figure 4-7) scenarios for
the plot #2789. Thus these management scenarios fit CAR’s criteria and are valid during
the project lives. The uneven-aged management scenarios simulated here likely would

not be suitable for landowners who want to participate in the CAR Forest Project
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Protocol because the trend of the standing live carbon stocks is negative (Figure 4-3, 4-4,

4-5 and 4-6).

Demonstration of Allowable Decrease of Standing Live
Carbon Stocks due to Normal Silviculture Cycles
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Figure 4-8. Example of allowable decrease of standing live stands due to silviculture
cycles, edited from Forest Project Protocol of CAR (2013b).

Total Net Quantified Carbon Removals

The total net quantified carbon removals (QR) over the 100-year planning period
for the 18 age, basal area and site class groups and the seven alternative scenarios are
shown in Table 4-1. The values in the table are the averages of the values for the two
plots in each group. Except for the No Mgt and SW 120 scenarios, the total net QRs are
all negative in most of the cases. This is because the net QRs include the confidence
deduction (10%) and leakage of wood products (20%) (Equations 3-5). Total QRs are
generally largest (bold in Table 4-1) for the no-management scenario and second largest

(underlined) for the SW 120 scenarios. There is only one exception: young stands with
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Table 4-1. Total Net Quantified Carbon Removal (tCO-e /acre) in 18 groups for all management scenarios (confidence deduction

= 10%). The highest value for each group is in bold. The secondary highest value for each group is underlined.

Good site

AGE Young Middle Oold

BA Low Medium High Low Medium High Low Medium High

No Mgt 228.73 182.96 204.39 230.04 245,71 216.07 174.27 156.10 318.71
SW 80 7211 -45.13 -56.27 -32.92 -57.08 -67.38 -68.36 -94.83 -47.06
SW 120 7.37 -23.27 65.55 173.08 119.24 70.03 68.46 78.37 272.68
U 15 7.23 -24.69 -18.24 1.96 -28.61 -35.68 -34.39 -64.86 -36.19
Uilsw -4.56 -25.09 -22.03 -1.55 -31.49 -39.07 -30.48 -76.07 -42.27
U 30 -5.84 -26.87 -31.15 -7.55 -34.39 -54.30 -37.32 -71.58 -49.88
u3ow -12.15 -23.42 -35.46 -12.01 -44.53 -62.93 -37.81 -83.04 -63.39

Poor site

AGE Young Middle Oold

BA Low Medium High Low Medium High Low Medium High

No Mgt 182.44 217.41 232.46 187.72 180.33 194.07 206.31 201.72 239.72
SW 80 -3.26 -46.55 -51.66 -45.40 -42.83 -34.40 -24.31 -30.17 -66.43
SW 120 12.76 33.63 26.96 64.07 108.90 67.95 145.69 137.69 135.23
U 15 -3.84 -8.70 -8.38 -4.60 2.82 -1.20 11.81 19.09 -9.31
Uilsw 0.93 -8.20 -16.63 -4.19 3.32 -0.14 11.01 21.93 -19.41
U 30 -10.36 -10.62 -22.80 -4.99 -11.94 -3.62 8.74 10.38 -22.22
Uu3ow -12.37 -16.70 -31.93 -10.73 -15.96 -3.52 7.91 7.50 -34.04
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low BAs and on good sites, where the second largest total QR occurs with the SW 80
(Table 4-1) management scenario.

In most cases, the uneven-aged management scenarios do not result in positive net
quantified removals. Thus, changing management strategies from even-aged management
to uneven-aged management does not appear to sequester more carbon based on the
quantified removals. Furthermore, it generally makes a difference if even-aged harvests
are delayed, but in the long run it appears to make little difference whether uneven-aged
harvests are delayed, as there are no clear differences between the U 15 and U 15W
scenarios and the U 30 and U 30W scenarios. Since SW 80 is the baseline scenario, one
would expect that the quantified removals for this management scenario would equal, or
at least be close to, zero (Chomitz 1998, Cathcart and Delaney 2006, Ruddel et al. 2007).
However, because the QRs are reduced by the confidence deduction and the leakage of
wood products (20% in the equations), the QRs for the SW 80 scenarios are negative in
most cases. There is no clear effect of stand age, BA or site quality on total quantified
removals (Table 4-1).

Several studies have suggested that young forests are more efficient for
sequestering CO, than old forests (Kowalski et al. 2004, Pregitzer and Euskirchen 2004,
Irvine and Hibbard 2007, and Luyssaert et al. 2008). Although the results here suggest
that the no-management option sequesters the greatest amount of carbon, they also show
that some other alternatives (e.g., even-aged management with long rotations) can earn
nearly as much in carbon credits while still producing timber, at least under the current

CAR protocol and the assumptions made in this study. Furthermore, Peltoniemi et al.
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(2004) have suggested that soil carbon accumulation can slow down considerably as

stands age, an effect that may not be fully captured in CAR methodology.

The Present Value of Carbon Credits

The present values of the projected carbon credits, discounted with a 4% interest
rate and based on the more conservative carbon price of $10/tCO-e, are shown in Table
4-2 for each site, age and basal area group and for each management scenario. The values
in the table are the averages of the values for the two plots in each group. These values
represent the enterprise-wide perspective, where there are assumed to always be positive
removals on another part of the ownership to offset any negative removals on any given
stand. These results are also shown graphically in Figures 4-9 and 4-10. There are only
two management strategies — No Mgt and U 30W — that earn a positive present value of
carbon credits in all types of stands (Table 4-2, Figure 4-9 and 4-10). In addition, the SW
120 earns a positive present value of carbon credits in most cases except old stands on
good sites with low to medium basal areas (Table 4-2, Figure 4-9 and 4-10). Furthermore,
all the other management strategies earn a positive present value of carbon credits in at
least some cases. This result indicates that all landowners could potentially benefit from
participating in carbon markets but only with a few management scenarios such as No
Mgt and U 30W. The largest present value for carbon credits is $1,508 /acre for the no-
management (No Mgt) scenario, and the smallest present value of carbon credits is -
$512/acre for the uneven-aged management scenario with a 15-year cutting cycle and

with the first cutting starting in year 1 (U 15) (Table 4-2). While the values on the
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Table 4-2. The present value ($/acre) of carbon credits in 18 groups for all management scenarios (carbon price = $10/acre and

confidence deduction = 10%). The highest value for each group is in bold. The secondary highest value for each group is

underlined.
Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $761 $689 $850 $854 $966 $1,015 $584 $783 $1,508
SW 80 $129 -$7 $112 $15 -$139 -$145 -$215 -$597 $117
SW 120 $560 $444 $584 $330 $330 $481 -$87 -$180 $432
U115 -$318 -$160 -$174 -$146 -$413 -$512 -$294 -$706 -$418
ulsw -$59 $81 $107 $88 $4 $30 -$38 -$156 $107
U 30 -$179 -$98 -$92 -$14 -$242 -$405 -$235 -$615 -$297
u3ow $261 $300 $384 $361 $375 $414 $170 $246 $550

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $386 $876 $973 $601 $596 $860 $645 $785 $1,345
SW 80 -$133 $15 -$168 -$13 $23 -$121 $99 $155 $40
SW 120 $166 $543 $562 $270 $262 $354 $243 $331 $365
U 15 -$252 -$68 -$294 -$87 -$68 -$104 $63 $23 -$114
uilsw -$134 $158 $102 $84 $59 $168 $178 $216 $382
U 30 -$166 -$12 -$228 -$39 $2 -$37 $117 $116 -$56
u3ow $40 $402 $427 $250 $230 $402 $314 $414 $756
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Figure 4-9. The present value of carbon credits (Enterprise-Wide) for all treatments at
different ages in good sites (carbon price = $10/acre and confidence deduction = 10%).



74

(a) Young

" —— 72

Present Value ($/acre)
&
D
o
o

s ] o f
-$400 NoMgt SW80 Sw120 “U15« UI15W U3’ usw
-$800
#Low BA = Medium BA r.High BA
(b) Middle
$1,600

©»
o}
o
o
"y

- -
/ R
T Fa T F T

s400 | NOMgt SWB0 SW120 U15 UISW U30 U30W

Present Value ($/acre)
&+
S
o
o

= Low BA m®mMedium BA ~#High BA

(c) Old

$1,600
‘@ $1,200

$800

7

$400
$0 -
-$400

jli:i:?ﬁ'l T i
NoMgt SW80 Sw120 U115 Ul5W U30 U30W

Present Value ($/ac

-$800

= Low BA ®BMedium BA . High BA

Figure 4-10. The present value of carbon credits (Enterprise-Wide) for all treatments at
different ages in poor sites with carbon price at $10 and 10% confidence deduction



75

negative or smaller end of the spectrum are unlikely to influence landowner behavior, the
positive larger values could. In other words, although not all the scenarios are profitable,
landowners can still earn positive carbon benefits if they select the No Mgt or U 30W
treatments.

If only the present value of carbon payments are considered, the No Mgt option is
always superior to the other management options. The next best option is usually either
the U 30W or the SW 120 management strategies (Table 4-2). For young stands, the next
best option is the SW 120, but for old stands the next best option is U 30W. For middle
age stands, the next best opinion could be either SW120 or U 30W based on different

basal areas.

The Timber Value

The present values of the projected timber revenues, discounted with a 4%
interest rate, are shown in Table 4-3 and Figures 4-11 and 4-12 for each site, age and
basal area group and for each management scenario. The values shown are the averages
of the values for the two plots in each group. No costs are included in the present values.
Since no timber is produced, the economic value for the no-management scenario is zero
in all cases (Table 4-3). In all cases, the uneven-aged management scenario with a 15-
year cutting cycle and with the first harvest starting immediately has the highest timber
value. This is somewhat surprising, since uneven-aged management is rarely practiced in
Pennsylvania oak stands. Most likely, this result is due to the fact that the timber value

calculations ignore the management costs and also potentially due to inaccuracies in the



Table 4-3. The present value ($/acre) of timber value in 18 groups for all the management scenarios. The highest value for each
group is in bold. The highest value for each group is in bold. The secondary highest value for each group is underlined.

Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $0 $0 $0 $0 $0 $0 $0 $0 $0
SW 80 $1,149 $1,187 $1,253 $1,924 $3,768 $3,960 $1,143 $6,040 $6,272
SW 120 $542 $484 $667 $1,358 $2,226 $2,086 $1,052 $4,871 $4,856
U 15 $1,752 $2,120 $1,523 $2,368 $4,435 $5,374 $1,312 $7,515 $7026
uisw $1,585 $1,515 $1,325 $1,988 $3,343 $3,804 $1,100 $5,201 $5,313
U 30 $1,618 $2,020 $1,405 $2,175 $4,281 $5,197 $1,186 $7,354 $6,749
Uu3ow $1,246 $995 $972 $1,525 $2,344 $2,426 $757 $3,322 $3,666

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $0 $0 $0 $0 $0 $0 $0 $0 $0
SW 80 $473 $1,815 $2,158 $1,023 $1,110 $2,207 $587 $1,016 $2,754
SW 120 $284 $839 $1,326 $593 $781 $1,426 $527 $930 $2,424
U 15 $626 $2,286 $3,423 $1,365 $1,243 $2,579 $629 $1,158 $3,454
uilsw $516 $1,709 $2,655 $1,072 $1,099 $2,067 $535 $1,018 $2,740
U 30 $538 $2,097 $3,270 $1,245 $1,135 $2,402 $529 $1,049 $3,342
Uu3ow $426 $1,222 $1,941 $708 $844 $1,469 $444 $769 $1,849
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Figure 4-11. The timber value for all treatments at different ages in good sites (4%
discount rate)
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Figure 4-12. The timber value for all treatments at different ages in poor sites (4%

discount rate)
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way FVS projects volumes for uneven-aged management scenarios. In general, the
uneven-aged options with harvesting occurring in the first year tend to be the best two
options in terms of timber value. The shelterwood option with the 120-year rotation tends
to produce the lowest timber values, after the no-management option.

With the exception of young stands, stands on good sites generally have higher
timber values than those on poor sites. Furthermore, on good sites the older stands have
higher timber values than the younger stands (Figure 4-11). However, this pattern does
not hold consistently for the poor sites (Figure 4-12). In general, stands with higher basal
areas tend to have higher timber values than those with lower basal areas. Michie (1985)
studied the relationships between the forest value and uneven-aged management and also
suggested that forest value is related to the initial stand structures, with both stand age
and basal area positively related to forest value. Buongiorno et al. (1994) also found that

higher initial basal areas resulted in higher forest values in their models.

Total Present VValue

The combined present values of the projected timber and carbon sequestration
revenues, discounted with a 4% interest rate and based on a carbon price of $10/tCOe,
are shown in Table 4-4 and Figures 4-13 and 4-14 for each site, age and basal area group
and for each management scenario. The values in the table are the averages of the values

for the two plots in each group. A profit-maximizing landowner would choose the



Table 4-4. The total present value of both timber and carbon benefits ($/acre) in 18 groups for all the management scenarios
(carbon price = $10/acre and confidence deduction=10%). The highest value for each group is in bold. The second highest value

80

is underlined.
Good site

AGE Young Middle old

BA Low Medium High Low Medium High Low Medium High
No Mgt $761 $689 $850 $854 $966 $1,015 $584 $783 $1,508
SW 80 $1,278 $1,180 $1,365 $1,939 $3,629 $4,133 $929 $5,443 $6,389
SW 120 $1,102 $928 $1,251 $1,688 $2,556 $2,940 $966 $4,691 $5,288
U 15 $1,433 $1,960 $1,350 $2,222 $4,023 $5,379 $1,018 $6,809 $6,608
Uilsw $1,527 $1,596 $1,432 $2,076 $3,347 $4,497 $1,062 $5,045 $5,419
U 30 $1,439 $1,922 $1,313 $2,161 $4,038 $5,280 $952 $6,739 $6,451
U 30W $1,506 $1,295 $1,357 $1,886 $2,718 $3,323 $927 $3,569 $4,216

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $386 $876 $973 $601 $596 $860 $645 $785 $1,345
SW 80 $340 $1,830 $1,990 $1,010 $1,134 $2,086 $686 $1,171 $2,794
SW 120 $450 $1,382 $1,889 $862 $1,042 $1,781 $770 $1,261 $2,789
U 15 $373 $2,218 $3,129 $1,278 $1,175 $2,474 $693 $1,181 $3,339
Uilsw $382 $1,868 $2,757 $1,157 $1,159 $2,235 $713 $1,234 $3,122
U 30 $372 $2,086 $3,041 $1,205 $1,137 $2,365 $646 $1,165 $3,285
u3ow $467 $1,624 $2,369 $958 $1,074 $1,871 $759 $1,183 $2,605
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in good sites with carbon price at $10 and 10% confidence deduction



82

(a) Young
'S $8,000
3
€ $6,000
E
§ $4,000 p
S $2,000 v ~
L
o $0 - nollll S
U3 uU30w
#Low BA @ Medium BA # High BA
(b) Middle
© $8,000
3
£ $6,000
[«5)
=
< $4,000
c
% $2,000 . !2
o $O B f — T é T T T / T
NoMgt SW80 Swi120 U115 Ui15W U300 U30W
#=Low BA m Medium BA #High BA
(c) Old
‘o $8,000
3
£ $6,000
E
§ $4,000
E r’ r f P
2 52,000 — /A
a S
$0 78 é i | ﬁ | isii'iiﬁ

NoMgt SW80 SW120 U115 U1S5W U30 U30W
#Low BA ® Medium BA . High BA
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management option with the highest combined present value of carbon offsets and timber
value.

The highest values are mostly achieved with uneven-aged management scenarios,
in most cases with U 15 or U 15W (Table 4-5). The no-management option produces the
lowest values in all cases because the carbon credit payments are relatively small
compared with the timber values (Figure 4-15) and the total value patterns look similar to
the timber value patterns. On the other hand, even at these prices ($10/tCO-e), the carbon
values do shift the management of at least some plots toward different management
scenarios than what would be optimal without the carbon credits. These shifts typically
involve waiting to harvest and/or shifting to a longer cutting cycle. To see this, compare
the results in Table 4- 3, where the best timber option is always to begin uneven-aged
harvests immediately and harvest every 15 years, with the results in Table 4-4 where
there is no consistent best option. When the carbon payments are included, uneven-aged
management scenarios involving waiting to harvest are optimal in 8 of 18 cases. In one
case — the young, low BA stand on a poor site — waiting and harvesting on a longer, 30-
year cutting cycle is optimal (Table 4-3). In another case (old stands, low and medium
basal area, poor site), the financially optimal management scenario shifts to shelterwood

120 regimes.

Sensitivity Analysis: Carbon Price and Interest Rate

When the carbon price is only $10/tCO.e, the value of the carbon credits is small

relative to the income from forest management activities (Figure 4-15). In addition, the
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most profitable management options — SW 80, U 15 and U 30 — tend to earn negative

present values of carbon credits. Although these negative values are not very high
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$1,000
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$0 -

NoMgt SW80 SW120 U115 UI15W U30 U30W

-$1,000

#Carbon = Timber m Total

Figure 4-15. The comparisons of the Average Carbon Value, Average Timber Value and
the Total Value for all treatments (Enterprise-Wise) with carbon price at $10, interest rate
4% and 10% confidence deduction.

(-$46, -$225, and -$138), they would prevent forest landowners from participating in
carbon markets. When the carbon price is assumed to be $30/tCO.e the earnings from
carbon sequestration are three times as large as when the price is $10/tCO.e. In this case,
the No Mgt, SW120, and U 30W management scenarios do earn substantial present
values of carbon credits that are large enough that, when combined with the timber values
they generate, their total values are comparable to the timber values earned by the
management scenarios that are more profitable for timber management alone (Figures 4-

16). Even at this price, the U 15 management scenario without participating in carbon
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markets is still the most profitable option, on average, but the combined timber and
carbon values of options that sequester more carbon are now much more competitive
with the U 15 option. Clearly, the higher carbon price creates incentives to delay
harvesting under most management scenarios. With a price of $30/tCO-e, the No Mgt
option produces nearly as much value from carbon alone to be nearly as profitable as the
other options (Figure 4-16). This finding suggests that raising carbon price could make

the No Mgt the best scenario even though it produces no timber revenue.
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$1,000
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-$1,000
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Figure 4-16. The comparisons of the Average Carbon Value, Average Timber Value and

the Total Value for all treatments (Enterprise-Wise) with carbon price at $30, interest rate
4% and 10% confidence deduction.

To determine the sensitivity of the results to the interest rate the present values
from timber and carbon credits were re-calculated with a 6% discount rate, rather than a
4% discount rate. The carbon price was maintained at $10/tCO.e for this analysis. The

present values for both carbon and wood products are lower for the alternative treatments
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when the discount rate is higher (Figure 4-17). More importantly, the higher discount rate

disproportionately affects the management scenarios that favor waiting longer before
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Figure 4-17. The comparisons of the Average Carbon Value, Average Timber Value and
the Total Value for all treatments (Enterprise-Wise) with carbon price at $10 and 10%
confidence deduction with 6% interest rate.
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Figure 4-18. The comparisons of the Average Carbon Value, Average Timber Value and

the Total Value for all treatments (Enterprise-Wise) with carbon price at $30 and 10%
confidence deduction with 6% interest rate.
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harvesting (SW 120, U 15W and U 30W), reducing the ability of carbon credits to shift

the optimal management regime to longer rotations and waiting longer before harvesting.



Chapter 5

CONCLUSIONS

The Pennsylvania Climate Change Action Plan (PA DEP 2009) considers
participating in regional carbon programs as a way to increase carbon sequestration in
Pennsylvania’s forests. However, Pennsylvania’s forest management agencies and forest
landowners lack important information necessary for deciding whether to participate in
carbon trading programs. In particular, there is no published information on the carbon
sequestration potential and financial costs and benefits of participating in such programs
for Pennsylvania forestland. This study was conducted to provide such information by
applying the Climate Action Reserve (CAR) Forest Project Protocol (FPP) to various
simulated forest management alternatives for Pennsylvania oak stands.

In the study, the even-aged shelterwood regeneration method with a rotation of 80
years was designated as the baseline management scenario (SW 80). Other management
scenarios considered included no harvesting (No Mgt), shelterwood management with a
120-year rotation (SW-120), and four uneven-aged management alternatives, two with
15-year cutting cycles (U 15 and U 15W) and two with 30-year cutting cycles (U 30 and
U 30W). For each cutting cycle, in one uneven-aged management alternative the first
harvest occurred in the first year of the simulation, in the other alternative (the “W”

alternative) the first harvest occurred at the end of the first cutting cycle.
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Not surprisingly, in terms of total net carbon sequestered over the 100-year
project period, the No Mgt option resulted in the largest total amount of quantified
removals in all cases (Table 4-1), and the SW 120 resulted in the second largest total
quantified removals in most of the cases. It is also not surprising that the SW 80 scenario
resulted in negative quantified removals (Table 4-1) in nearly all cases, since it was the
baseline management scenario. In principal, the baseline should result in zero quantified
removals. However, net quantified removals do not equal net carbon sequestration
because of the confidence deduction and expected leakage from wood product carbon
change. One might at least expect a consistent value of the quantified removals under the
SW 80 scenario. But in our results the value varies a lot, from -95 to 72 tCO,e /acre, in
different cases. This may be due to differences in the value of the expression

at the beginning of the project, which may vary considerably. The uneven-aged
management scenarios also generally resulted in negative total quantified removals, but
the values were typically less negative than the values for the SW 80 management
scenario (Table 4-1).

The study also considered the effect of basal area (BA), age and site class on
carbon sequestration rates. However, the effects of stand age, BA and site on quantified
removals were not consistent (Table 4-1). The study also compared the present value of
carbon credits (CRTs, or Climate Reserve Tonnes) from different management scenarios
on different sites, with different densities and oak stands of different ages. In the baseline
analysis, CRTs were assumed to sell for $10/tCO.e and a 4% discount rate was used. The
No Mgt scenario still results in the highest present value of CRTSs, but the management

scenarios that generate the second and third highest present value of CRTs are the U 30W
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and the SW 120; the fourth and fifth are the U 15W and SW 80, respectively (Table 4-2,
Figure 4-15). However, the present value of CRTs is negative in SW 80, U 30, and U15
on average, which indicates that forest landowners would likely shift away from these
treatments if they chose to participate in carbon markets (Figure 4-15). This ranking is
not changed when a 6% discount rate is used (Figure 4-17). In addition, there were no
consistent trends in the effects of site quality, basal area, and age on the present value of
the CRTs (Table 4-2). It is possible that if more stands had been sampled from each
group, a clearer relationship between these stand characteristics and the carbon benefits
would emerge.

The present value of projected timber revenues was also calculated for each plot
and management scenario. These present values include only the projected revenues from
selling timber; they do not include any costs. They also assume that future stumpage
prices will stay the same as current stumpage prices. Surprisingly, the U 15 management
scenarios generated the highest present values of timber revenues (Table 4-3). This is
surprising because uneven-aged management is seldom practiced in Pennsylvania. If
these management scenarios have the highest present values of revenues, then one would
expect them to be more widely practiced. Some possible explanations for these findings
include 1) the absence of management costs in the calculations, and 2) possible problems
with how the Forest Vegetation Simulator (FVS) simulates uneven-aged management.
One problem with FVS could be the regeneration model. In this study, the default
vegetative regeneration sub-model is used in the NE-FVS model (Nunery and Keeton
2010, Dixon 2002). However, this sub-model is not a fully established regeneration

model for oak stands (Dixon 2002). In other words, it is possible that the regeneration of
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oak stands is not well modeled in this study. In order to simulate the regeneration
correctly, more information on the natural regeneration (including models of advance
regeneration and competing vegetation) would be needed. Since uneven-aged
management is almost never actually practiced in Pennsylvania, it is difficult to know
how accurately FVS simulates the development and regeneration of uneven-aged stands.
After the U 15 management scenario, the next highest present values of timber
revenues are from the U 30 scenario and the third highest are from the SW 80, in that
order (Table 4-3). Since no timber is produced, the No Mgt option does not produce any
revenue. Present values of timber revenues tend to be higher for older stands, higher basal
areas, and better sites, although the trends are less consistent than one might expect.
Combining the present value of CRTs with the present value of timber revenues
allows one to assess whether revenues from CRTs would likely be sufficient to shift the
management practices of landowners. If we assume that landowners will follow the
practice with the highest present value, then the preferred management practice for
landowners not participating in CAR would be the one with the highest present value of
timber revenues. In most of the cases, this would be the U 15 management scenario
(Table 4-4, Figure 4-15). Since the present value of the CRTs is not always positive
(Table 4-2), it would not be always profitable to enroll in CAR. The preferred
management practice would be the one with the highest present value of the timber
revenues plus the maximum of the present value of the CRTs and zero. In eight of the
eighteen cases, the preferred management practice shifts from the U 15 management
scenario to another management scenario, U 15W in most cases, but also to the U 30W,

U 30 and SW 120 management scenarios in some cases (Table 4-4). Thus, the analysis



92

suggests landowners could often benefit from joining CAR and that if they did
participating in CAR they would generally delay harvesting and/or shift to longer cutting
cycles (Table 4-2).

At a higher price of $30/tCO.e, participating in CAR would shift the preferred
management practice on even more stands to options that delay harvesting and use longer
cutting cycles (Figure 4-16). At this price, the value of the carbon credits is almost
comparable to the value of timber benefits. Even though the No Mgt option produces no
timber revenue, the $30/tCO,e CRT price would be large enough to shift many properties
to the No Mgt option. Using a higher discount rate of 6% tends to favor the U 15 and U
30 management options (Figure 4-17). Nevertheless, at $30/tonne, the CRT price is high
enough to shift the preferred management option from U 15 to U 15W in most cases
(Figure 4-15).

In most cases the preferred management scenarios are the uneven-aged
management scenarios, which actually result in fewer quantified removals over the 100-
year project period. This is largely because of the higher present values of projected
timber revenues associated with the uneven-aged management scenarios, which are, as
discussed above, somewhat questionable. This suggests that the time profile of both the
timber and CRT revenues is important. This issue needs more study, as the important
outcome is the long-term cumulative amount of carbon that is sequestered. It is important
to ensure that this is what is incentivized by the carbon trading program, and it is not
clear that the current protocols will accomplish this.

The CAR protocol may address the concerns raised in the previous paragraph by

simply not allowing management scenarios that do not show increasing trends in carbon
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stored over time. It is possible that the uneven-aged management scenarios modeled here
would not be approved by CAR because the projected carbon inventories show a
declining trend toward the end of the project period. It is possible that these concerns
could be addressed by considering uneven-aged management scenarios with higher
residual basal areas.

Even though this study simulated a wide variety of management alternatives, it is
almost certain that the ideal management scenario was not considered. There are many
different combinations of management parameters that would lead to different
management scenarios that were not considered here. However, before a lot of work is
done to simulate a wider variety of management scenarios, one would like to have more
confidence that the outcomes of those management scenarios were being projected
accurately. This study suggests that we need better tools for modeling the outcomes of
different management scenarios. In particular, it is difficult to validate FVS’s projections
of management scenarios that are not currently widely practiced.

This study provides an initial analysis of how Pennsylvania’s forest landowners
can potentially earn benefits from participating in carbon trading markets. The study
suggests that at high enough prices many landowners could benefit from participating in
CAR’s carbon trading mechanism and that participation would likely shift their
management practices. This study also provides an example of how the carbon
accounting would be done for cases in Pennsylvania. This study has compared a handful
of alternative management prescriptions and can be an informative reference for

landowners who are considering participation in CAR. However, there are still some



problems and difficulties in applying the protocol. Hopefully, more studies will be

conducted in the future.

94



BIBLIOGRAPHY

Allen, Craig D., Alison K. Macalady, Haroun Chenchouni, Dominique Bachelet, Nate McDowell,
Michel Vennetier, Thomas Kitzberger, Andreas Rigling, David D. Breshears, E.H. (Ted) Hogg,
Patrick Gonzalez, Rod Fensham, Zhen Zhangm, Jorge Castro, Natalia Demidova, Jong-Hwan
Lim, Gillian Allard, Steven W. Running, Akkin Semerci, and Neil Cobb. 2010. A global
overview of drought and heat-induced tree mortality reveals emerging climate change risks for
forests. Forest Ecology and Management 259: 660-684.

Anderson, E. K. and H. Zerriffi. 2012. Seeing the trees for the carbon: agroforestry for
development and carbon mitigation. Climatic Change 115 (3-4): 741-757.

Aukland, L., Moura-Costa, P., and Brown, S.: 2002. A conceptual framework and its application
for addressing leakage: The case of avoided deforestation. Climate Policy (94):1-15.

Aunan K, J. Fang, H.Vennemo, K. Oye, and H.M. Seip. 2004. Co-benefits of climate policy—
lessons learned from a study in Shanxi, China. Energy Policy 32(4):567-581.

Baskent, E. Z. and S. Keley. 2008 Devloping alternative forest management planning strategies
incorporating timber, water, and carbon values: an examination of the interactions.
Environmental Modeling Accessment 14: 467-480.

Binkley, C., S. Beebe, D. New, and B. von Hagen. 2006. An Ecosystem-based Forestry
Investment Strategy for the Coastal Temperate Rainforests of North America. Ecotrust,
Portland, Oregon.

BioCarbon Fund. 2008. Proposed Methodology for Estimating Reductions of GHG Emissions
from Mosaic Deforestation. RED-NM-001/Version 01, Draft for public comments, World
Bank Carbon Finance, available at
http://wbcarbonfinance.org/docs/REDD mosaic_methodology 15 Dec 2008.pdf

Birdsey, R., K. Pregiter, and A. Lucier. 2006. Forest carbon management in the United States:
1600 —2100 Journal of Environmental Quality 35:1461-14609.

Birdsey, R.A., R. Alig, And D. Adams. 2000. Mitigation activities in the forest sector to reduce
emissions and enhance sinks of green-house gases. The impact of climate change on America’s
forests: A technical document supporting the 2000 USDA Forest Service RPA Assessment P.
112-131

Blujdea, V., D. N. Bell, and C. Robledo, 2010. Consistency and comparability of estimation and
accounting of removal by sinks in afforestation/reforestation activities. Mitigation and
Adaptation Strategies for Global Change 15(1): 1-18.

Bosworth, D., R. Birdsey, L. Joyce, and C. Millar. 2008. Climate change and the nation’s forest:
Challenges and opportunities. Journal of Forestry 106(4): 214-221.


http://wbcarbonfinance.org/docs/REDD_mosaic_methodology_15_Dec_2008.pdf

96

Botti, B. and R. Mech. 2000. Oaks: A Management Guide for Michigan’s State Forest. Michigan
Department of Nature Resource, Forest Management and Wildlife division. 34pp.

Boyd, E., M. Gutierrez, and M. Chang. 2007. Small-scale forest carbon projects: adapting CDM
to low-income communities. Global Environmental Change 17(2):250-259.

Bravo, F, A. Bravo-Oviedo, and L. Diaz-Balteiro. 2008. Carbon sequestration in Spanish
Mediterranean under two management alternatives: a modeling approach. European Journal of
Forest Research 127(3): 225-334.

Brose, P. H. 2008. Root development of acorn-origin oak seedlings in shelterwood stands on the
Appalachian Plateau of northern Pennsylvania: 4-year results. Forest Ecology and
Management 255 (2008) 3374-3381.

Brose, P.H.; van Lear, D. H.; Cooper, R. 1999. Using Shelterwood Harvests and Prescribed Fire
to Regenerate Oak Stands on Productive Upland Sites. Forest Ecology and Management 113
(1999) 125-141

Brown, K and E. Corbera. 2003. Exploring equity and sustainable development in the new carbon
economy. Climate Policy 3(S1):41-56.

Brown, S., O. Masera, and J. Sathaye. 2000. Project-Based Activities, in Watson, R. T., Noble, I.
R., Bolin, B., Ravindranath, N. H., Verardo, D. J., and Dokken, D. J. (eds.), Land Use, Land-
Use Change, and Forestry, Intergovernmental Panel on Climate Change (IPCC)-Cambridge
University Press, New York, pp. 285-338.

Buongiorno, J., Dahir, S., Lu, H.C. and Lin, C.R. 1994 Tree size diversity and economic returns
in uneven-aged forest Stands. Forest Science 40(1): 83-103.

Carmean, W.H. 1972. Site index curves for upland oaks in the central states. Forest Science (18):
109-120.

Cathcart, J. and M. Delaney. 2006. Carbon accounting: determining carbon offsets from forest
projects (pp. 157-174). Forests, Carbon, and Climate Change: A Synthesis of Science
Findings. Oregon Forest Resources Institute. 192 pp.

Cathcart, J. F. 2000. Carbon sequestration: a working example in Oregon. Journal of Forestry
98(9):32-37.

Chen, W., J. M. Chen, D. T. Price et al. 2000. Carbon offset potentials of four alternative forest
management strategies in Canada: a simulation study. Mitigation and Adaption for Global
Change 5(2): 143-169.

Chiang, J., Iverson, L. R., Prasad, A., & Brown, K. J. 2008. Effects of climate change and shifts
in forest composition on forest net primary production. Journal of Integrative Plant
Biology, 50(11), 1426-1439.

Chomitz, K. M. 1998. Baselines for Greenhouse Gas Reductions: Problems, Precedents,
Solutions. Development Research Group of World Bank. 67 pp.



97

Climate Action Reserve (CAR). 2012a. Reserve FAQs available at
http://www.climateactionreserve.org/resources/fags/

Climate Action Reserve (CAR) 2012b. Forest Project Protocol version 3.3, Nov 15, 2012.
Available at http://www.climateactionreserve.org/how/protocols/forest/dev/version-3-3/

Climate Action Reserve (CAR) 2012c Quantification Guidance for Use with Forest Carbon
Projects Nov 15, 2012. Available at
http://www.climateactionreserve.org/how/protocols/forest/dev/version-3-3/

Carbon Action Reserve (CAR) 2009 Draft Forest Project Protocol Wood Products Guidance.
Available at http://www.climateactionreserve.org/wp-content/uploads/2009/03/Draft-Wood-
Products-Guidance-for-Forest-Project-Protocol-Version-3.0.pdf

Coase, R. 1960. The problem of social cost. Journal of Law and Economics.3:1-44.

Cobb, R. C., Eviner, V. T., & Rizzo, D. M. 2013. Mortality and community changes drive sudden
oak death impacts on litterfall and soil nitrogen cycling. New Phytologist, 200(2), 422-431.

Crookston, N.L. and G.E. Dixon. 2005. The forest vegetation simulator: a review of its structure,
content, and applications. Computers and Electronics in Agriculture 49, 60-80.

Dale, V.H., Joyce, L.A., McNulty, S., Neilson, R.P., Ayres, M.P., Flanningan, M.D.,Hanson, P.J.,
Irland, L.C., Lugo, A.E., Peterson, C.J., Simberloff, D., Swanson, F.J.,Stocks, B.J., Wotton,
B.M., 2001. Climate change and forest disturbances. Bioscience 51, 723-734.

Dales, J.H. 1968. Pollution, Property and Prices. Toronto: Univ. Toronto Press.indings Oregon
Forest Resources Institute. 48pp.

Danials, T. 2010. Integrating forest carbon sequestration into a cap-and-trade program to reduce
net CO, emissions. Journal of the American Planning Association 76(4): 463-475.

Dey, Daniel C.; Royo, Alejandro A.; Brose, Patrick H.; Hutchinson, Todd F.; Spetich, Martin A.;
Stoleson, and Scott H. 2010. An ecologically based approach to oak silviculture: a synthesis of
50 years of oak ecosystem research in North America. Revista Columbia Forestal. 13(2): 201-
222.

Dixon, G. E. 2002. Introduction of the FVS. Essential FVS: A User’s Guide to the Forest
Vegetation Simulator. p1-2.

Dixon, R. 1995. Agroforestry systems: sources of sinks of greenhouse gases? Agroforestry
System 31(2): 99-116.

DuBuisson, M. 2010 Carbon Offsets Markets and the Climate Action Reserve. Available at
http://www.epa.gov/region6/water/swc/docs/carbon_offsets climate.pdf

Egan, A., D. Taggart, and I. Annis. 2007. Effects of population pressures on wood procurement
and logging opportunities in northern New England. Northern Journal of Applied Forestry
24(2): 85-90.


http://www.climateactionreserve.org/resources/faqs/
http://www.climateactionreserve.org/how/protocols/forest/dev/version-3-3/
http://www.climateactionreserve.org/how/protocols/forest/dev/version-3-3/
http://www.climateactionreserve.org/wp-content/uploads/2009/03/Draft-Wood-Products-Guidance-for-Forest-Project-Protocol-Version-3.0.pdf
http://www.climateactionreserve.org/wp-content/uploads/2009/03/Draft-Wood-Products-Guidance-for-Forest-Project-Protocol-Version-3.0.pdf
http://www.epa.gov/region6/water/swc/docs/carbon_offsets_climate.pdf

98

Environmental and Energy Study Institute (EESI) 2012. Fact Sheet: Carbon Price around the
World, Oct. 2012. Environmental and Energy Study Institute. Available at
http://www.eesi.org/fact-sheet-carbon-pricing-around-world-17-oct-2012

Erickson, P. A., M. Lazarus and A. Kelly. 2011. Importance of programme design for potential
US domestic GHG offset supply and quality. Climate Policy 11(6): 1315-1336.

Evans, A. M. and R. Perschel. 2009. A review of forestry mitigation and adaption strategies in the
Northeast U.S. Climatic Change 96: 167-183.

Field C.B., Behrenfeld M.J., Randerson J.T., P,Falkowski.1998. Primary production of the
biosphere: Integrating terrestrial and oceanic components. Science 281, 237-240.

Finkral, A. J. and A. M. Evans. 2008. The effect of a restoration thinning on carbon stocks in a
ponderosa pine forest. Forest Ecology and Management 255(7): 2743-2750.

Foley, T., D. deB. Richter, and C.S. Galik. 2009. Extending rotation age for carbon sequestration:
a cross-protocol comparison of North American forest offsets. Forest Ecology and
Management 259(2): 201-209.

Foster, B.C., T. A. Robards, and W.S. Keeton. 2010. Carbon Dynamics Associated with Even-
Aged Forest Management. Carbon Action Reserve. Available at
http://www.climateactionreserve.org/wp-
content/uploads/2011/02/Carbon_Dynamics Associated with Even-Aged Management -

Forest White Paper.pdf

Frumhoff, P. C., J. J. McCarty, J. M. Melillo, S. C. Moser and D. J. Wuebbles. 2007. Confronting
Climate Change in the U.S. Northeast = Science, Impact and Solutions, Union of Concerned
Scientists. 160 pp.

Galik, C. S., D. M. Cooley and J. S. Baker. 2012a. Analysis of the production and transaction
costs of forest carbon offset projects in the USA. Journal of Environmental Management 112:
128-136.

Galik, C. S. and D. M. Cooley. 2012b. What Makes Carbon Work? A Sensitivity Analysis of
Factors Affecting Forest Offset Viability. Working Paper, NI WP 12-04. Nicholas Institute for
Environmental Policy Solutions.

Galik, C. S., Baker, J. S.,and J. L.Grinnell, 2009a. Transaction Costs and Forest Management
Carbon Offset Potential. Working Paper, Climate Change Policy Partnership, Duke University.

Galik, C.S., M.L. Mobley, and D.deB. Richter, 2009b. A virtual ““field test’’ of forest
management carbon offset protocols: the influence of accounting. Mitigation Adaption Strategy
of Global Change 14:677-690.

Galik, C. S., and Jackson, R. B. 2009. Risks to forest carbon offset projects in a changing
climate. Forest Ecology and Management, 257(11), 2209-2216.


http://www.eesi.org/fact-sheet-carbon-pricing-around-world-17-oct-2012
http://www.climateactionreserve.org/wp-content/uploads/2011/02/Carbon_Dynamics_Associated_with_Even-Aged_Management_-_Forest_White_Paper.pdf
http://www.climateactionreserve.org/wp-content/uploads/2011/02/Carbon_Dynamics_Associated_with_Even-Aged_Management_-_Forest_White_Paper.pdf
http://www.climateactionreserve.org/wp-content/uploads/2011/02/Carbon_Dynamics_Associated_with_Even-Aged_Management_-_Forest_White_Paper.pdf

99

Garcia-Ovila, F. and O. Masera. 2004. Assessment and measurement issues related to soil carbon
sequestration in land-use, land-use change, and forestry (LULUCF) projects under the Kyoto
Protocol. Climate Change 65(3): 347-364.

Gonzalez, I.R., Pukkala, T., Palahi’, M., 2005. Optimising the management of PinussylvestrisL.
stand under risk of fire in Catalonia (north-east of Spain). Annals of Forest Science 62, 493—
501.

Gutrich, J. and R. B. Howarth. 2007. Carbon sequestration and the optimal management of New
Hampshire timber stands. Ecological Economics 62: 441-450.

Hadley, J. L. and J. L. Schedlbauer. 2002. Carbon exchange of an old-growth eastern hemlock
(Tsuga Canadensis) forest in central New England. Tree Physiology 22(15-16): 1079-1092.

Hamilton, K.; Sjardin, M.; Shapiro, A.; Marcello, T. 2009. Fortifying the Foundation: State of the
Voluntary Carbon Markets 2009. Washington, DC: Ecosystem Marketplace; New Carbon
Finance.108 pp.

Harmon, M. E. and B. Marks. 2002. Effects of silvicultural treatments on carbon stores in forest
stands. Canadian Journal of Forest Research 32:863-877.

Harmon, M. E., W. K. Ferrel, and J. F. Franklin. 1990. Effects on carbon storage of conversion of
old-growth forests to young forests. Science 247: 699-702.

Harris E. 2007. The Voluntary Carbon Offsets Market: An Analysis of Market Characteristics and
Opportunities for Sustainable Development. Markets for environmental services 10.
International Institute for Environment and Development, London.

Haskett, J., B. Schalamadinger, and S. Brown. 2010. Land-based carbon storage and the
European union emissions trading scheme: the science underlying the policy. Mitigation and
Adaptation Strategies for Global Change 15(2): 127-136.

Hayhoe, K., C.P. Wake, T. G. Huntington, L. Luo, M. D. Schwartz, J. Sheffield, E. Wood, B.
Anderson, J. Bradbury, A. DeGaetano, T. J. Troy and D. Wolfe. 2007. Past and future changes
and hydrological indicators in the U.S. Northeast. Climate Dynamics. 28:381-407.

Heath, L.S., and J.E. Smith. 2004. Criterion 5, indicator 27: Contribution of forest ecosystems to
the total global carbon budget, including absorption and release of carbon (standing biomass,
coarse woody debris, peat and soil carbon).A Supplement to the National Report on Sustainable
Forests 2003, Darr, D.R. (ed.). FS-766A, USDA, Washington, DC.

Hoover, C. and S. Stout. 2007. The carbon consequences of thinning techniques: stand structure
makes a difference. Journal of Forestry 105(5): 266-270.

Hoover, G.A. 2000. Gypsy Moth. Fact sheets, Insect Advice from Extension, Entomology,
College of Agriculture Science, Pennsylvania State University. Available at
http://ento.psu.edu/extension/factsheets/gypsy-moth

Houghton JT, Ding Y, Griggs DJ, Noguer M, Van Der Linden PJ,Da X et al.2001. Climate
Change 2001: The Scientific Basis: Contributions of Working Group I to the Third Assessment


http://ento.psu.edu/extension/factsheets/gypsy-moth

100

Report of the Intergovernmental Panel on Climate Change (IPCC). Cambridge University
Press, Cambridge, UK.

Houghton R.A.1999. The Annual Net Flux of Carbon to the Atmosphere from Changes in Land
Use 1850-1990.Tellus B Chem. Phys. Meteo-rol.51, 298-313.

Huang, C.-H., and G.D. Kronrad, 2006. The effect of carbon revenues on the rotation and
profitability of loblolly pine plantations in East Texas. Southern Journal of Applied Forestry
30: 21-29.

Hultman, N.E., 2006. Geographic diversification of carbon risk—a methodology for assessing
carbon investments using eddy correlation measurements. Global Environmental Change 16,
58-72.

Hurteau, M. D., Hungate, B. A., and G.W., Koch, 2009. Accounting for risk in valuing forest
carbon offsets. Carbon Balance and Management, 4, 1.

Hurteau, M. D., Hungate, Z., Koch, G. W., North, M. P., and G.R. Smith.2013. Aligning ecology
and markets in the forest carbon cycle. Frontiers in Ecology and the Environment, 11(1), 37-
42.

Hurtt, G. C., Pacala, S. W., Moorcroft, P. R., Caspersen, J., Shevliakova, E., Houghton, R. A.,
and B, Moore,l11. 2002. Projecting the future of the U.S. carbon sink. Proceedings of the
National Academy of Sciences, USA, 99(3), 1389-1394.

Iffrig, G.F., C.E. Trammel and T. Cunningham. 2004. Describing Single-Tree Selection Harvests
on Missouri Ozark Forests. Pioneer Forest: A Half Century of Sustainable Uneven-Aged
Forest Management in the Missouri Ozarks. p 49-60.

IPCC. 2007a. Climate Change 2007: Working Group I: The Physical Science Basis. 9.1
Introduction. Available online at
https://www.ipcc.ch/publications and data/ar4/wgl/en/ch9s9-1.html

IPCC. 2007h. Climate Change 2007: Synthesis Report. Available online at
http://www.ipcc.ch/publications_and_data/ar4/syr/en/spm.html

Irvine, J., Law, B. E. and K. A. Hibbard. 2007. Postfire carbon pools and fluxes in semiarid
ponderosa pine in Central Oregon. Global Change Biology.13,1748-1760.

Jackson, R. B. and J.S. Baker. 2010. Opportunities and Constraints for Forest Climate
Mitigation. BioScience 60(9): 698-708.

Jacobson, M and Kovach, K. 2013 Timber Market Report in Pennsylvania. Penn State Extension
College of Agricultural Science. Pennsylvania State University, available on
http://extension.psu.edu/natural-resources/forests/timber-market-report

Jensen, R. G. and Kabrick, J. M. 2008. Comparing Single-Tree Selection, Group Selection, and
Clearcutting for Regenerating Oaks and Pines in the Missouri Ozarks. Jacobs, Douglass
F.; Michler, Charles H., eds. 2008. Proceedings, 16th Central Hardwood Forest
Conference; 2008 April 8-9; West Lafayette, IN. Gen. Tech. Rep. NRS-P-24. Newtown


https://www.ipcc.ch/publications_and_data/ar4/wg1/en/ch9s9-1.html
http://www.ipcc.ch/publications_and_data/ar4/syr/en/spm.html
http://extension.psu.edu/natural-resources/forests/timber-market-report

101

Square, PA: U.S. Department of Agriculture, Forest Service, Northern Research Station:
38-49.

Johnson, P.S., Shifley, S.R. and R. Rogers 2009 The Ecology and Silviculture of Oaks. 2™
Edition. CAB International p379-389.

Keeton, W. S. 2006. Managing for late-successional /old —growth characteristics in northern
hardwood-conifer forests. Forest Ecology and Management 235: 129-142.

Kossoy, A. and P. Ambrosi. 2010. State and Trends of the Carbon Market 2010. World Bank,
Washington.

Kowalski, A. S., Loustau, D., Berbigier, P., Manca, G., Tedeschi, V., Borghetti, M et al. 2004.
Paired comparisons of carbon exchange between undisturbed and regenerating stands in four
managed forests in europe. Global Change Biology, 10(10), 1707-1723.

Lamson, N.I. and H. C. Smith. 1991. Stand Development and Yields of Appalachian Hardwood
Stands Managed with Single-Tree Selection for at Least 30 Years. Research paper NE-655.
Northeastern Forest Experiment Station, Forest Service, United States Department of
Agriculture. 10 pp.

Laurikka, H., and U.,Springer., 2003. Risk and return of project-based climate change mitigation:
a portfolio approach. Global Environmental Change 13, 207-217.

Lauterbach, S. 2007. An Assessment of Existing Demand for Carbon Sequestration Services,
Journal of Sustainable Forestry 25(1-2): 75-98.

Law, B. E., O. J. Sun, J. L. Campbell et al. 2003. Changes in carbon storage and fluxes in a
chronosequence of ponderosa pine. Global Change Biology 9(4): 510-524.

Leak, W.B., M.Yamasaki, and R. Holleran. 2011. Silvicultural Guide for Northern Hardwoods in
the Northeast (second revision). A draft of a Res. Pap. NE-603. Broomall, PA: U.S.
Department of Agriculture, Forest Service, Northeastern Forest Experiment Station. 83pp.

Lee, J., I. K. Morrison, and J-D. Leblanc et al. 2002. Carbon sequestration in trees and regrowth
vegetation as affected by clearcut and partial cut harvesting in a second-growth boreal
mixedwood. Forest Ecology and Management 169(1-2): 83-101.

Lewadrowski, J. M., Sperow, M., Peters, M., Eve, C., Jones, K., Paustian and R. House. 2004.
Economics of Sequestering Carbon in the U.S. Agricultural Sector. Tech. Bull. 1909, USDA,
Economic Research Service, Washington, DC. 69 pp.

Li, Q., J. Chen, and D. L. Moorhead et al. 2007. Effects of timber harvest on carbon pools in
Ozark forests. Canadian Journal of Forest Research 37(11): 2337-2348.

Liski, J., A. Pussinen, K. Pingoud, R. Makipaa, T. Karjalainen. 2001. Which rotation length is
favourable to carbon sequestration? Canadian Journal of Forest Research 31: 2004-2013.

Luyssaert, S., Schulze, E., Borner, A., Knohl, A., Hessenmdller, D., Law, B. E., Ciais, P and J.
Grace. 2008. Old-growth forests as global carbon sinks. Nature, 455(7210), 213-215.



102

Macauly, M. K. and R. A. Sedjo. 2011. Forests in climate policy: technical, institutional and
economic issues in measurement and monitoring. Mitigation and Adaption Strategies for
Global Change 16: 499-513.

Markewitz, D. 2006. Fossil fuel carbon emission from silviculture: impacts on net carbon
sequestration in forests. Forest Ecology and Management 236(2-3): 153-161.

Marquis, D. A. 1976. Application of Uneven-aged Silvicuture and Management on Public and
Private lands. of Uneven-aged Silvicuture and Management in United States. Timber
Management Research, Forest Service, United States Department of Agriculture,
Washington, D.C. p 25-63.

McCaskill, G.L.; McWilliams, W.H.; Alerich, C.A.; Butler, B.J.; Crocker, S.J.; Domke, G.M.;
Griffith, D.; Kurtz, C.M.; Lehman, S.; Lister, T.W.; Morin, R.S.; Moser, W.K.; Roth, P.;
Riemann, R.; Westfall, J.A. 2013. Pennsylvania’s Forests 2009. Resour. Bull. NRS-82.
Newtown Square, PA: U.S. Department of Agriculture, Forest Service, Northern
Research Station. 52 pp.

Michie B.R. 1985. Uneven-aged stand management and the value of forest land. Forest science
31(1): 116-121.

Murdiyarso D, M. van Noordwijk, A. Puntodewo, A. Widayati, B. Lusiana. 2008. District-scale
prioritization for A/R CDM project activities in Indonesia in line with sustainable
development objectives. Agricultures, Ecosystems and Environment 126(1-2):59-66.

Murray, B.C., B.A. McCarl and H. Lee. 2004. Estimating Leakage from Forest Carbon
Sequestration Programs. Land Economics 80(1):109-124.

Nair, P.K.R., B.M. Kumar, and V. D. Nair. 2009. Agroforestry as a strategy for carbon
sequestration. Journal of Plant Nutrition and Soil Science 172(1):10-23.

Neilson, E.T., D.A. MacLean, F.R. Menga and P.A. Arp. 2007. Spatial distribution of carbon in
natural and managed stands in an industrial forest in New Brunswick, Canada. Forest Ecology
and Management 253: 148-160.

Northeastern State Foresters Association. 2002. Carbon Sequestration and Its Impacts on Forest
Management in the northeast. 13pp. available online at
http://www.nefainfo.org/publications/carbonsequestration.pdf

Nunery, J.S., and W.S. Keeton. 2010. Forest carbon storage in the northeastern United States: Net
effects of harvesting frequency, post-harvest retention, and wood products. Forest Ecology and
Management (2010) 259.8, 1363-1375.

O’Connell, B. M., LaPoint, E. B., Turner, J. A., Ridley, T., Boyer, D., Wilson, A. M., Waddell,
K. L., and B. L. Conkling. 2012. The Forest Inventory and Analysis. Database: Database
Description and User’s Manual Version 5.1.4 for Phase 2. USDA Forest Service. 531pp.

Oregon Office of Energy. 1996. Exhibit OE-37, Order in the matter of the 500 megawatt
exemption from the demonstration of showing need for a power plant before the State of
Oregon Energy Facility Siting Council, August. Salem, OR.


http://www.nefainfo.org/publications/carbonsequestration.pdf

103

Pandey, D.N. 2007. Multifunctional agroforestry systems in India. Current Science 92(4):455—
463.

Parmesan, C, and H. Galbraith. 2004. Observed Impacts of Global Climate Change in the US.
Pew Center on Global Climate Change, Arlington, VA. www.pewclimate.org. 55 p.

Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change impacts
across natural systems. Nature 421:37- 42.

Pearson, T., S. Brown, and K. Andrasko. 2008. Comparison of registry methodologies for
reporting carbon benefits for afforestation projects in the United States. Environmental Science
and Policy 11(6): 490-504.

Peltoniemi, M., Makipaa, R., Liski, J., and P. Tamminen. 2004. Changes in soil carbon with stand
age-an evaluation of a modelling method with empirical data. Global Change Biology, 10(12),
2078-2091.

Penman, J., M. Gytarsky, T. Hiraishi and IPCC National Greenhouse Gas Inventories
Programme. 2003. Good Practice Guidance forLand Use, Land use Change and Forestry.
Intergovernmental Panel on Climate Change, Kamiyamaguchi, Japan. Available online at
http://www.ipcc-ngaip.iges.or.jp/public/gpglulucf/gpglulucf files/GPG _LULUCF FULL.pdf

Pennsylvania Department of Conservation and Natural Resources (PA DEP). 2012. Forest
Health Report 2012. Department of Conservation and Natural Resources in Pennsylvania.
Available at
http://www.dcnr.state.pa.us/cs/groups/public/documents/document/dcnr_20026259.pdf

Pennsylvania Department of Conservation and Natural Resources (PA DEP). 2011. Forest
Health Report 2011. Department of Conservation and Natural Resources in Pennsylvania.
Available at
http://www.dcnr.state.pa.us/cs/groups/public/documents/document/dcnr_009463.pdf

Pennsylvania Department of Conservation and Natural Resources (PA DEP). 2009. Forestry
Sector, Chapter 10 p1-13. Pennsylvania Final Climate Change Action Plan. Department of
Conservation and Natural Resources in Pennsylvania. Available at
http://www.dcnr.state.pa.us/cs/groups/public/documents/document/dcnr_001957.pdf

Perschel, R., A. Evans, and M. Summers. 2007. Climate Change, Carbon, and the Forests of the
Northeast. Santa Fe, NM: Forest Guild.

Pew Center for Global Climate Change 2007. Coal and Climate Change Facts. Retrieved
November 17, 2009, available at http://pewclimate.org/global-warming-basics/coalfacts.cfm.

Pigou A. 1920. The Economics of Welfare. London: Macmillan.

Pittel, K. and D. T. Riibbelke 2008. Climate policy and ancillary benefits: a survey and
integration into the modeling of international negotiations on climate change. Ecological
Economics 68(1-2): 210-220.

Pregitzer, K.S. and S. Euskirchen. 2004. Carbon cycling and storage in world forests: Biomes
patterns related to forest age. Global Change Biology 10: 2052-2077.


http://www.pewclimate.org/
http://www.ipcc-nggip.iges.or.jp/public/gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf
http://www.dcnr.state.pa.us/cs/groups/public/documents/document/dcnr_20026259.pdf
http://www.dcnr.state.pa.us/cs/groups/public/documents/document/dcnr_009463.pdf
http://www.dcnr.state.pa.us/cs/groups/public/documents/document/dcnr_001957.pdf
http://pewclimate.org/global-warming-basics/coalfacts.cfm

104

Raciti, S.M., Timothy J. Fahey, R. Quinn Thomas, Peter B. Woodbury, Charles T. Driscoll,
Frederick J. Carranti, David R. Foster, Philip S. Gwyther, Brian R. Hall, Steven P. Hamburg,
Jennifer C. Jenkins, Christopher Neill, Brandon W. Peery, Erin E. Quigley, Ruth Sherman,
Matt A. Vadeboncoeur, David A. Weinstein and Geoff Wilson. 2012. Local-scale carbon
budgets and mitigation opportunities for the Northeastern United States. BioScience 62(1):23-
38.

Rawinski T.J. 2008. Impacts of white-tailed deer overabundance in forest ecosystems: an
overview. Available: http://www.na.fs.fed.us/fhp/special interests/white tailed deer.pdf.
Accessed 2014 March 20.

Rehfeldt, G. E., W. R. Wykoff, and C.C. Ying. 2001. Physiologic plasticity, evolution, and
impacts of a changing climate on Pinus Contorta. Climate Change 50(3): 355-376.

Reynolds, P.E., J. A. Simpson, N.V. Thevathasan, A.M. Gordon. 2007. Effects of tree
competition on corn and soybean photosynthesis, growth, and yield in a temperate tree-based
agroforestry intercropping system in southern Ontario, Canada. Ecological Engineering
29(4):362-371.

Roshetko J, R. Lasco, and M. Angeles. 2007. Smallholder agroforestry systems for carbon
storage. Mitigation and Adaption Strategy for Global Change 12(2):219-242.

Ruddell, S., R. Sampson, M. Smith, R. Giffen, J. Cathcart, J. Hagan, D. Sosland, J. Godbee, J.
Heissenbuttel, S. Lovett, J. Helms, W. Price, and R. Simpson. 2007. The role for sustainably
managed forests in climate change mitigation. Journal of forestry 106(5): 314-3109.

Sampson, R. N. 2004. Potential for Agricultural and Forestry Carbon Sequestration in the RGGI
Region. The Sampson Group, Alexandria.

Schatzki, T. 2003. Options, uncertainty and sunk costs: an empirical analysis of land use change.
Journal of Environmental Economics Management 46: 86-105.

Schmid, S, E. Thurig, E. Kaufmann et al. 2006. Effect of forest management on future carbon
pools and fluxes: a model comparison. Forest Ecology and Management 237(1-3): 65-82.

Schweitzer, C. J.;Gottschalk, K.W.; Stringer, J. W.; Clark, S. L.; Loftis, D. L. 2011. Using
silviculture to sustain upland oak forests under stress on the Daniel Boone National Forest,
Kentucky. Proceedings, 17th central hardwood forest conference; 2010 April 5-7. U.S.
Department of Agriculture, Forest Service, Northern Research Station: 476-489.

Scott C.T. and N. G. Voorhis 1986 Northeastern forest survey site index equations and site
productivity classes. Northern Journal of Applied Forestry (3): 144-147.

Shortle, J., Abler, D., Blumsack, S., Crane, R., Kaufman, Z., McDill, M., . . . Wardrop,
D.2009. Pennsylvania climate impact assessment Update. report to the department of
environmental protection Retrieved from
http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-
97037/PA%20DEP%20CIlimate%20Impact%20Assessment%20Update.pdf.



http://www.na.fs.fed.us/fhp/special_interests/white_tailed_deer.pdf
http://www.nrs.fs.fed.us/people/kgottschalk
http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-97037/PA%20DEP%20Climate%20Impact%20Assessment%20Update.pdf
http://www.elibrary.dep.state.pa.us/dsweb/Get/Document-97037/PA%20DEP%20Climate%20Impact%20Assessment%20Update.pdf

105

Siriri, D., C. K. Ong, J. Wilson, J. M. Boffa, C. R. Black. 2009. Tree species and pruning regime
affect crop yield on bench terraces in SW Uganda. Agroforestry System 78(1):65-77.

Smith, J.E., L.S. Heath, K.E. Skog and R.A. Birdsey. 2006. Methods for Calculating Forest
Ecosystem and Harvested Carbon with Standard Estimates for Forest Types of the United
States. Gen. Tech. Rep. NE-343, US Forest. Service., Northeastern Research Stn., Newtown
Square, PA. 216 pp.

Sohngen, B and S. Brown. 2008. Extending timber rotation: carbon and cost implications.
Climate Policy 8: 435-451.

Sohngen, B., S. Walker, and S. Brown et al. 2007. Terrestrial carbon sequestration in the
Northeast quantities and costs: part 4 opportunities for improving carbon storage and
management on forest lands. The Nature Conservancy Conservation Partnership Agreement,
Arlington.

Song, C. and C. E. Woodcock. 2003. A regional forest ecosystem carbon budget model: Impacts
of forest age, structure, and land use history. Ecological Modeling 164: 33-47.

Stavins, R.N., and K.R. Richards. 2005. The Cost of U.S. Forest-based Carbon Sequestration.
The Pew Center on Global Climate Change, Arlington, VA. 40 pp.

Stevens, K. A., G. DeAngelo and S. Brice. 2011. Comparative study of selected greenhouse gas
offset protocols. International Journal of Climate Change Strategies and Management 3(2):
118-139.

Streck, C. 2011. Ensuring New Finance and Real Emission Reduction: A Critical Review of the
Additionality Concept. Carbon and Climate Law Review 5(2): 158-168.

Stringer J. 2006 Oak Shelterwood: A Technique to Improve Oak Stands. Professional Hardwood
Notes for Tennessee and Kentucky. University of Kentucky’s Cooperative Extension
publication FOR-100.

Strong, T. F. 1997. Harvesting Intensity in Fluencies the Carbon Distribution in a Northern
Hardwood Ecosystem. RP-NC-329. USDA Forest Service, North Central Research Station, St.
Paul.

Taylor, A. R., J.R. Wang and H.Y. H. Chen. 2007. Carbon storage in a chronosequence of red
spruce (Picea rubens) forests in central Nova Scotia, Canada. Canadian Journal of Forest
Research 37(11):2260-2269.

The White House. 2012. President Obama Sets Greenhouse Gas Emissions Reduction Target for
Federal Operations. Office of the Press Secretary 2012. Available online at
http://www.whitehouse.gov/the-press-office/president-obama-sets-greenhouse-gas-emissions-
reduction-target-federal-operations

Thompson, R. P. and S. R .Auten. 2010. Is it Economical to Manage Jointly for Wood and
Carbon under the Climate Action Reserve Protocol? General Technical Report PSW-GTR-
238 from Natural Resources Management Department, California Polytechnic State University,
San Luis Obispo, p627-636.


http://www.whitehouse.gov/the-press-office/president-obama-sets-greenhouse-gas-emissions-reduction-target-federal-operations
http://www.whitehouse.gov/the-press-office/president-obama-sets-greenhouse-gas-emissions-reduction-target-federal-operations

106

Torres, A. B., R.Marchant, J. C. Lovett, J. C. R. Smart, and R. Tipper. 2010. Analysis of the
carbon sequestration costs of afforestation and reforestation agroforestry practices and the use
of cost curves to evaluate their potential for implementation of climate change mitigation.
Ecological Economics 69: 469-477.

UNFCCC 2013. Full Text of The Convention: Definition. Available online at
http://unfccc.int/essential background/convention/background/items/2536.php

UNFCCC. 2002. Land Use, Land-Use Change and Forestry: Definitions and Modalities for
Including Afforestation and Reforestation Activities under Article 12 of the Kyoto Protocol in
the First Commitment Period: Options Paper on Modalities for Addressing Non-permanence,
SUBSTA-UNFCCC, Bonn, December.

Upton, B., R. Miner, M. Spinney et al. 2007. The greenhouse gas and energy impacts of using
wood instead of alternatives in residential construction in the United States. Biomass Bioenergy
32(1): 1-10.

U.S. Environmental Protection Agency (EPA). 2010. Inventory of U.S. Greenhouse Gas
Emissions and Sinks: 1990e2008. Office of Atmospheric Programs, Washington, DC.

U.S. Environmental Protection Agency (EPA). 2007. Inventory of U.S. greenhouse gas emissions
and sinks: 1990-2005. US EPA 430-R-07-002. Washington, DC: Author.

U.S. Environmental Protection Agency (EPA). 2005. Greenhouse gas mitigation potential in U.S.
forestry and agriculture. EPA 430-R-05-006. Office of Atmospheric Programs, Washington,
DC.

Verified Carbon Standard (VCS). 2008. Voluntary carbon standard: guidance for agriculture,
forestry and other land use projects. VCS Association, www.v-C-S.0rg.

van Kooten, G. C., C. S. Binkley, and G. Delcourt. 1995. Effect of carbon taxes and subsides on
optimal forest rotation age and supply of carbon services. American Journal of Agricultural
Economics 77(2): 365-374.

van Noordwijk, M., D.A. Suyamto, B. Lusiana, A. Ekadinata, K. Hairiah. 2008. Facilitating
agroforestation of landscapes for sustainable benefits: tradeoffs between carbon stocks and
local development benefits in Indonesia according to the FALLOW model. Agriculture,
Ecosystems and Environment 126(1-2):98-112.

von Hagen, B. and M. S. Burnett. 2006. Emerging Markets for Carbon Stored by Northwest
Forests. p131-155. Forests, Carbon, and Climate Change: A Synthesis of Science Findings.
Oregon Forest Resources Institute. 192 pp.

Wittman, H.K. and C. Caron. 2009. Carbon offsets and inequality: social costs and co-benefits in
Guatemala and SriLanka. Socity and Nature Resourses: An International Journal 22(8):710—
726.

Woodbury, P. B., J. E. Smith, L.S. Heath. 2007. Carbon sequestration in the U.S. forest sector
from 1990 to 2010. Forest Ecology and Management 241(1-3):14-27.


http://unfccc.int/essential_background/convention/background/items/2536.php
http://www.v-c-s.org/

107

Yanai, R. D., W. S. Currie, and C. L. Goodale. 2003. Soil carbon dynamics after forest harvest:
an ecosystem paradigm reconsidered. Ecosystems 6(3): 197-212.

Yardley, W. 2009. Protecting the forests, and hoping for payback. The New York Times, p. 22.
http://www.nytimes.com/2009/11/29/science/earth/29trees.html? r=0



http://www.nytimes.com/2009/11/29/science/earth/29trees.html?_r=0

Appendices

Appendix A to C showed that the present value ($/acre) of carbon credits in 18
groups for all the management scenarios with carbon price at $30/acre,4% interest rate
and confidence deduction 10%. Appendix D to F showed that the total present value
($/acre) in 18 groups for all the management scenarios with carbon price at $30/acre, 4%
interest rate and confidence deduction 10%. Appendix G to | showed that the present
value ($/acre) of carbon credits 18 groups for all the management scenarios with carbon
price at $10/acre and interest rate 6% and 10% confidence deduction. Appendix J to L
showed that the present value ($/acre) of timber value in 18 groups for all the
management scenarios with interest rate 6% .Appendix M to O showed that the present
value ($/acre) showed total value in 18 groups for all the management scenarios with
carbon price at $10/acre and interest rate 6% and 10% confidence deduction. Appendix P
to R represented that the present value ($/acre) of carbon credits carbon in 18 groups for
all the management scenarios with carbon price at $30/acre and interest rate 6% and 10%
confidence deduction. Appendix S to U represented that the total present value ($/acre) in
18 groups for all the management scenarios with carbon price at $30/acre and interest rate

6% and 10% confidence deduction.
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The present value ($/acre) of carbon credits in 18 groups for all the management scenarios with carbon price at $30/acre,4% interest rate

and confidence deduction 10%.

Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $2,283 $2,067 $2,550 $2,562 $2,899 $3,045 $1,753 $2,350 $4,524
SW 80 $386 -$21 $335 $45 -$417 -$434 -$644 -$1,790 $351
SW 120 $1,681 $1,332 $1,751 $990 $990 $1,442 -$260 -$541 $1,296
U115 -$955 -$480 -$521 -$438 -$1,238 -$1,535 -$882 -$2,118 -$1,254
ulsw -$177 $242 $320 $264 $13 $91 -$115 -$467 $320
U 30 -$537 -$293 -$277 -$42 -$727 -$1,215 -$704 -$1,845 -$892
Uu3aow $782 $901 $1,152 $1,083 $1,124 $1,242 $510 $739 $1,650

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $1,157 $2,628 $2,918 $1,804 $1,787 $2,579 $1,936 $2,354 $4,034
SW 80 -$400 $45 -$503 -$38 $70 -$362 $296 $464 $120
SW 120 $497 $1,628 $1,687 $809 $785 $1,062 $729 $992 $1,095
U115 -$757 -$204 -$883 -$260 -$204 -$313 $189 $69 -$343
ulsw -$402 $475 $305 $253 $177 $505 $534 $647 $1,146
U 30 -$498 -$35 -$685 -$118 $6 -$112 $352 $348 -$169
u3ow $121 $1,206 $1,282 $751 $691 $1,206 $943 $1,241 $2,267
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Appendix B
The present value ($/acre) of carbon credits for all treatments at different ages in good sites
with carbon price$30, 4% interest rate and 10% confidence deduction.
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The present value ($/acre) of carbon credits for all treatments at different ages in poor sites
with carbon price$30, 4% interest rate and 10% confidence deduction.
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The total present value ($/acre) in 18 groups for all the management scenarios with carbon price at $30/acre,4% interest rate and
confidence deduction 10%.
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Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $2,283 $2,067 $2,550 $2,562 $2,899 $3,045 $1,753 $2,350 $4,524
SW 80 $1,536 $1,166 $1,588 $1,969 $3,351 $3,526 $499 $4,250 $6,623
SW 120 $2,223 $1,816 $2,419 $2,348 $3,216 $3,527 $792 $4,331 $6,152
U 15 $796 $1,640 $1,002 $1,931 $3,197 $3,839 $430 $5,397 $5,772
Uilsw $1,409 $1,757 $1,646 $2,252 $3,355 $3,895 $985 $4,734 $5,633
u30 $1,081 $1,727 $1,128 $2,133 $3,554 $3,982 $482 $5,508 $5,857
u3sow $2,027 $1,896 $2,125 $2,608 $3,468 $3,668 $1,267 $4,061 $5,317

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $1,157 $2,628 $2,918 $1,804 $1,787 $2,579 $1,936 $2,354 $4,034
SW 80 $73 $1,860 $1,655 $985 $1,180 $1,845 $883 $1,481 $2,873
SW 120 $782 $2,467 $3,013 $1,402 $1,566 $2,489 $1,256 $1,922 $3,520
U 15 -$131 $2,082 $2,540 $1,105 $1,039 $2,266 $819 $1,227 $3,111
Uilsw $114 $2,184 $2,960 $1,325 $1,277 $2,572 $1,069 $1,665 $3,886
U 30 $40 $2,062 $2,585 $1,127 $1,141 $2,290 $881 $1,398 $3,172
u3ow $547 $2,428 $3,223 $1,458 $1,535 $2,675 $1,388 $2,010 $4,117
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The total present value ($/acre) for all treatments at different ages in good sites with carbon

price$30, 4% interest rate and 10% confidence deduction.
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Appendix F

The total present value ($/acre) for all treatments at different ages in poor sites with carbon
price$30, 4% interest rate and 10% confidence deduction.
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The present value ($/acre) of carbon credits in 18 groups for all the management scenarios with carbon price at $10/acre,6% interest rate

and confidence deduction 10%.

Good site

AGE Young Middle old

BA Low Medium High Low Medium High Low Medium High
No Mgt $522 $550 $692 $647 $765 $844 $430 $660 $1,265
SW 80 $106 $28 $115 -$51 -$212 -$196 -$220 -$584 -$33
SW 120 $459 $460 $571 $319 $394 $545 -$94 -$91 $347
U 15 -$364 -$152 -$167 -$159 -$412 -$515 -$289 -$680 -$423
ulsw -$23 $152 $197 $148 $122 $172 $27 $13 $269
U 30 -$239 -$98 -$92 -$46 -$269 -$419 -$238 -$606 -$320
u3ow $263 $353 $456 $394 $461 $532 $220 $377 $682

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $200 $702 $868 $460 $444 $707 $480 $617 $1,254
SW 80 -$166 $7 -$179 -$6 $0 -$100 $72 $125 $47
SW 120 $120 $560 $614 $288 $257 $398 $206 $282 $410
U 15 -$269 -$71 -$298 -$96 -$70 -$99 $48 $3 -$93
Uilsw -$122 $233 $217 $132 $101 $234 $198 $245 $547
U 30 -$198 -$23 -$240 -$56 -$7 -$46 $92 $85 -$45
u3ow $31 $459 $518 $285 $261 $441 $319 $430 $894
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Appendix H
The present value ($/acre) of carbon credits for all treatments at different ages in good sites
with carbon price$10, 6% interest rate and 10% confidence deduction.
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The present value ($/acre) of carbon credits for all treatments at different ages in poor sites
with carbon price$10, 4% interest rate and 10% confidence deduction.
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Appendix J
TEE present value ($/acre) of timber value in 18 groups for all the management scenarios with 6% interest rate.
Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $0 $0 $0 $0 $0 $0 $0 $0 $0
SW 80 $668 $902 $993 $1,539 $3,267 $3,463 $935 $5,364 $5,062
SW 120 $167 $179 $290 $778 $1,239 $1,120 $786 $3,617 $3,604
U 15 $1,386 $1,938 $1,284 $1,926 $4,032 $5,060 $1,077 $7,122 $6,476
Uuisw $1,056 $1,055 $889 $1,326 $2,343 $2,717 $748 $3,782 $3,796
u30 $1,241 $1,851 $1,180 $1,732 $3,836 $4,890 $951 $6,935 $6,219
u3ow $633 $528 $504 $795 $1,254 $1,319 $393 $1,809 $1,982

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $0 $0 $0 $0 $0 $0 $0 $0 $0
SW 80 $318 $1,478 $1,782 $844 $905 $1,809 $470 $832 $2,374
SW 120 $103 $349 $576 $292 $399 $774 $357 $618 $1,829
U 15 $468 $1,980 $3,049 $1,185 $992 $2,226 $455 $931 $3,176
Uilsw $325 $1,155 $1,850 $738 $702 $1,395 $319 $666 $1,932
uU30 $389 $1,828 $2,907 $1,076 $891 $2,065 $386 $838 $3,077
u3ow $207 $632 $1,032 $373 $432 $769 $216 $392 $994
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The present value ($/acre) of timber value for all treatments at different ages in good sites
with 6% interest rate.
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The total present value ($/acre) in 18 groups for all the management scenarios with carbon price at $10/acre,6% interest rate and
confidence deduction 10%.

Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $522 $550 $692 $647 $765 $844 $430 $660 $1,265
SW 80 $774 $929 $1,108 $1,489 $3,055 $3,266 $715 $4,780 $5,029
SW 120 $626 $638 $861 $1,097 $1,633 $1,665 $692 $3,527 $3,951
U 15 $1,022 $1,786 $1,117 $1,767 $3,621 $4,545 $788 $6,442 $6,053
ulsw $1,033 $1,207 $1,086 $1,474 $2,464 $2,889 $774 $3,795 $4,065
uU30 $1,001 $1,753 $1,088 $1,686 $3,567 $4,471 $714 $6,329 $5,899
u3sow $896 $881 $960 $1,189 $1,715 $1,851 $614 $2,187 $2,664

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $200 $702 $868 $460 $444 $707 $480 $617 $1,254
SW 80 $153 $1,485 $1,603 $837 $905 $1,709 $542 $957 $2,421
SW 120 $223 $909 $1,190 $580 $656 $1,171 $563 $901 $2,239
U 15 $199 $1,910 $2,751 $1,089 $923 $2,127 $504 $934 $3,083
ulsw $202 $1,388 $2,067 $870 $803 $1,629 $517 $911 $2,479
U 30 $191 $1,805 $2,667 $1,020 $884 $2,019 $478 $923 $3,032
u3ow $238 $1,091 $1,549 $659 $693 $1,211 $535 $821 $1,888
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Appendix N
The total present value ($/acre) for all treatments at different ages in good sites with carbon
price$10, 6% interest rate and 10% confidence deduction.
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The total present value ($/acre) for all treatments at different ages in poor sites with carbon
price$10, 6% interest rate and 10% confidence deduction..
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The present value ($/acre) of carbon credits in 18 groups for all the management scenarios with carbon price at $30/acre, 6% interest rate
and confidence deduction 10%.

Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $1,565 $1,650 $2,075 $1,942 $2,296 $2,532 $1,290 $1,980 $3,796
SW 80 $318 $83 $344 -$152 -$635 -$589 -$659 -$1,751 -$99
SW 120 $1,377 $1,380 $1,714 $957 $1,181 $1,636 -$282 -$272 $1,040
U 15 -$1,091 -$455 -$501 -$478 -$1,235 -$1,544 -$866 -$2,041 -$1,268
ulsw -$70 $457 $592 $444 $365 $517 $81 $40 $807
U 30 -$718 -$293 -$275 -$138 -$806 -$1,256 -$713 -$1,817 -$959
Uus3ow $790 $1,060 $1,367 $1,183 $1,382 $1,596 $660 $1,132 $2,045

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High
No Mgt $601 $2,106 $2,605 $1,380 $1,332 $2,120 $1,441 $1,852 $3,761
SW 80 -$497 $20 -$536 -$19 -$1 -$301 $216 $374 $142
SW 120 $360 $1,681 $1,842 $864 $772 $1,193 $618 $847 $1,230
U 15 -$806 -$212 -$895 -$287 -$209 -$296 $145 $10 -$279
ulsw -$367 $700 $651 $397 $303 $702 $594 $735 $1,642
U 30 -$594 -$70 -$721 -$168 -$20 -$139 $277 $256 -$134
Uu3ow $92 $1,378 $1,553 $856 $783 $1,324 $958 $1,289 $2,682
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Appendix Q
The present value ($/acre) of carbon credits for all treatments at different ages in good sites
with carbon price$30, 6% interest rate and 10% confidence deduction.
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Appendix R
The present value ($/acre) of carbon credits for all treatments at different ages in poor sites
with carbon price$30, 6% interest rate and 10% confidence deduction.
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The total present value ($/acre) in 18 groups for all the management scenarios with carbon price at $30/acre,6%o interest rate and
confidence deduction 10%.
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Good site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $1,565 $1,650 $2,075 $1,942 $2,296 $2,532 $1,290 $1,980 $3,796
SW 80 $986 $985 $1,337 $1,387 $2,631 $2,874 $275 $3,612 $4,963
SW 120 $1,545 $1,558 $2,003 $1,735 $2,421 $2,755 $504 $3,345 $4,644
U 15 $294 $1,483 $782 $1,448 $2,797 $3,516 $211 $5,082 $5,207
Uilsw $986 $1,512 $1,480 $1,769 $2,707 $3,234 $828 $3,822 $4,603
uU30 $523 $1,557 $905 $1,594 $3,030 $3,634 $238 $5,118 $5,260
u3sow $1,423 $1,587 $1,871 $1,978 $2,636 $2,915 $1,054 $2,942 $4,027

Poor site

AGE Young Middle Old

BA Low Medium High Low Medium High Low Medium High

No Mgt $601 $2,106 $2,605 $1,380 $1,332 $2,120 $1,441 $1,852 $3,761
SW 80 -$178 $1,498 $1,246 $825 $904 $1,509 $686 $1,206 $2,516
SW 120 $463 $2,030 $2,417 $1,156 $1,171 $1,967 $976 $1,465 $3,059
U 15 -$338 $1,768 $2,154 $897 $783 $1,930 $600 $941 $2,897
Uilsw -$42 $1,855 $2,500 $1,135 $1,005 $2,097 $913 $1,400 $3,574
U 30 -$204 $1,758 $2,186 $908 $871 $1,926 $663 $1,094 $2,943
u3ow $299 $2,009 $2,585 $1,230 $1,215 $2,094 $1,174 $1,681 $3,676
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The total present value ($/acre) for all treatments at different ages in good sites with carbon

price$30, 6% interest rate and 10% confidence deduction.
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The total present value ($/acre) for all treatments at different ages in poor sites with carbon

price$30, 6% interest rate and 10% confidence deduction.



