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Executive Summary

This report explores the issues of carbon storagecarbon sequestration on forestlands. Both
storage (the retention of carbon within a “reseatsiich as biomass or soil) and sequestration
(the flow of carbon from one reservoir to anotha® important aspects of understanding the
influence of forest management practices and engm@gurement policies on the concentration
of carbon dioxide in the atmosphere and, ultimatgliybal climate change.

In forests, carbon is stored in numerous reseryvimctuding living biomass (e.g., trees),
standing and dead wood, and (most importantly) ddiriderstanding how management and
harvesting practices influence the flow of carbaio iand out of all of these reservoirs and how
they affect the capacity of forests to remove carthoxide from the atmosphere in the future is
critical to understanding the relationship betwearbon sequestration and “carbon neutrality,”
an oft-cited goal for energy policy. Much creditcurrently given to the role of forests in
providing fuel that does not enhance global warmangdit that is founded largely on the
assumption that biomass is inherently “carbon éttHHowever, this assumption is based on
the supposition that because forest biomass maiiély derived from atmospheric carbon (in the
molecular form of carbon dioxide, or G ria photosynthesis in the past, then atmospheric
carbon derived from forest biomass via combustidhngcessarily be taken up again by forests
in the future. This assumption is not valid incadkes; carbon sequestration by forests is a
function of numerous factors that can be dramagicgafluenced by management and harvesting
actions, including soil erosion, stand age andispasmmmposition, fate of woody debris, and soil
temperature. Landowners who seek to manage tresstfands to promote carbon sequestration
and biomass consumers who seek to be carbon nea#dlto consider carefully (a) the
conditions required for carbon neutrality to beiaebd and (b) directly estimating carbon
sequestration.

The focus of this report is preferentially oriented/ard two audiences: (1) those who are
acquiring forest biomass for energy, specificallg®ebury College, which purchases wood
chips for combustion in its biomass plant, andf¢2@stland owners who seek to manage their
forests for purposes that include carbon sequéestraxemplified in this report by both the
members of Vermont Family Forests and Middleburyiége. However, our findings and
recommendations are not specific to these two groaipy member of these broad audiences —
biomass consumers and forestland managers — mdlltfiis report relevant.

Measuring carbon sequestration on a plot of lamdbeaaccomplished by three different
methods, each with their own strengths and weaksedd) Ecological quantification is simple,
direct, inexpensive, and standardized but reqliareg-term monitoring for the preparation of
reliable sequestration estimates. (2) Meteoroldgisaessment is limited by technological
investment, advanced statistics, and equipmentumetibn but examines carbon flux directly
and cross-validates other derived sequestratiomatsts. (3) Computer models are readily
available online and provide sequestration estisnaithout long-term monitoring but are
limited by low user-friendliness, high data reqmemnts, and low resolution/precision.

There is potential for each of these methodologidse applied on lands in western Vermont,
but the most accurate estimates of forest carbguestration are likely to be calculated through

6



direct field measurement. We therefore recommetigizddViiddlebury College, because of its
stated goal of verifiably achieving carbon neutyaby 2016, establish a long-term ecological
guantification program for monitoring its carbooak. This methodology, while labor intensive,
can be implemented cheaply and easily. There areéefehnological or methodological expenses
and there is potential for students to collectrttagority of the data — either from classwork or
from a paid position. The sampling design and datdysis could easily be performed by the
faculty or by a class under direct faculty supeorisThe preparation of robust predictions
requires long-term measurement, often on the @tiEn years, but initial measurements will
still be informative. Additionally, the long-ternommitment of the College to carbon
management virtually demands the establishmentaigterm program. The application of the
meteorological method on a few representative pgtotgalidation and verification of the
ecological quantification estimates would alsorgjteen the monitoring program.

Furthermore, the collection of spatially explicétd on stand age and site index on College lands
will prepare the College to use an annual carborage model specific to the northern hardwood
forest, currently under development by the for@sban research community. Finally, computer
models can all be used to validate the estimatéseafther methods. A deeper investigation of
one of these models (CO2FIX) could prove extraauiy useful given its successful application
in other forest community types. This model alldasexperimentation with different
management practices and has enormous potenirdbtan carbon management policy on
Middlebury College lands.

Use of these models with data currently availabteyever, suggests that the college’s forestland
alone does not have the capacity to sequesteatbert projected to be emitted from the
college’s biomass plant. Therefore, the assumpltiahcombustion of biomass is carbon neutral
depends a great deal on the sequestration capdatkier lands, both the college’s non-forest
lands (such as agricultural fields and wetlandsl) the non-college lands where the biomass was
obtained.

Based on a detailed review of the current liteetum carbon sequestration in temperate forests,
particularly those characteristic of the Middlebuoegion, we propose the following additions to
the biomass procurement standards recommended B3O01 report from Fall 2009 and to the
Forest Management Checklist (2008) used by Verrrantily Forests:

» Promote mixed-species, mixed-age stands.—These stands tend to have higher carbon
uptake and storage because of their higher leaf dfarthermore, mixed stands include
species that are both shade tolerant and intolscatitat there are trees that grow
successfully at all levels; this leads to maximuaereéase in biomass, which enables more
carbon sequestration. Finally, mixed stands erfalésts to withstand outbreaks of
disease and insect infestation so that even ityme of tree succumbs to disease, the
other species of trees are able to survive andritirue to sequester carbon. Therefore,
landowners should follow these recommendationgderoto sequester the maximum
amount of carbon in forests.

* Protect soils—Soils in temperate forests hold about 60% ottti@ carbon in these
forests. In order to maximize the soil carbon kt@cequate soil drainage must be



maintained, and soil disturbances must be minimiZzagthermore, soil carbon stocks
can be increased by growing species with high netgry productivity so that more
nutrients are released back into the soil, whichlmastored in the soil for long periods of
time. These guidelines are especially importanindiharvesting, when forest soils are
more prone to erosion and water contaminatigneat care should be taken to avoid
exposing mineral soil, which lies deep in the podfile and is typically a stable carbon
store. Only harvesting practices that protect mahsoils should be used.

» Protect wetlandsin addition to forests—Histosols are a soil type found in most wetland
soils and contain approximately 1170 tons/ha df@gjanic carbon. Histosols can
contain much more carbon than alfisols and spodp#iw principle soil types of the
Champlain Valley and the Green Mountains. Thegfaretlands and hydric soils of any
kind must be protected in order to maintain thé gality and the capacity to sequester
carbon.

» Passive management.—Management practices for maximum carbon sequistra
should emphasize passive management practicesamnagad northern hardwoods still
sequester more carbon than forests under any anawagement, and unmanaged forests
may continue to sequester carbon for up to 800syefaven if harvested wood becomes
furniture, construction materials, or other longetil wood products, they still might not
store atmospheric carbon as much as previoushgtitourhere has been a 26% increase
in carbon from an actively managed forest, evewoidd from the forest is put into
furniture. Some untested active management practiag mimic natural disturbances
could promote new growth in the forest, but uritdge practices are tested further, we
recommend passive management to maximize carbaestegtion in forests.

* Maintain high levels of down trees, dead standing timber, and coar se woody debris.—
While specific numbers of down trees to leave mfthrest following harvesting cannot
be determined due to the imprecision of the scighae/esting and management
practices should maximize the amount of down teeekcoarse woody debris left in the
forest so that these trees and debris may contisire carbon.

» Leave dash and logging residue behind.—Similar to down trees, dead standing timber,
and coarse woody debris, slash and logging resido&in carbon. They break down
faster into humus, and therefore contribute morbarato the soil carbon store.

e Maintain continuous cover to keep soil temperature low and to keep some litter falling
each year.—Soil temperature is linearly related to microlaativity; thus, maintaining a
lower soil temperature will help to maintain lowates of soil organic carbon
decomposition in the forest, thereby decreasingtheunt of carbon released back into
the atmosphere. Also, litter needs to continuilteeach year to maintain the amount of
carbon that is returning to the soil carbon stooenfthe biotic stores. By maintaining
this continuous carbon cycling, more carbon carticaoa to be stored in the soils of
northern hardwood forests.

Much information is still needed to develop a coat@lunderstanding of how biomass
procurement and management practices affect foaelsbn cycles. Better data related to carbon
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cycles in northern hardwood forests are needethéory different parameters, especially the
effects of stand age, site quality, climate chaage, soil type. However, despite the value of
additional data, the literature, as demonstratexhiannotated bibliography, allows several
conclusions that are strong enough on which to ndekeitive conclusions:

(1) Biomass combustion is not inherently carbon neuséradl many common forest
harvesting practices prevent forest stands froserpsestering the carbon released
following harvest and combustion.

(2) To promote carbon sequestration, passive managesmmperior to active management
practices that include harvesting and biomass ramov

(3) For biomass combustion to be carbon neutral, canemmagement and accounting must
extend to additional lands not associated with éstrand combustion. In other words, to
sequester the carbon released through the combwdtlmomass harvested from one
hectare of forestland over one year, both thataneas well as additional hectares not
associated with the harvest need to be involveddedcurrently accepted carbon
accounting practices, carbon sequestration on tddiional hectares cannot include
baseline (i.e., non-additional) carbon sequestmabat only carbon sequestered as a
result of additional management actions. Thusbfomass combustion to be truly
carbon neutral, re-forestation of cleared landsrastbration of wetlands needs to be a
part of the overall carbon management program.



1. Understanding Carbon

1.1 What is carbon sequestration?

Carbon sequestration refers to the natural andetalie processes through which carbon dioxide
(CO,) is either removed from the atmosphere or diveirgioh emission sources and stored in the
ocean, terrestrial environments, and geologic ftiona (Sundquist et al. 2008; Figure 1).
Oceans, which mainly store carbon in sedimentsdéssblved carbonates, are by far the largest
global carbon store (Figure 2). Terrestrial carbeguestration, hereafter referred to in this paper
as carbon sequestration, is the process througthv@@® is absorbed from the atmosphere
through photosynthesis and stored in biomass afgl so

L i / Uptake by
plants Enhanced gas
Oxidation Phuvtumlthes; \andmils / / exchange \\
20

7 2 -2 ~120 3 ~70 ~10 22
fossil
fuels

Sea-surface
gas exchange

£
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Geolagic formations

CARBON FLUX, IN GIGATONS PER YEAR
—~120 —= Natural — 20 —= Anthropogenic

Figure 1. The global carbon cycle. Fluxes shownaproximate for the period 2000-2005, as
reported by the IPCC (from Sundquist et al. 2008).
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Figure 2. Principal global carbon pools. Soil orgarcarbon (SOC) and soil inorganic carbon
(SIC) are two different forms of carbon that cansb@red in the soil (from Lal 2004a).

1.2 What is carbon storage?

Carbon storage refers to the actual amount of cacbatained in plants, soils, oceans, and other
non-atmospheric stores. Unlike carbon sequestrditanbon storage” does not refer to the
process or rate of carbon uptake from the atmospher

1.3 Whatis a carbon sink?

A carbon “sink” is a non-atmospheric reservoir thlasorbs and stores more carbon than it
releases over a long period of time; examples decpplants, soils, and oceans. Sinks are
sometimes also referred to as carbon stores, @sgror pools, although unlike the term “sink,”
these terms do not specify that the carbon reseabsiorbs more carbon than it releases over an
indefinite period of time. "Sink" is the opposite“source," which refers to a carbon reservoir
that releases more carbon than it takes up ovistea ¢me period.

1.4 Whatis carbon flux?

Carbon flux refers to the net difference in thelatge of carbon atoms in any molecular form
between different reservoirs of carbon. For thegosystem, the flux is the exchange of carbon
between forests and the atmosphere over a spep#igod of time, usually reported as one year.
A positive flux means net carbon is being sequedtéiom the atmosphere into forests; a
negative flux means net carbon is being emitteohffarests (Heath et al. 2003).

1.5 What is biomass?
In ecology, biomass refers to the mass of all gwimatter present in a given area, including all

flora and fauna. It can be measured in a numbesags, including the weight of living tissue or
of dried dead tissue. With respect to energy pement, however, the term biomass is usually
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restricted to the living and recently dead biolagimaterial that can be used for fuel; this
definition generally excludes fauna, but includes trees and woodchips destined for
combustion, such as in Middlebury College’s bionalast. Except when noted, this paper uses
the second definition.

1.6 What is the carbon cycle in a forest?

The carbon cycle in a forest ecosystem is the Bbwarbon between the atmosphere and a series
of carbon pools (Figure 3). The main carbon poola forest ecosystem are:

» Live trees: diameter at breast height at least&5including all coarse roots, stems,
branches, and leaves.

» Standing dead trees: diameter at breast heightiat 2.5 cm, consisting of coarse roots,
stems, and branches.

» Understory vegetation: shrubs, bushes, and saphitggdiameter at breast height less
than 2.5 cm, consisting of roots, stems, branches leaves.

* Down dead wood: dead wood on the ground over 7.t5atrameter, includes stumps
and coarse roots of stumps. Down dead wood iskalewn as coarse woody debris and
large woody debris.

» Forest floor: organic material on the ground, ides fine woody debris less than 7.5 cm
in diameter, fallen leaves and twigs, humus, ane foots.

» Soil organic carbon: below the forest floor layacludes fine roots and all organic
carbon mixed in with the soil (Smith et al. 2004).

The soil organic carbon and live tree carbon petage the majority of the carbon in the forest
ecosystems of New England (NEFA 2002).

Carbon enters the forest carbon cycle when plaits ¢arbon dioxide (Cpfrom the
atmosphere and turn it into biomass (e.g., comgéelon-based molecules such as
carbohydrates) in either the live trees or undeystegetation pools via photosynthesis. The
carbon in the live trees pool is stored as woaalds, or roots. However, plants also release
carbon back into the atmosphere as @®@ough cellular respiration, which is a series of
chemical reactions that converts carbohydratesenteuring photosynthesis back into £43
the plant uses the energy stored in the carbolaalrat

Carbon can flow from the live trees and underst@gyetation pools into the other forest carbon
pools through a variety of mechanisms. First, Wieanes and twigs fall from the trees, they join
the forest floor carbon pool, which refers to tingamic matter at various stages of
decomposition that lies above the soil. Decompasitif the organic matter in the forest floor
pool releases some of the stored carbon back tatthesphere. After undergoing
decomposition, remnant carbon from the organicendtom the forest floor pool becomes
incorporated into the soil and is then considerad @f the soil organic carbon pool. The soils of
a typical forest in Vermont store over 50% of h#& tarbon in the ecosystem.

When large limbs or entire trees die, the carbaotees part of either the standing dead trees or
down dead wood pool. Similar to the forest flobede pools release carbon into the atmosphere
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as wood decomposes. Additionally, remaining carfioom these pools eventually becomes part
of the forest floor and soil organic carbon podlse flow of carbon through the forest
ecosystem is a cycle; carbon is continuously bestgyned to the atmosphere from which it was
sequestered while also being sequestered frontriesphere. In theory, the forest carbon cycle
has the potential to be a closed cycle in whicltabon sequestered from the atmosphere into
the forest would return directly to the atmospHeoen the forest over an extended period of
time, often over hundreds of years.

In the present day, however, the carbon cycleerfahest is rarely closed. Carbon leaves the
forest in a variety of ways, including harvest ofdst products, erosion of soils, and leaching of
carbon from soils. When products such as sawtiraleeremoved from the forest, all of the
carbon stored in them is also removed from thestazarbon cycle. In some cases, the harvested
wood is burned and the carbon is returned to tmesgpphere at a much faster rate than it would
have had it been left to the natural decompospi@mtess of the forest ecosystem. Alternatively,
when harvested wood is used for building or for mgKurniture or similar products, some of

the carbon is released in processing the woodsame of the carbon in the wood is stored for a
long period of time as a long-lived product inste&theing released back into the atmosphere
(Harmon et al. 1996).

Atmospheric carbon

+ = 4

= Photosynthesis :

Standing o §
dead trees . i £ - 1B
+* : =] :ﬁ

- =
A Tree death =

< - 8

f =

i :

Leaf fall :

Figure 3. The forest carbon cycle. The terms wwedaken from Smith et al. 2004.
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1.7 What is carbon neutrality?

Carbon neutrality refers to achieving net zero carbmissions by balancing a measured amount
of carbon released with an equivalent amount séersesor offset. Middlebury College has
committed to achieving carbon neutrality by 2016.

1.8 What are the relationships of carbon sequestrain and carbon storage to carbon
neutrality and carbon credits?

Carbon sequestration is a fundamental componeattoéving carbon neutrality because
without increased carbon sequestration, thereceiitinue to be more carbon released into the
atmosphere than taken out of it.

Current carbon offsets are only granted for "addaiity,” which is management that only
credits carbon sequestration that is above thegthaseline measurements of carbon
emissions. Baseline measurements are dependeme extent of carbon sequestration that
naturally happens for a tract of land. Carbon itsete not awarded for land that is already
forested. Therefore, companies and countries dftento harvesting forests using clear-cutting
practices in order to receive credits for afforestafollowing clear-cutting. The manner in
which current carbon offsets are accounted hasecpuesices; because no credit is currently
given for preserving forestland, the practices #merge from this accounting policy are not
furthering environmentally-friendly efforts towardshieving carbon neutrality through carbon
sequestration.

With the current accounting standards, the measemenf carbon sequestration by any
institution that seeks to achieve carbon neutréitpugh biomass burning, including

Middlebury College, needs to be examined. Theeedsbate for the College’s lands, as well as
lands worldwide, about whether existing forestlahduld count towards carbon credits.
However, can this carbon really be counted towaadsulations of Middlebury College's carbon
neutrality? Why should existing management courseggiestration? These questions all relate
to the issue of the time frame used for measurangan sequestration and whether actions taken
in the past should count towards calculating cadeEquestration in the future and, ultimately,
whether biomass burning is carbon neutral. Anyysislof biomass procurement standards and
its accounting for carbon sequestration must, thezelook closely at the time scales of biomass
harvesting and carbon sequestration.

1.9 Is biomass carbon neutral?

Whether or not burning biomass is carbon neutrpédds on the time frame over which
sequestration and release of carbon are considdaad; people believe that biomass burning is
carbon neutral because it simply returns carbdhaatmosphere from which it was originally
sequestered. Middlebury College's biomass faaiég designed under the assumption that
burning biomass is by definition carbon neutral endonsidered a large step toward the goal of
the college being carbon neutral by 2016 (Middlgltiollege 2007). However, the assumption
that biomass is inherently carbon neutral is paéintmisieading because it does not take into
account the ultimate fate of the carbon releasetthéyacility or how that carbon will contribute
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to future stores of carbon in the atmosphere. &usthis assumption focuses on the source of
carbon in the past and its release in the predgnthis same logic, coal and other fossil fuels
are also carbon neutral because they contain canotecules that, like as for biomass, were
derived from atmospheric G@nd photosynthesis, albeit hundreds of milliongesrs ago.

Even when looking toward the future rather tharugdeg on past sequestration, many people
believe that burning biomass is carbon neutral iieeharvesting biomass is thought to allow
other trees left in the forest to increase themgh, thereby sequestering more carbon (Cote
2010). Harvesting, however, often has damagingtsffen forests’ ability to sequester and store
carbon. Therefore, it cannot be assumed that ab garbon as is released by burning biomass
will be sequestered by the same forest from whiehbiomass was harvested. In fact, available
data indicate that this is rarely the case.

In order for burning biomass to be truly carbontreduthe same amount of carbon being
released by the burning would needs to be seqeésteher on the same land from which the
biomass was harvested, or on other land managegutitaize carbon sequestration above its
baseline rate. There are two approaches that MiddyeCollege could take in an effort to make
its biomass facility carbon neutral. First, procuent standards for biomass chips could require
that land from which wood has been harvested isagedh in a way that ensures that as much
carbon as is released by burning biomass is atpeeséered by the land. Second, the lands the
College owns — both forested and unforested — cmulle managed in such a manner that they
sequester the carbon beyond what they would hayeestered had no additional management
actions been taken. Recommendations for managegretices that may enable carbon
neutrality will be explained throughout this paped summarized in the concluding section.
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2. Why Carbon Sequestration?

2.1 Why should one care about sequestering carbon?

Climate change is one of the most pressing issugeeiworld today. Human activities,
especially the burning of fossil fuels, have causedhcrease in the concentration of carbon
dioxide (CQ) in the atmosphere, which is a large contributczlimate change. It is generally
thought that one way to reduce our #nissions will be to reduce our dependency onlfoss
fuels and use renewable resources like biomasEfiwBonmental Protection Agency 2006).
Carbon sequestration in trees and soil as a méanmimizing atmospheric carbon stores is a
concept that had until recently been undervalueglragans to help prevent global climate
change. It has been shown, however, that forestsails have a large influence on atmospheric
levels of CQ. Furthermore, geologic sequestration and oceamesé@tion are also effective in
CO; storage (Figure 4). However, @@missions from the combustion of fossil fuels are
currently greater than the uptake of atmospherig I8 terrestrial and marine sinks; thus,
greenhouse gases continue to accumulate in thespbrae. Carbon sequestration must therefore
become a vital part of a comprehensive strategffset anthropogenic CCGemissions and
minimize future climate change (Adams and Post 1999

A Modeled U.S. mitigation by 2100 B Estimated LS. sequestration capacity
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Figure 4. Estimated US atmospheric £@itigation requirements and potential sequestratio
capacities (from Sundquist et al. 2008).

The IPCC Assessment Report in 2007 estimated Hratta 00 billion metric tons of carbon over
the next 50 years could be sequestered throughktfor@agement, which would offset 10-20%
of the world’s projected fossil fuel emissions. $aenodels indicate that annual global
emissions during the next century need to be raetloganore than 75% in order to stabilize
atmospheric C@at about 550 parts per million (Sundquist et @0&). For the US, McCarl and
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Schneider (2001) suggest that between 50 and IE6mmetric tons of additional carbon
sequestration per year could be achieved throughgds in agricultural soil and forest
management.

Enhancing the natural processes that removegffo@h the atmosphere is one of the most cost-
effective means of reducing atmospheric levels ©f,@nd also reduces dependency on fossil
fuels.

2.2 Regardless of whether biomass is or isn’t carbaeutral, is it still a better alternative
to fossil fuel?

Yes. In theory, it is a renewable carbon sourcehha the potential to have close to zero net
carbon dioxide emissions. This potential, howedepends upon the strategies used to manage
the forests where biomass is harvested as weltha&s,mon-harvested lands. It results in lower
emissions of methane, sulfate, and hydrocarbombsreqquires no dependence on the importation
of foreign oil. Fossil fuels are considered nonengable resources because their replenishment
rate is low relative to their consumption rate €8erand Watson 2009). Furthermore, biomass is
derived directly from photosynthesis, which hasgb&ential to regenerate biomass at a very
high rate.

Biomass is a renewable energy source derived frgainac matter and includes dead trees,
branches, wood chips, bark, sawdust, livestock memaper products, and many other
resources. Biomass currently generates only alf@¥tdf the primary energy consumed in the
world, although that level is significantly highardeveloping than in developed countries.
Biomass creates about 1/3 the energy than a cobipammount of coal because it is less
energetically efficient in its combustion, althoutis lower efficiency is balanced by its rapid
renewability. doesn’t deplete a non-renewable.fi#dwever, currently only about 3% of the
US power supply comes from biofuels (Berndes anasisian 2007).

Unfortunately, using biomass for energy producttomes with challenges. The infrastructure
for this technology is not abundant and biomassn®ore costly fuel than coal and natural gas
for electric production. Conversely, it has bersefitat coal and natural gas don’t have.
According to Berndes and Hansson (2007), using &ssnmneduces greenhouse gas emissions by
not adding the materials into landfills. Among thailable types of renewable energy, biomass
is unigue in its ability to provide solid, liquidnd gaseous fuels, which can be stored and
transported. The potential source for bioenerdgrge, especially in forest-rich nations, in richer
countries where there is a surplus of agricultlanadl. Hall and Scrase (2003) believe that
biomass has the potential to become a more imgdtahsource in the future but that the
energy systems adopted to use biomass must dertensizar environmental and social benefits
relative to alternatives if the potential is torkalized. The effects of biomass as a fuel could
potentially be detrimental if harvesting resultadiinet loss of carbon or land management
practices decreased the sequestration potentiafrektrial sinks.

According to the Middlebury College Biomass Regdftiddlebury College 2004), beyond 2010,

the fossil fuel factors governing price, supplyd @emand could change dramatically for two
reasons. Firstly, the demand for petroleum is gngveis the supply is diminishing, and secondly,
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the supply will likely be exhausted between 2020 20630. As the depletion of petroleum beings
to drive up oil prices, the world’'s economy wikdily switch rapidly to coal and coal byproducts.
After this occurs, the petroleum reserves will beecexhausted and cost will rise, so a major
realignment of energy suppliers and technologidistalkie place and the shift to renewable
resources will only become more vital. (See MiddigtCollege [2004] for a more detailed
discussion of these points.)

2.3 How much CQ is released through combustion of biomass relativie fuel oil?

The net benefit of using biomass depends on th®oagmission rates of the displaced fossil
fuels (Figure 5). For example, the net emissiomicddn of switching from coal to biomass will
be greater than that of switching from natural {galsiomass, assuming all other factors such as
conversion efficiencies remain unchanged (Waupttiet al. 1999). At Middlebury College, the
goal is to reduce carbon emissions by 12,500 whigh represented an estimated 40% of the
college’s 2006 carbon emissions (Middlebury Coll2§64). This 12,500 tons of G&

calculated by estimating the amount of Number 6 diehat will not be burned if the college
were to use 20,000 tons of woodchips per year -estl@ million gallons. There are 0.01167
tons of CQ equivalents per gallon of Number 6 fuel oil. Tmecant of CQ equivalents in
1,078,000 gallons of burned fuel oil equates t&0Q tons. The report produced by ES 401
(2009) states that burning 20,000 tons of chipsnia year will release 17,000 tons of carbon
dioxide. If Middlebury College is looking at emissas released by the plant itself, the college is
actually adding 4,500 tons of G@bove the fuel baseline. Middlebury’s estimatésfai include
the CQ released by wood chips because “Biomass gasditadicarbon neutral because it
releases the same amount of£&Msorbed by growing plants” (Middlebury Collegé2)

Thus, the College’s calculations of a decreasaiban emissions is expressly based on the
assumption that all of the CO2 released will evaltybe re-sequestered in carbon sinks.

Further, this figure does not take into accountddmdon that is emitted by extracting, harvesting,
processing, or transporting of the fuels, but difficult to claim a large reduction in GO
emissions due to the switch from oil to wood. Ewdren these factors are added, the literature
reviewed suggests that more carbon will be addedtie atmosphere. While biomass will be a
cleaner fuel, the numbers suggest that GAll actually be added to the atmosphere. This
guestion at Middlebury is one that should be suldliether.
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Figure 5. Comparison of bioenergy system and lffissi system (from Waupotitsch et al. 1999
2.4 What standards are already in place to regulatbiomass procurement?

Middlebury College’s Environmental Studies 401 slagFall 2009 did a comprehensive study
of this. For comprehensive discussion of this qoassee the ES 401 (2009).

2.5 What other local organizations should become tier informed about carbon
sequestration?

All organizations that focus to any extent on fteegl management, biomass procurement, or

forest health standards should be as well inforasepossible about the best available science
regarding carbon sequestration. In Vermont, tleeganizations include Vermont Family
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Forests (VFF), Middlebury Area Land Trust (MALT)pGsineau Forest Products, Forest
Stewardship Council (FCS), Sustainable Foresttyalinre (SFI), Burlington Electric
Department (BED), and the Northern Forest LandsnCibu

2.6 What do landowners currently know about carborsequestration?

While many landowners are aware of what terrestaabon sequestration means in theory, they
are less aware of what that means in practiceo8k Phillips, executive director of Middlebury
Area Land Trust explained, “I don’t think anyonalig understands carbon credits...people
don’t have much of a concept of volume or valuearbon sequestration. We live in a place that
is populated by extraordinarily educated peoplésbunany property owners are unaware of
carbon sequestration’s importance” (Phillips 2010).

Phillips believes that if people knew more abowboa sequestration, they would be interested
in promoting it as an additional management godbtAf forest landowners are currently
enrolled in management programs and would be istiedlein adding carbon sequestration in
their management practices if it offered monetay®. “Lots of landowners who are in it for
the conservation purpose as much as they aredantmetary value would certainly be
interested in taking [carbon sequestration] intcoaat” (Phillips 2010). Of the landowners that
were interviewed, all of them knew what carbon &stration was but less than half of them
knew how to put it into practice or why it was innfzmt.

2.7 What are landowners currently doing in terms ofcarbon sequestration?

“Other than the college? | don’t think anybody bknis doing anything” (Phillips 2010).

Phillips believed that there is more practice irtlarel restoration because that is where much of
the money for land management currently is. Them& as much money in forest restoration, so
people are less inclined to plant trees or managsfs if there is not a high monetary value.
Phillips believes there are too many consideratioriake into account, and people can’t
possibly look at sequestration if the data andtemiexplanations aren’t out there. “We are
somewhat directed by what money is available...weordy realistically accomplish those
[tasks] that have resources given to us” (Philip%0). Phillips believes that if there were
incentives for carbon sequestration, landownersldvda a lot more than they are already doing.

Various VFF landowners interviewed expressed tinéérest in carbon sequestration but also
their skepticism about whether it would bring a mtamy income. One landowner explained that
he harvested every five to six years for firewdmat, nothing more than that. When asked if he
would be interested in reading management mateyratsarbon sequestration if they were
available, another landowner/forester replied,u¢gs I'd be interested in seeing them but | have
a hard time with the concept...people may appretietdorest for many reasons and if various
things become law about what we manage, whetlsecatbon sequestration or something else,
it makes things economically difficult...I really doknow” (Personal communication, kept
anonymous by request).
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3. Measuring Carbon

3.1 How are carbon storage and sequestration mea®d on a single plot of land?
3.1.1 Overview

The literature reveals three predominant methodedtbmating carbon sequestration on
forestlands: (1) ecological quantification, (2) e@blogical measurement, and (3) computer
models and simulations. There is potential for gaekhodology to be adopted on Middlebury
College land, although there are advantages aadvhsitages associated with each procedure.
Ecological quantification is simple, direct, inexigséve, and standardized but requires long-term
monitoring for the preparation of reliable sequatstn estimates. Meteorological assessment is
limited by technological investment, advanced stas, and equipment malfunction but
examines carbon flux directly and cross-validatbeioderived sequestration estimates.
Computer models are readily available online amyige sequestration estimates without long-
term monitoring but are limited by low user-friemdiss, high data requirements, and low
resolution/precision. The following section presethiese three methodologies as they would
ideally be performed and proposes a hybrid metloggotiesigned to meet the College’s needs.

3.1.2 Ecological Quantification

Overview—A series of carbon sequestration measuremeneljugs were prepared by Pearson
et al. (2007) as a reference for the developmefdrest carbon inventory and monitoring
systems. The guidelines prescribe techniques b@sedmmonly accepted principles of forest
inventory, soil sampling, and ecological surveyrteasure and monitor terrestrial carbon pools.
Carbon sequestration, under this methodology peesented as the net change in forest carbon
stock over a designated period of time. The follaysteps, according to these authors, are
therefore necessary to produce credible and tramspastimates of forestland carbon
sequestration:

1. Sampling Design — Delineation and stratificatiorpaject area; determination of
number, type, size, shape, and layout of sampls.plo

2. Monitoring Plan — Determination of project durati@md sampling frequency; selection
of the carbon pools to be measured, monitored aaatl/zed.

3. Measurement and Data Analysis — Measurement efgigboveground biomass, living
belowground biomass, dead organic matter, ancsgénic carbon; data analysis.

4. Estimating Net Change and Uncertainty — Calculatibnet change in carbon stock over
a designated time period (carbon sequestratiotguledion of uncertainty.

These guidelines were designed for use by profesksavith a knowledge of sampling,
statistical estimation, and forest measurementwiithit proper instruction these guidelines could
be implemented by students in biology or environtalestudies. Additionally, these guidelines
are consistent with the accounting standards ob®®epartment of Energy 1605(b) voluntary
reporting registry and provide a methodology focutoenting and validating the carbon offset
potential of forest management initiatives. Theeasdility and standardization of this
methodology makes it particularly appropriate fall€ge use.
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Delineation and Stratification of Land AreaDevelopment of the sampling design broadly
requires the delineation of boundaries, the sicatibn of land area, the appropriation of
sampling plots, and the determination of projecaitlan and sampling frequency. The spatial
boundaries of the pertinent land area must belgldafined in order to facilitate accurate
measuring, monitoring, accounting, and verificatibhese boundaries can be identified and
delineated using permanent boundary markers, gldafined topographic descriptions, and/or
spatially explicit digital documentation, e.g., GBSGIS. The collection and collation of

spatially explicit soil, vegetation, and topograptata associated with the delineated land area is
necessary for the division (stratification) of thad area into relatively homogenous units
(strata); these divisions facilitate fieldwork andrease the accuracy and precision of measuring
and monitoring efforts. The necessary datasetscadly available as GIS data layers (e.g.,
STATSGO soil maps, USGS Digital Elevation Model (BE 1992 National Land Cover map)
that can be overlain in a GIS for the identificatmf strata. The key to stratification is to ensure
that measurements are more alike within each strétan in the sample frame as a whole.

Number, Type, Size, and Layout of PletsThe number of sample plots within each stratum is
determined according to the level of precision dedea by the landowner. Sample sizes are
determined for each stratum on the basis of thmat#d variance in the carbon stock within the
stratum and the proportional area of the stratume. iariance in the carbon stock is either
estimated from existing data, such as a forestitorg in a similar area or from preliminary

field measurements within a representative area.méthodology for collecting these
preliminary measurements is described below. Timplsist methodology for calculating the
number of required plots uses the following equatio

2
Is
n—|=
g
In this equationk is the allowable error, calculated by multiplyidgetmean carbon stock by the
desired precision, i.e., mean carbon stock * O0r1L@86 precisiont is the sample statistic from
the t-distribution for the 95-percent confidenceele andsis the standard deviation of the mean
carbon stock. This equation returns the minimum lmemof plots necessary to meet the desired
precision level, but it is generally advisable tiois minimum sample size to be increased by at
least 10% to accommodate for unforeseen circumssafitere are more complicated statistical

analyses available for sample size determinationthe details of these analyses are beyond the
scope of this report, and the reader should ref@etarson et al. (2007) for more information.

Permanent, temporary, and prism sampling plots b#\®en used for the ecological
guantification of carbon sequestration. The treglsima permanent sampling plot are tagged so
as to monitor the growth of survivors, the monadf the initial population, and the growth of
new trees. Permanent sampling plots promote sficcaticuracy, statistical efficiency, and
transparent verification but are vulnerable todbefounding influence of disturbance.
Temporary sampling plots, established once per Bagneffort, are more tolerant of disturbance
and more cost effective but sacrifice precisioa assult of reduced covariance. Prism plots, the
primary alternative to fixed-area sampling plotssess carbon storage by measuring the trees
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close enough to completely fill a predefined sightangle (prism), a technique known as point
sampling. The primary advantage of point samplgtipe speed at which data are collected (i.e.,
no fixed-boundary is involved) but point samplingferentially samples larger trees and this
bias is associated with significant error. It isammended that the College adopt permanent
sampling plots in its carbon monitoring as a mezmaaximizing both precision and
convenience.

Permanent plots locations can be selected randondystematically within a stratum; however,
if some portions of the stratum have a higher cadmntent than others, systematic selection
generally results in greater precision than randetaction. It is therefore prudent to
systematically distribute sample plots accordingrticipated patterns in forest carbon
sequestration. The size and shape of the distdadmple plots also contribute to the accuracy,
precision, and time/cost of forest carbon measunémdthough larger plots require more time
and effort, increasing plot area reduces varighdétween plots, allowing for a smaller sample
size while achieving the same precision level. €hgea strong preference in the literature for
nested fixed-area circular sample plots in theagioll quantification of carbon stocks (Figure
6). A nested plot design increases efficiency audigcy when different sized trees occur in
different densities within the forest. The optimanea for nested plots can be anticipated by
predicting changes in stem density and mean stameder over time or by direct measurements
of proxy stands of a known age. The literature alscourages the subdivision of sample plots
according to the measured carbon pool. For examaftlgugh all trees should be measured
within an entire plot, data on nontree vegetatiitier, and soil only needs to be collected within
smaller subplots.

A
Large plot: Intermediate plot: Small plot:
radius 20 m, radius 14 m, : radius 4 m,
trees > 50 cm d.b.h. trees 20-50 cm d.b.h. trees 520 cm d.b.h.

v

Figure 6. Schematic of nested fixed area circutanple plots with suggested radius and
diameter limits. The radius and diameter limits éacch circular plot would be a function of
local conditions and expected size of the treesugin time (from Pearson et al. 2007).

Measuring and monitoring only the most criticalbzar pools can further reduce data collection
requirements. The identification of critical podispends on several factors, including expected
rate of change, magnitude and direction of the ghaavailability and accuracy of methods used
to quantify change, and cost of measurement. TB&(b§ process includesdg minimis

criterion whereby any emission that is equal ttess than 3 percent of the total need not be
monitored. Moreover, it is generally not cost efifez to monitor pools that are expected to
change by a small amount relative to the over&d of change (e.g., understory herbaceous
vegetation in the case of afforestation). Theséstmts should be made according to the needs
and resources of the user but general guidelireea\ailable for reference (Table 1). The
measurement of above- and belowground living tiemass is generally required for all activity
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types, whereas the necessity of measuring the o#titbon pools varies according to activity
type. It is important for these decisions to be enatsely and the user should refer to Pearson et
al. (2007) for more details.

Table 1. A decision matrix illustrating the impartae of measuring and monitoring carbon pools
within each forest activity type. Y = Yes: the a@im this pool is likely to change and the
change should be monitored; N = No: the changdis pool will be small to none and it not
necessary to monitor this pool; M = Maybe: the cfpaimn the pool might require measurement
depending on forest type and/or management inge(fsitm Pearson et al. 2007).

Living biomass SR ST

matter
Above-ground Above-ground Below- Forest Dead Wood
Activity trea nontree ground floor wood Soil products®
Afforestation Y1 M2 ¥a M4 M5 Y6 M
Forest Y1 M2 Y3 M4 M3 Y& N
restoration
Forest Y1 N Y3 M4 ¥5 N Y
management
Agroforestry Y1 M2 Y3 M4 N Y6 M
Short-rotation Y1 N Y3 M4 N Y6 Y
biomass
energy
plantations
Mine-land Y1 M2 Y3 M4 M3 Y6 M
reclamation
Forest Y1 M2 Y3 M4 M5 Me Y
preservation

Duration and Frequency of Monitorirg The frequency of monitoring is directly relatedthe
rate and magnitude of the expected change. Thenhes a cost-benefit analysis so that the
frequency of monitoring should be determined byrttagnitude of the expected change; for
example, it is unnecessary and cost-ineffectiviestguently monitor forests with slow rates of
change. The literature suggests a sampling frequain@pproximately 5 years assuming average
forest process dynamics. For carbon pools thabresmore slowly, such as soil, even longer
periods can be used — perhaps 20 years betweetirsguenents. The frequency of monitoring
should thus be defined in accordance with theohtthange of the carbon stock and with
appropriate consideration of disturbance risk. &tiects of natural disturbances cannot be
captured with widely spaced monitoring intervaleepotential for disturbance must therefore
be considered when determining the frequency ofitoiong.

Measurement of Living Aboveground Biomassl'he carbon stocks of trees are estimated most
accurately and precisely by direct methods suchfadd inventory, where all the trees above a
minimum diameter are measured within a sample ploe. suggested minimum diameter differs
amongst community types but a dbb cm is the recommended benchmark for the northern
hardwood forests. Biomass and carbon stock anmastd from the application of appropriate
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allometric equations to these tree measurementsn&s equations are often reported for
individual species or groups of species, but teedture is still incomplete for all US tree
species; however, recent analyses have showndhatiens based on multi-species groups work
well for US forests (Schroeder et al. 1997; Jenkinal. 2004). Jenkins et al. (2004) compiled all
available diameter-based allometric regression tempusafor estimating total aboveground and
component biomass. More than 1700 biomass equatieresassembled for more than 100
species from 177 sources. The generalized equatitarsy of which are applicable to

Middlebury College lands, are shown in Table 2 belo

Table 2. Parameters and equations for estimatingl @mboveground biomass for hardwood and
softwood species grouped into ten classes. Theaersa equation is of the form y = ¥+ (1
In(x)] where y is the total aboveground biomasy) fer trees 2.5 cm and larger in dbh and x is
the dbh (from Pearson et al. 2007).

Parameter

Data Max®
Species group B, B, pc:tintsb d.b.h. RMSE® R?
cm log units

Hardwood
Aspen/alder/ -2.2094 2.3867 230 70 0.507441 0.953
Cottonwood/ willow
Soft maple/birch -1.9123 2.3651 316 66 0.491685 0.958
Mixed hardwood -2.4800 2.4835 289 56 0.360458 0.980
Hard maplefoak/ -2.0127 2.4342 485 73 0.236483 0.988
Hickary/ beech

Softwood
Cedar/larch -2.0336 2.2592 196 250 0.294574 0.981
Douglas-fir -2.2304 2.4435 165 210 0.218712 0.992
True firfhemlock -2.5384 2.4814 395 230 0.182329 0.992
Pine -2.5356 2.4349 331 180 0.253781 0.987
Spruce -2.0773 2.3323 212 250 0.250424 0.988

Woodland®
Juniper/oak/mesquite -0.7152 1.7029 61 78 0.384331 0.938

The carbon stock of nontree vegetation can be mea@diy simple harvesting techniques in
small subplots (about two per tree plot are reconted) for each sample plot. The herbaceous
plants within a 0.25 fiframe are removed to ground level, pooled by fajive a composite
sample, oven-dried, and weighed. This harvest ndeflogy is not always practical with large
under understory shrubs so an alternative appnsaohdevelop biomass regression equations
for local shrubs based on variables such as croeaand height, diameter at base of plant, or
number of stems on a multi-stemmed shrub; howelisrapproach is ambitious and may not be
practical for the average inventory.

Measurement of Belowground BiomassThe measurement of belowground biomass (coarse
and fine roots) is time consuming, laborious, aftdrodestructive — it is simply more efficient to
apply a regression model to estimate belowgrouachass (living and dead) as a function of
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above ground biomass. The following regression rhoake be used to estimate belowground
biomass in the temperate region:

- *
BGB = e1.0587 +0.8836 * In(AGB) + 0.2840

WhereBGB = belowground biomass density in tons per hectdra) andABG = aboveground
biomass density (t/ha). The correct use of thisagqo is important when calculating the

increase in carbon in belowground biomass. Forgdggees in permanent plots, it is not

possible to simply calculate the total abovegrobiotnass at Time 1 and Time 2, apply the
equations, and then divide by the number of y&drs approach does not account for ingrowth
or mortality of trees. Instead, change in belowgbiomass carbon stocks should be calculated
by the following method:

1. Calculate aboveground biomassrate 1using allometric equations and appropriate
expansion factors.

2. Calculate increment of biomass accumulation abowergl betweeffime landTime 2
and add td'ime 1to estimate the biomass stocklane 2

3. Apply the appropriate equation to estimate belowgtbiomass at each time interval.

4. Calculate the annual change in stock of biomassabgtound agTime 2 Belowground -
Time 1 Belowground) / Number of Years)

Measurement of Dead Organic MatteiThe measurement of the carbon stock of dead argan
matter requires an examination of the forest floegd down wood, and dead standing wood.
The forest floor is sampled using simple harvestiapniques within 0.25 frsubplots within

the larger permanent plot. All live vegetation fréime sample area is removed carefully with a
pair of clippers and the entire volume (surfacetayp mineral soil layer) of the underlying forest
floor is removed from the sampling frame. All litt®ithin the sample frame is collected and
pooled with the other sample. A well-mixed subsamglused to determine oven-dry-to-wet
mass ratios to convert the total wet mass to ovgmadss. The biomass per unit area can then be
calculated from the equation:

(forest-floor oven-dry weight (g) / sampling fraamea (cnf)) * 100

Where multiplying by 100 converts the units to tpes hectare and multiplying by an additional
0.5 gives the amount of carbon (t/ha).

A time-efficient method for sampling down dead wasdhe line-intersect method. A 100-m
transect line is run through the center of the pfad the diameters of all the downed debris
intersecting the line are measured for diameterdmmsity class (sound, intermediate, and
rotten). The volume of wood per unit area is calted for each density class as:

Volume (niYha) =z * [(d1? + d2°.......drf) / 8L]
In this equationgl, d2, dn = diameter (cm) of each of timpieces intersecting the line, abd

the length of the line. The common methodologydetermining density in the field is to strike
the wood with a strong sharp blade. If the bladenoes off, it is sound, if it enters slightly, st i
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intermediate, and if the wood falls apart, it ifen. Samples of dead wood in each class are
collected to determine density. The mass of thel dezod is then calculated as the product of
the volume per density class and the wood densitthft class.

Standing dead wood can be measured as part atihg tree inventory but a different series of
measurement and observations must be recordeéxgoiple, if the standing dead tree contains
branches and twigs and resembles a live tree (ekmeleaves), this observation should be
indicated in the field notes. The amount of biomzas then be estimated using the appropriate
biomass regression equation with a slight subtactround 2-3%, for the missing leaves.
Similarly, a dead tree exhibiting only a few braesimust be classified in proportion to its
original size so adequate reductions in biomasdeagstimated. The volume of a standing dead
tree with no branches can be estimated from measunts of the basal diameter and height as
well as an estimate of its top diameter. The biedsll standing dead trees must also be
reduced according to the observed density clasg tise same calculations described in the
passage above.

Measurement of Soil Organic CarbenAlhe measurement of soil carbon stock requires the
examination of soil depth, soil bulk density, and srganic carbon concentration within both
the mineral and organic soil layers. A detailedcdgsion of the methodology used to assess
forest soil carbon stock is found in Lal et al.@2Dpand Robertson et al. (1999). The general
methodology requires the clearing of the forestrflim expose the soil layer and coring of the
soil layer to maximum depth. The soil depth is chted from identification and measurement
of soil layers within the core. The bulk densityletermined by calculating the oven-dry weight
of a known volume of sampled soil. The soil carlboncentration can be determined via direct
assessment using the dry combustion method (Amatiatr 2003), the dichromate oxidation
method (Nelson and Sommers 1996), or the pressailoeneter method (Sherrod et al. 2002).
The details of these three methods are beyondctief this report but interested readers
should refer to the cited literature. Following tadculation of these three variables, the amount
of carbon per unit area can be calculated usindotlle@ving formula:

C (t/ha) = [(soil bulk density (g/cm3) * soil deptom) * % C] * 100

In this equation, %C must be expressed as a de&iatdion; for example, 2.2% C is expressed
as 0.022.

3.1.3 Meteorological Measurement

The meteorological measurement of annual foresiorastorage monitors changes in carbon
fluxes above the forest canopy and provides amgiated measure of net ecosystem carbon
uptake or loss that represents the sum of indiVidaidon fluxes occurring within the

ecosystem. The cumulative net exchange of carbtveba forest and atmosphere over one year
is the meteorological estimate of annual foredb@arstorage and should, on principle, be
identical to an annual carbon storage estimategpeejby an ecological quantification in the
same forested area. Meteorological methods fomestig annual forest carbon storage require
continuous, high-frequency (10 per second) measemesof three-dimensional wind speed and
CO, concentrations above the forest canopy using i& smemometer and infrared gas analyzer
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respectively (Gough et al. 2008). The eddy-covaeastatistical method is generally the
preferred method of estimating forest carbon fluxes wind and C@data although the details
of this statistical method are beyond the scopaisfreport (Gough et al. 2008; Baldocchi 2003;
Schmid et al. 2003).

The height placement of these instruments detesrimesize of the area contributing to the
monitored carbon fluxes — a range anywhere fronerséWectares to many square kilometers.
The area of monitored forest, known as the carhonfbotprint, also varies with weather
conditions as wind speed affects the distance t€els before being sampled by instruments
on the meteorological tower. Additionally, harshatieer conditions, especially heavy rain and
wind, cause gaps in the otherwise continuous measents of wind speed and €0
concentrations. These conditions compromise tlegiity of the gathered data as data gaps must
be filled through carbon flux simulations (Hollimgend Richardson 2005). The spatial
heterogeneity of the carbon flux footprint may ab&oa substantial source of uncertainty when
meteorological methods are applied to patchy laaqolss encompassing different plant functional
and structural types (Oren et al. 2006). Similathg measurement of carbon fluxes over
complex terrain is unreliable because @an enter and exit these systems below the forest
canopy where the instruments are placed. Althoaghan fluxes are measured with high
uncertainty, close long-term agreement betweerogoxd! and meteorological estimates of
annual carbon storage provides important crosslatiin of these independently derived
estimates.

3.1.4 Computer Models and Simulations

Overview—The carbon storage and sequestration potenfifdsestlands can be estimated
according to several different mathematical modBhese models are readily available online
and provide carbon sequestration estimates witloogtterm modeling; however, mathematical
models are often limited by low user-friendlindsigth data requirements, and low
resolution/precision. The methodology and applidgtof the following models are discussed in
the passages below:

1. Carbon Density Model (Heath et al. 2003).

2. Site Index and Stand Age Model (Gough et al. 2008).
3. CO2FIX Model (Masera et al. 2003).

4. Other Carbon Models (COLE, FIA, CCT, VFS).

Although these models vary widely in complexity apecificity, they all provide a useful
estimation of local to regional forest carbon sgerand sequestration. The accuracy of these
estimates increases with the resolution and coempdsts of the inputted data, but informative
predictive ranges can be constructed from evenduoilatasets. There is potential for each of
these models to inform College forest managemditypand the disadvantages and advantages
of each are discussed below.

Carbon Density Model-The simplest methodology for estimating carbamagie in forestlands
uses the carbon densities of the major easterstfoyges to generate regional carbon storage
estimates (Heath et al. 2003). This model suggdkatghe carbon storage potential of a uniform
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forest is the product of the associated carbonityeaisd forest acreage as shown in the
following equation:

Carbon Store (ton) = Carbon Density (ton/hectardjdrest Area (hectare)

The carbon storage potential of a mixed forest delkrefore be the sum of the carbon stores of
the contributing forest types as shown in the feitgy equation:

Carbon Store = (Carbon Density)* (Forest Area)

The carbon densities of the primary northern hambWiorest types — maple-beech-birch, oak-
hickory, spruce-fir, and white-red-jack pine — egported in Heath et al. (2003) as the sum of
the carbon densities of the living biomass, deadbasss, and soil organic matter within each
forest community (Table 3). The ideal applicatidriiis methodology requires spatially explicit
forest type data combined with the appropriate @adiensity values, but these data are often
unavailable. The classification of forestland asif®yous, deciduous, or mixed, a feasible
achievement given the widespread availability aadmn land cover/land use (LULC), allows for
rough calculations of carbon storage potential d8rgning best-fit carbon densities to these
forest types. We used this methodology for MiddigtiDollege land, described in greater detalil
below.

Table 3. The carbon densities (t/ha) within thendtag biomass, dead biomass, and soil organic
matter in each of the major eastern forest types{fHeath et al. 2003).

Cin Cin Dead Soil Organic C Forest
Biomass Mass® {(1-m depth)® Total Forest C Area
Forest Type (t/ha) (t/ha) (t/ha) (tha) (thousand ha)

White-red-jack pine 727 26.0 196.1 294.8 4795
Spruce-fir 52.9 53.9 192.9 299.8 7079
Longleaf-slash pine 43.6 19.1 136.3 198.0 5351
Loblolly-shortleaf pine 50.4 21.3 91.7 163.4 21,293
Oak-pine 56.9 26.5 82.3 165.7 13,766
Qak-hickory 73.1 22,6 85.0 180.6 52,972
Qak-gum-cypress 81.1 26.5 152.2 259.7 12,256
Elm-ash-cottonwood 61.5 37.9 118.1 217.6 5498
Maple-beech-birch 77.6 43.3 139.5 260.4 22,694
Aspen-birch 51.3 21.1 237.0 309.3 7278
Other forest types 1.8 29 99.6 104.4 1953
Nonstocked 3.1 51 99.6 107.9 2074
All eastern types 64.7 27.4 117.4 209.5 157,008

# Dead mass includes standing dead trees, down dead trees, and forest floor.
 Soil includes both mineral soil and organic soils (i.e., Histosols).

Site Index and Stage Age ModelThere are several different methodologies fanesing the
carbon sequestration potential of forestland +aadfjing in simplicity, practicality, and accuracy.
The simplest methodology utilizes a predictive middeevaluating forest carbon sequestration
potential based on successional status (forestaagkintegrated site productivity (site index)

29



(Figure 7; Gough et al. 2008). The model, develogikin the aspen-dominated forests of
northern Michigan, uses the following equationacalate annual forest carbon storage:

Annual Carbon Storage (t/yr) = 0.4336 #@43" [In(Stand Age) * (Site Index]l Areg (ha)

Site index and stand age are routinely measurddrbgters and regional data is available from
the USDA Forest Inventory and Analysis Program (FKthough the FIA site index and stand
age data is reliable on the regional scale, fietdhsnrement of site index and stand age yield
better estimates of local carbon sequestration.

Landscape forest Area weighted Regional forest C
age (x,) and site annual C storage (;)) iqucqtration
index (x.) (FIA) (Eqn. 1, FIA) i )

3 ]4“* | X L v
x; | —y ) = 0.4336% "N freq,

x; | — = 0.4336% "N greq, ‘Zyu’

x, | — = 0.4336 % "INV greq,

Figure 7. A predictive model for evaluating thedsircarbon sequestration potential based on
successional status (forest age) and integratedpsibductivity (site index) within the aspen
dominated forests of northern Michigan (Gough e2808).

Site index, a measurement commonly used to dessitd@roductivity, is the average height of
the dominant and codominant trees of a base a¢pnvatforest site. The heights and ages of the
dominant and codominant trees within a forestagitecollected using a clinometer and
increment borer respectively. These values areatigalong the appropriate species-specific site
index curve for the determination of the site indalue. The forest stand age is determined
either from knowledge of forest growth history oyrh a reconstruction of age class distribution
via tree coring and ring counting. The equatiorcaiated by Gough et al. (2008) based on the
aspen-dominated forests of Michigan is not appleat the northern hardwood forest; however,
the development of an applicable equation is orhtitezon and measurements of site index and
stand age on College lands should be made in @&marfor its release (Christopher Gough,
Virginia Commonwealth University, personal commuation, 21 January 2010).

COZ2FIX Model—The CO2FIX Model, a user-friendly tool for dynamiiy estimating the

carbon sequestration potential of forest managenagnoforestry, and afforestation projects, has
received significant attention in the literatureg®éra et al. 2003). CO2FIX is a multi-cohort
ecosystem-level model based on carbon accountifgredt stands, including forest biomass,
soils, and products. Carbon stored in living biosnasestimated with a forest cohort model that
allows for competition, natural mortality, loggirgnd mortality due to logging damage. Soil
carbon is modeled using five stock pools, thrediftar and two for humus. The dynamics of
carbon stored in wood products is simulated wisieteof pools for short-, medium- and long-
lived products and considers processing efficieneyse of by-products, recycling, and disposal
forms. Additionally, the CO2FIX V.2 model can essita total carbon balance of alternative
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management regimes in both even- and uneven-agest$pand thus has a wide applicability
for both temperate and tropical conditions. Theggephical and managerial flexibility of the
model encourages its application to Middlebury €gdl lands and management plans. More
investigation is necessary to determine the dapairements but the model uniquely offers the
ability to experiment with management plans to nmazeé forest carbon sequestration.

Other Carbon Models-There are a number of other carbon models aveaitafine that are
designed for a regional examination of carbon gg@nd sequestration. The Carbon OnLine
Estimator (COLE), for instance, is an online toséd to generate carbon estimates based on
forest inventory data for any area of the counliryhe way to the county level. The model
estimates carbon “growth and yield” curves exgldior 1605(b) greenhouse gas reporting,
thereby demonstrating its importance as a veriboaiol in both present and future calculations
of carbon storage and sequestration potential USi&orest Carbon Calculation Tool (CCT),
the predecessor to COLE, uses publicly available dallected by the USDA Forest Service’s
Forest Inventory and Analysis Program (FIA) to gate state-level annualized estimate of
carbon stocks on forestland based on FORCARB2 a&iins A carbon reporting function has
recently been integrated into the Forest Vegetaiomulator to examine the carbon impacts of
any simulated management, including prescribedthianing, or salvage logging. The model
tracks above- and belowground live tree biomassyeband belowground dead tree biomass,
down dead wood, forest floor, and herbs and shusbey calculation methods consistent with
US carbon accounting rules and guidelines. Thedt@ervice has also published an economic
model to help foresters, managers, and projectldeeework with private forest landowners to
assess the economic profitability of participatimgarbon markets. This model, known as CVal,
provides a discounted cash flow analysis basedfal @accounting of variables, including tract
size, carbon sequestration rate, carbon priceearaiment and trading costs. The model was
developed to evaluate managed forest and affor@sgattojects traded on the Chicago Climate
Exchange, but its methodology could be adaptedttwer trading programs. A number of other
models readily available online are listed belowl{[E 4). There is potential for all these models
to verify and validate estimates of carbon sega@str on College land and to inform new forest
management policy.
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Table 4. The address, organization, and purposeadily available online carbon storage and

sequestration models (from Pearson et al. 2007).

sevirpal

resources planning act

Internet site: Organization Relevant content
http:/ffia.fs.fed.us/ USDA Forest Service Forest statistics of the U.S.
Forest Inventory and Forest statistics by state
Analysis Sample plot and tree data
Forest inventory methods and
basic definitions
http:!fwww. fhm. fs.fed.us/ USDA Forest Service Forest health status
Forest Health Monitoring | Regional data on soils, dead
wood stocks
Forest health monitoring methods
http:llwww.usda.goviocelglobal_ | USDA Greenhouse Gas State-by-state forest carbon
change/gg_inventory.htm Inventory estimates
http:!fwww . fs.fed.us/nef USDA Forest Service, LS. | On-line carbon estimation
durham/4104/index.shtml carbon budget project Forest carbon estimation
methods
U.5. and regional forest carbon
statistics
http:lfhwww. fs fed.us/pnw/ USDA Forest Service Timber resource statistics and

projections

http:funfece.int/
http:lfwww.ipce.ch/

United Nations Framework
Convention an Climate
Change and IPCC

International guidance on carbon
accounting and estimation

http:fwww.owri.orgl

World Resources Institute

Greenhouse gas mitigation
projects

Accounting, measuring, and
reporting procedures

http:/fnature.orglinitiatives/ The Nature Conservancy Greenhouse gas mitigation
climatechange/ projects
Accounting and reporting
procedures
http:/fwww.winrock.org/ Winrock International Greenhouse gas mitigation
Ecosystems/ projects

Developments in baseline and
leakage analyses

Accounting, measuring, and
reporting procedures

32




3.1.5 Recommendations

There is potential for each of these methodologidse applied on Middlebury College lands but
the most accurate estimates of forest carbon segties are likely to be calculated through
direct field measurement. We therefore recommetiaithe College establish a long-term
ecological quantification program for monitoring ¢arbon stock. This methodology, while
notably labor intensive, can be implemented cheaptieasily. There are few technological or
methodological expenses and there is potentiagtiatents to collect the majority of the data —
either from classwork or from a paid position. Haenpling design and data analysis could
easily be performed by the faculty or by a classenrirect faculty supervision. The preparation
of robust predictions requires long-term measurénadten on the order of ten years, but initial
measurements will still be informative. Additionalthe long-term commitment of the College
to carbon management demands the establishmenoogderm program. The application of
the meteorological method on a few representatives jor validation and verification of the
ecological quantification estimates would also bersmously helpful.

Furthermore, the collection of spatially explicétd on stand age and site index on College lands
will allow cross-validation using the Gough et@008) model and will prepare the College for
the coming of an annual carbon storage model spdcithe northern hardwood forest. Finally,
the computer models discussed above can all betasedidate the estimates of the other
methods. A deeper investigation of the CO2FIX madeild prove extraordinarily useful given

its successful application in other forest commutypes. This model allows for

experimentation with different management practar@es has enormous potential to inform
carbon management policy on Middlebury College $and

3.2 How much carbon is currently being stored on dlege forestlands?

At present it is impossible to calculate the exambunt of carbon that is currently being stored
on Middlebury College forestland. While a subsw@rimount of information exists in terms of
land use and land cover on college lands, thigmdédion is not specific enough to allow for
precise calculations. For example, the college do¢save information on age-structure or tree
density on its forestland. In addition, existingiature only describes carbon density in broad
forest types, like spruce-fir or maple-beech-birid not on a site specific basis.

The information that is currently available is guifeneralized, but it can be used to estimate the
total carbon storage on Middlebury College forestta We calculated the total hectares of
deciduous, coniferous, and mixed forests types ®ithting GIS data (Figures 8 and 9) and used
in conjunction with forest carbon density data giwe Heath et al. (2003). Heath et al. (2003)
classify 13 different forest types (e.g., white-fadk pine, spruce-fir) and include both the
carbon densities (tons per hectare, or t/ha) fonnke entire forest ecosystem and the amount
contained specifically in biomass, dead mass, aild s

None of the forest types listed in Heath et alO@Care identical to the college’s forests.

Professor Marc Lapin (Program in Environmental &sidMiddlebury College) suggests that the
following assumptions can be made:
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» Coniferous forests below 1000 feet (304.8 metews)d be best described as “White-
red-jack pine.”

» Coniferous forests above 1000 feet (304.8 metarsld be best described as “Spruce-
fir.”

» Deciduous forests at any elevation could be testribed as predominantly “Maple-
beech-birch” with some limited amount of “oak-hickd

3 EE IRt - o L Fuc s_; A Ao ) . i
|:| Cther - Evergreen - Forested Vetland
- Deciduous - Mixed |:| Micdlebury College Land

Figure 8. The distribution of forest types on laawined by Middlebury College in Middlebury,
Vermont.
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Figure 9. The distribution of forest types on lawined by Middlebury College in Ripton,
Vermont.

Using different combinations of forest types, wigkated a range of estimates for the amount
of carbon we believe is being stored on the colefprestlands. We multiplied the total forest
carbon figures from Heath et al. (2003) by theltbé&tares of each forest type and found that,
based on our best estimates, between 322,923 dnti285tons of carbon are currently stored on
Middlebury College forestland. Clearly, this rang@n estimate and the figures could increase
or decrease as variables like forest age structuseil type change. In addition, this estimate is
simply an approximation in the sense that the tdygees presented in Heath et al. (2003) do not
perfectly match all of the forest types on MiddlgbGollege lands.

The upper range of the estimate was calculategssynaing that all coniferous forest was
spruce-fir, all deciduous was maple-beech-bircl,the mixed forest was an average of the total
carbon storage of both spruce-fir and maple-be@dh-brhis scenario assumes that all
deciduous forests are maple-beech-birch. In readyne of the college’s deciduous forests
could be more appropriately characterized as oekshy, which stores significantly less carbon
than maple-beech-birch forests (Table 5).
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Table 5. High estimate of total carbon stored omdiebury College forestland.

Forest Type Forest Total Forest Total Hectares on
Classification Carbon Storage college lands
(t'ha)

Deciduous Maple-beech-birch 260.4 726

Coniferous Spruce-fir 299.8 261

Mixed Average of maple- 280.1 310
beech-birch and
spruce-fir

Our low estimate was calculated by assuming thi#gm forestlands contain some oak-hickory
(Table 6). Professor Matt Landis (Department ofl@yy, Middlebury College) estimated that
the college’s deciduous forests were roughly 20-4@%shickory. Thus, the low-range estimate
was calculated assuming that the college’s decislfanests were 40% oak-hickory and 60%
maple-beech-birch. All coniferous forest was coesd to be white-red-jack pine, which has a

slightly lower carbon storage capacity than sprircéak-hickory and white-red-jack pine
figures were averaged to estimate carbon storagamal for the mixed forest.
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Table 6. Low estimate of total carbon stored ondibury College forestland.

Forest Type Forest Total Forest Total Hectares on
Classification Carbon Storage college lands
(t'ha)

Deciduous 40% oak-hickory 180.6 290.4
60% maple-beech- 260.4 435.6
birch

Coniferous White-red-jack pine 294.8 261

Mixed Average of oak- 237.7 310
hickory and white-
red-jack pine

It is important to note that this range was cal®déased purely on the college’s folasd.

Much of the college’s land is agricultural landvegtland, both of which are important for the
college’s overall carbon budget but are currentlyassociated with discussions of biomass
procurement apart from the potential that the gellmay in the future convert some of its
agricultural land into willow plantations. Our estite does not take into account carbon stored
on forested wetlands or agricultural land becawsther of these land-use types could be
harvested for biomass. The college does own 14thtescof forested wetland but information
that would allow us to model carbon storage inelregions is unavailable. However, it is
important to note that of the 141 hectares of fecksvetland, roughly 36 hectares contain
histosol soils, which store approximately 10 timasre carbon than other soil types found in the
region (Lal 2004a; Peter Ryan, Middlebury Collggersonal communication).

Data presented by Lal (2004a) indicate that hissosantain 1170 tons of organic carbon per
hectare, more than any other soil types. Othertgods around Middlebury store less than 200
tons per hectare. Most of the agricultural landhaChamplain Valley are alfisols, which store
only 125 tons per hectare and most of the soiteénGreen Mountains are spodosols, which
store only 191 tons per hectare (Lal 2004a). Tifisrmation allows us to estimate that 42,120
tons of carbon are stored within the 36 hectardgstbsol soils on college lands (36 hectares of
histosol soil * 1170 tons of carbon per hectard&jsestimate ignores carbon that could be stored
in biomass. This estimate does, however, illustitegamportance of histosols in terms of carbon
storage on Middlebury College lands.

The estimated range provides a rough approximatidvow much carbon is currently stored on
Middlebury College’s forestland. Such an estimata prerequisite for estimating carbon
sequestration, since all such methods define s&qties as “change in carbon storage.”
Further, an understanding of carbon sequestratia@otiege forestlands is critical to an
appreciation of how important it is that carbonugsjration be understood on non-college lands
from which biomass is harvested. If college fdeegis have the potential to sequester all of the
CO, emitted from combustion of wood chips at the @#leegardless of where the chips come
from, then the college could potential develop @ahméology for monitoring its progress toward
achieving carbon neutrality without attention tormllege lands. On the other hand, if college
lands are not able to sequester the EQitted from its biomass plant, then carbon meimtp

on those lands is essential.
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3.3 Isthere potential for Middlebury’s forestland to sequester the carbon released by the
biomass plant?

Currently, it is unclear whether or not there isgmbial for the college’s forestland to sequester
as much carbon as is released by the biomasgayasaich year. It is unclear because it is not
known (a) how much carbon the facility releaseaear, or (b) how much carbon is being
sequestered annually on college lands. Furthermorejechanisms are in place to correct these
deficiencies. However, rough estimates can be rfadmth the amount of carbon emitted
annually from the biomass facility and the amourtarbon sequestered annually on college
forestlands.

Jack Byrne (Director of Sustainability Coordinatididdlebury College) has made rough initial
estimates of carbon emissions from the biomasstfalsased on data from the 2008-2009
academic year.

Between January and June 2009, during the inttal-sap phase of the biomass facility, the
college burned 3883 tons of woodchips (Jack Bypeesonal communication). Assuming that
the average carbon content of the woodchips was B@¥e used the following information to
calculate the amount of carbon released betwearadgand June 2009: Amount of woodchips
(3883 tons); Carbon fraction (by weight) of the wahips (0.5); Conversion factor for carbon
dioxide to carbon (44/12); and Conversion facterdampleteness of combustion (1, which
assumes complete combustion of woodchips).

Using data from Jack Byrne, this results in théofeing estimate of carbon released between
January and June 2009:

3883 * 0.50 * (44/12) * 1 = 7119 tons

Clearly, the 3883 tons of woodchips used in theaiqo are a drastic underestimate of the
amount of chips that the college would use overcthese of an entire year. The figure does not
include woodchips that would be burned between dnty December and it was gathered during
the first months of the facilities use when thenplaas still being tested and the engineers were
still learning how to operate it most efficientlyg. addition, equipment failures kept the plant
offline for longer than the regularly scheduled mi@nance periods, leading to a further
reduction in the amount of woodchips burned.

Thus, to say that the biomass plant will emit rduygti19 tons of carbon each year is a gross
underestimate. In order to find a more reasonabled it is necessary to determine how many
tons of biomass the college expects to burn eaahwien the facility is no longer in the testing
phase but is functioning at full capacity. Accoglio the Middlebury College biomass website,
the best estimate is 20,000 tons of woodchips. Bgoke indicates that it is unlikely the college
will reach 20,000 tons this year largely becausexténded maintenance periods during which
the plant was not functioning. However, our curteest estimate is that, when the plant is
running at full capacity, the college will burn ara 20,000 tons of woodchips.

Thus, a more realistic estimate of carbon emisggins
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20,000 * 0.50 * (44/12) * 1 = 36,667 tons of carbon

To calculate a rough estimate of the amount of@adztively sequestered each year by
Middlebury College forestland, we utilized an egoatdeveloped by Gough et al. (2008) to
measure carbon sequestration in the aspen domifoeiestis of Michigan. The following
information was used in the equation:

» forest stand age
» forest site index
» area of forest type

Annual Carbon Storage in tons (net change in casbmck over a year) is calculated as:

0.4436 * é0.143 * In(stand age) * site indey] area

The college currently does not have plots from Wheccollect the necessary data; therefore,
Mark Lapin provided estimates for stand age andiddBwyne provided estimates for site index.
The information presented in Table 7 was used lmutae the annual carbon storage (tons/year)
for the college’s deciduous, coniferous, and mifaedstland.

Table 7. Annual carbon storage for Middlebury Cg#dorestland.

Forest Type| MC Land Stand Age | Site Index Annual C Total
Area (ha) (yr) Storage per| Annual C
Hectare Storage

(t/halyear) (t/yr)
Deciduous 725 70 50 9.04 6556.50
Coniferous 261 70 40 4.93 1285.66
Mixed 309 70 45 6.67 2062.38
Total 1295 70 NA NA 9904.54

Based on the equation used, we estimate that MiddfeCollege’s forestland will sequester
approximately 9905 tons of carbon annually. We ekfigt this is an overestimate of annual
carbon storage as the coefficient used (0.443@crding to Mr. Gough, specific to the aspen
forests of Northern Michigan. Aspen grows substdiytimore quickly than the maple-beech-
birch forests of Vermont and this rapid growth emtes their ability to sequester carbon (Gough
et al. 2008). Thus, we expect that the coefficifenVermont forests would be much lower,
thereby decreasing our estimate. In addition, lost@nd ages and site indices result in a lower
carbon storage value and the stand ages and ditesnwe used are both likely overestimates.

Based on our estimates of both the biomass fdsitgnual carbon emissions and the ability of
the college forestland ability to sequester carlitds,clear that the college forestland is not
sequestering nearly as much carbon as is projegtelde emitted by the plant. Even though this
is only a rough estimate, the likelihood that a engpecific estimate of sequestration is even
lower does not bode well for our assumption thatliftomass plant is carbon neutral. Such an
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assumption clearly depends on carbon sequestratidine non-college lands from which the
biomass is obtained, discussed in greater det#ildrieS 401 Fall 2009 report.
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4. Managing Carbon
4.1 What type of forest community sequesters the rsbcarbon?

For cold temperate environments similar to thedty@ear Middlebury, Vermont, the type of
forest that sequesters the most carbon is maplehHgech forest. This is based on the total
forest carbon (t/ha) in the four main types of herh hardwood forests: maple-beech-birch
forest, northern hardwoods talus woodland, hemfoost, and floodplain forest (Klyza and
Trombulak 1999). These carbon densities are basedloulations in forests of the eastern
United States in 1997, on timberland only (Heathle2003).

For analyzing types of forests, one can dividedta@to mixed stands and single-species stands,
and old, new, and mixed-age forests. Forest contesrof mixed-species and mixed-age are
believed to be the best overall for carbon seqgatstr. There may be potential to sequester or
store additional carbon in complex stand structuiés mixed species compositions or several
age classes due to complimentary resource useibtaidve improvement in nutrition (Kelty
2006). Mixed-species, mixed-age stands tend to hagreer capacity for carbon uptake and
storage because of their higher leaf area. Becgusggger trees have a greater carbon
sequestration rate while older trees have greatdoa storage, mixed-age stands are best to
capitalize on the different rates of carbon seqaen and different uptakes (Vogt et al. 2007).
In addition, mixed stands have greater carbon cotib@n just evergreen or just deciduous
forests (Vogt et al. 2007). Temperate evergreems haiigher level of forest carbon and soil
carbon when compared to temperate deciduous foresiish could mean that temperate
evergreens have greater carbon storage (Lal 2Bl@8yever, net rates of carbon uptake by
broadleaf trees are commonly greater than thoserafers (Malmsheimer et al. 2008).
Therefore, both deciduous and evergreen foresstgpeneeded in order to sequester and store
the maximum amount of carbon.

Shade tolerance is also an important charactetstonsider when analyzing carbon
sequestration ability of tree species. Shade-totespecies have greater leaf area, higher stand
densities, and grow more wood, and as a resulildesto sequester more carbon than shade-
intolerant species (Malmsheimer et al. 2008). Hawvea forest has several levels of growth, and
shade intolerant species must occupy the overcarid@yefore, a mixed-stand forest would
maximize the growth available with the differenhbght conditions for the different levels of
forest (Malmsheimer et al. 2008).

4.2 How does soil contribute to carbon sequestratioand storage?

The global soil carbon pool, composed of both oigand inorganic carbon, is approximately
three times the size of the atmospheric pool andtimes the size of the biotic pool (Lal 2004b;
Rastogi et al. 2002). Soils are generally acknogéeldas the largest store of terrestrial carbon
that can be further increased by proper land managepractices, particularly on agricultural
and forest lands (Amundson 2001). At present,r@sat of land use, soil carbon is a source of
atmospheric Coin the tropics and possibly a sink in northeritdaies (Amundson 2001). The
soil carbon pool has been estimated to composedr®do of the total carbon stored in
temperate forests (Dixon et al. 1994, Figure 1@cwnulation of carbon in the soil could serve
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as an important carbon sink, especially in secawavth forests at mid- to high-latitudes (Dixon
et al. 1994).

The rate of soil organic carbon sequestration dépen the complex interaction between
climate, soils, tree species, and management peadfial 2005). Carbon in temperate forest
soils is typically stored as soil organic mattemiature of recognizable plant and animal parts as
well as humus, material that has decomposed tdebeee that it no longer contains its original
structural organization (Amundson 2001). About 68Rsoil organic matter is carbon (Lal
2004a). Humus — what lends topsoill its rich, dadm color — makes up the majority of soil
organic matter. A small fraction of soil organicttea (0.2-4%) is made up of the
microorganisms that break down soil organic matt#easing it into the atmosphere in the form
of carbon dioxide (Amundson 2001).

Temperature and moisture, along with the chemiedlghysical composition of the soil, are the
major controllers of decomposition rates of sogamic matter (Lal 2004b). The activity of soll
microorganisms increases with temperature, apprabeiy doubling for each 10°C increase in
temperature (Kirshbaum 2000). The relationship betwprecipitation and decomposition is not
linear; rates of organic matter decomposition agédst at intermediate ranges of soil moisture
(Amundson 2001). Excessively high water contenimaltely leads to anaerobic conditions,
which greatly reduce decomposition rates and irsersail carbon residence times (Amundson
2001). It is therefore important to conserve wetkgrwhich have slow decomposition rates and
thus long residence times for stored carbon.

Managing soils for increased carbon stocks wilabemportant aspect of forest management for
carbon sequestration, yet the science of soil mamagt for carbon sequestration and storage is
still being developed. While afforestation and $amiand-use conversions generally increase the
soil organic carbon pool, simply increasing produtbf forest biomass in an existing forest
may not necessarily increase the soil organic ecagbock (Lal 2005). The soil carbon stock can
be enhanced by ensuring adequate soil drainagemaenichal soil disturbance, growing species
with a high net primary productivity, and conserysoil and water resources (Lal 2005);
however, it should be noted that accumulation dfcawbon in mature forests is a long process,
occurring over decades to centuries rather thartmoBoil erosion has the most impact on soll
carbon storage of any soil degrading process (Q@#a); thus, preventing erosion through
measures such as harvesting timber in the wintdnen the soil is frozen — should be one of the
top priorities of any management plan for carbajusstration.

Clear-cutting and whole-tree harvesting techniqueslead to sharp declines in soil carbon
stocks due to decreased litter input, shifts imalamce of woody and herbaceous vegetation,
changes in depth distribution of plant roots, alesoil water and temperature regimes which
accelerate decomposition, and a decrease in meapriproductivity (Lal 2005; Johnson and
Curtis 2001; Jackson et al. 2000). However, cafedmVvesting that minimizes disturbance to the
soil and leaves behind a large amount of harvestiwe would not only cause little or no
immediate reductions in soil carbon stocks, butadtpossibly even lead to increases in forest
floor carbon (Lal 2005; Johnson and Curtis 200Dwever, these processes have not been well-
studied in selectively harvested forests. Simutetiof tree removal in the Green Mountains
estimate that soil carbon stocks increase tempp@ost-harvesting, followed by decreases in
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soil organic carbon that can take several decadescover (Johnson et al. 2009). The models
estimate that soil carbon stocks will decrease egeeral centuries of repeated harvesting,
although the rate of decrease depends on the arobbi@mass removed and the rotation period
(Johnson et al. 2009).

There are some drawbacks to relying upon soil cagbares for carbon sequestration; like the
carbon stored in vegetation, soil carbon stockval®erable to natural disturbances such as fire,
wind, and changes to the ecosystem due to insedtdiseases (Lal 2005). Disturbances that
change the soil temperature and moisture reginckjding fires, overharvesting, and climate
change, can lead to massive, long-lasting releatsssil carbon into the atmosphere. As soil
carbon sequestration has myriad additional beneéy®nd the possible mitigation of
anthropogenic climate change — soil carbon stosksngportant for nutrient and water retention
in the soil, filtration of pollutants, and the rexion of sediment loading in streams and rivers
(Lal 2004a) — it will remain important to manageefsts for general health in order to reduce
their vulnerability to disturbances that could irapsoil carbon stores.
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Figure 10. Carbon content of forest stores in Vantr(aodified from NEFA 2002).

4.3 How does soil type affect carbon sequestrati@nd storage?

The soil organic carbon stored in forest soils adelsaupon the type and age of the soil. The soill
organic carbon concentration can range from 0%eny young soils to as much as 50% in some

organic or wetland soils, with most soils contagnbetween 0.3% and 11.5% in the top 20 cm of
soil (Lal 2005).
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Soil orders vary in their capacity to store carbbime density of soil organic carbon found in the
main soil orders of central Vermont ranges frontds/ha to 1170 tons/ha (Lal 2004a). Rocky
land, which lacks the carbon-rich topsoil of otkeil orders, contains only around 17 tons/ha
soil organic carbon. Alfisols, the predominant agltural soils of the Champlain Valley, contain
approximately 125 tons/ha soil organic carbon. $pots, the forest soils of the Green
Mountains, contain around 191 tons/ha. Finallytdsisls, which are wetland soils, contain a
staggering 1170 tons/ha of soil organic carbowilltbe important to protect histosols, with their
incredible carbon storage capacity, from degradatio

4.4 How does tree species composition affect carbsaquestration and storage by soil?

Trees differ in their rooting structure and depthjch influences the amount of carbon that is
deposited in the soil from root litter, the plarthslowground soil carbon input (Kogel-Knabner
2001), and in the amount of their aboveground impéitcording to Heath et al. (2003),
coniferous forest types such as spruce-fir andeatt@tl-jack pine communities have greater soil
carbon density (to a 1-meter depth) than decidfonests.

Certain tree species also break down more quitidy bthers due to differing chemical
compositions. Tree species have slightly diffe@mpositions of plant compounds such as
cellulose and lignin, each of which varies in @gerof decomposition; for example,
hemicelluloses are often the first compounds tbro&en down, while lignin is often among the
last to decompose (Yadav and Malanson 2007; Kogalbiker 2001). These differing chemical
compositions are why soil organic matter breaksrdowre slowly in forest soils than in
agricultural soils, as crop residues generally @oress lignin than forest litter (Yadav and
Malanson 2007). It is possible that managing fee species with slower decomposition rates
will enhance the forest’s carbon storage capatibfortunately, there are major gaps in the
knowledge on organic chemical composition of thecggs contributing to soil organic matter
under pasture, arable land, and forests; the vilityad¥ different components, such as tannins
and lignin, is only known for a few species (Ko¢fglabner 2001). Until these data are known, it
will be difficult to assess the relative contrilmrtiof different tree species to soil carbon
sequestration and storage.

4.5 How should a landowner manage for carbon sequestion?

If the goal of a landowner is to manage strictlydarbon sequestration, current knowledge
suggests that passive management is the best nmaeaigstrategy. Although research on forests
in the Southern Appalachian Mountains suggestsséi@iiestration can be increased by diameter
limit and selective cutting, these findings havetgebe replicated in the northern hardwood
forest characteristic of Vermont (Davis et al. 20@9though these harvesting regimes have yet
to be evaluated in the northern hardwood forestetsoof total soil carbon in Vermont forests
find decreasing values under almost every harvgstienario over a 360-year time scale. The
only harvest regime that potentially led to a gaisoil carbon over time was 120-year rotations
with 20% biomass removal. In one model of the focasbon cycle, this regime yields a 0.7%
increase in soil carbon in one model, while anothedel showed a 3.2% decrease in soil carbon
stores (Johnson et al. 2009). Regardless of theelnloolwever, these values are lower than those
derived from no-harvest regimes, which had gairg.@¥% and 3.1%, respectively.
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Neither model predicts gains in aboveground pradigtas a result of harvesting. Increased
rates of tree growth due to harvest will boost &gpound sequestration; this may partially
counteract post-harvest losses in soil carbonrmdef total carbon accounting. In addition to
this increase, the general assumption is that arbyoa in timber removed from the forest will be
permanently sequestered. For carbon removed terfotest as firewood or biomass, this is not
the case—burning this wood quickly returns the carto the atmosphere. In principle, only
long-lived wood products (e.qg., furniture, constioie materials) have the potential to make
active management beneficial by sequestering faggbion for long periods of time. Life-cycle
analysis of wood products is not encouraging os plint, however: more than 60% of a tree’s
carbon can be lost during the manufacturing prof@ssome species, and the lifespan of wood
products varies dramatically (Harmon et al. 198en when accounting for the carbon stored
in wood products, unmanaged northern hardwoodseséeped at a minimum 28% more carbon
than forests under active management (Nunery aetboiiein press).

In addition to findings documenting the ineffectiess of wood-product carbon storage, recent
work on old-growth forests suggests that they negiyain potent carbon sinks centuries after
harvest (Luyssaert et al. 2008). Despite slowewgran older forests, these areas have high
levels of carbon storage due to accumulated sddloceand coarse woody debris. While it is
true that harvesting large, slow-growing trees gée canopy to allow for fast-growing
younger trees, the large amounts of carbon thdbatdérom the various carbon pools in a forest
(e.g., soil, trees) as a result of the harvestpgears to be much greater than the carbon
sequestered by these younger trees. After oldes tie, they replaced by younger individuals
that grow to the canopy. In the case of an unmahégest, these older trees retain their carbon:
decomposition of large dead trees can take decad#ser increasing the carbon store of the
older forest. While these forests could potentialbgome carbon sources due to rates of decay,
current knowledge suggests that sequestration atyncie for up to 800 years (Luyssaert et al.
2008).

Regardless of age, models of post-harvest soibceshow that management decreases the
sequestration of northern hardwood forests. Githabhwood products have been shown to be
only weak carbon sinks and that older forests cometito sequester carbon, we find that even a
20% removal of biomass every 120 years decreasasathon storage of the ecosystem as
compared to an unmanaged forest (Johnson et @).200

Although untested, some active forest managementpoientially increase sequestration by
mimicking natural disturbance: felling and girdlitrges could both increase slow-decomposing
dead wood while promoting new growth. However, ¢hemnagement strategies have not yet
been empirically evaluated, and given current keolgé, passive management (i.e., no harvest)
appears to maximize carbon sequestration in theror hardwood forest.

4.6 How can a landowner manage for carbon sequestran and timber harvest?
Sustainable forestry is based on maintaining fuseieproductivity and timing tree harvest as

growth rate begins to decline. Volume growth pearyie sigmoidal, peaking during the middle
of an individual’s life span and declining thereafSaastamoinen and Matero 2008). Older trees

45



are removed in favor of younger, fast-growth induals, maximizing aboveground productivity
over time.

Management for carbon sequestration is often asstonge identical to sustainable harvesting
practices. While the addition of carbon to treentéss is greatest at the time of highest tree
growth, this does not directly correlate to peatboa sequestration in the forest (Meng et al.
2003). Carbon in soil and dead wood make up thenityajf storage in the ecosystem, and both
of these pools rely heavily on older trees to poedcoarse woody debris and leaf litter. Instead
of simply examining the increase of live carbonnb&ss, harvesting models must take into
account the rate of carbon accumulation (and caelgrrate of loss) in soil and woody debris
pools.

The tradeoff between increased aboveground sea@tiestdue to harvesting and loss of soil
carbon after harvest is central to understandingstacarbon storage. Soil carbon stocks
generally decline following harvest due to soiltdibance, root decay, and decreased leaf litter
input (Jandl et al. 2007). To predict optimal ratatlength, models must incorporate the decline
and replenishment of soil organic carbon, as wsethe increases to aboveground productivity
following harvest. Management for carbon sequeastrahust at least replenish the total carbon
within the system between rotations.

Studies from coniferous plantations find that wisitertened harvest intervals increase the rate
of tree carbon sequestration due to growth, theuautnaf carbon stored in the soil decreases
(Liski et al. 2001). The authors also recommendeatgr rotation length (a change from 90 years
to 120 years) to increase total carbon storagegadih this practice reduces landowner revenue.
Trees in these plantations took 90 years to reaek pboveground sequestration rates, but the
build up of decomposing organic matter in the tadies longer to reach an optimal level of
carbon (Liski et al. 2001).

With respect to hardwood species, harvesting ir@ti@ Appalachian forest led to an increase

in carbon storage as compared to an un-harvestest f@arbon sequestration decreased over the
short term following harvests, but total carbonusesgered over a 55-year period was 37%
greater in areas subject to diameter-limit andcsete cutting than carbon in an unmanaged plot
(Davis et al. 2009). Empirical work of this kindshaot been carried out in the northern

hardwood forest. The existing research has fourl ¢@ins and losses for total carbon in
managed forests. Until a study is conducted in \éertnthat fully examines this question, we
cannot make definitive management recommendatiassdon the results of one study,
particularly one taking place in the warmer, nigngich soil of West Virginia.

Harvest management must now focus on methods betimemoval that increase aboveground
productivity while maintaining soil carbon storag@owledge of appropriate timescales for
these rotations in the northern hardwood forebinged, making management prescriptions
difficult. While the peak of harvestable timber geally occurs between 60 and 90 years, recent
work finds that hardwood forests continue to actféisient sinks despite attaining old growth
age (Luyssaert et al. 2008).

46



One modeling effort has examined the effects ofdstrfrequency and intensity on carbon in
Vermont forests (Johnson et al. 2009). The studysdenly with soil carbon, but has tangible
implications given its importance in carbon storaBeginning with a soil carbon baseline
scenario of a clearcut, and followed by 80 yeanegfowth (a typical history for Vermont
forests), almost all harvesting scenarios leadde@ease in total soil carbon over a 360-year
period (Johnson et al. 2009) Of the thirteen mamage regimes tested, only two regimes — no-
harvest and 120-year rotation, 20% biomass remegabwed increased soil carbon. Decline
from scenarios of current practices (90-year rotatd40% biomass removal) is generally less
than 10%, however, suggesting that increases imegjpound biomass or mitigation options may
provide a way to make harvesting carbon neutral.

Aboveground forest carbon was not included in ttendon et al. (2009) model, underscoring
the fact that we still do not know the total efeof harvesting on the carbon within the northern
hardwood forest. Given the findings of Davis et(2009), aboveground productivity of the
forest following harvest may offset loss of soitlwan under some harvesting scenarios. A
definitive model of harvesting and carbon in thetinern hardwood forest has yet to be
developed.

Until empirical research and modeling can fully e these questions, we recommend
lengthening rotation time beyond durations congideppropriate for sustainable forestry in
order to increase carbon stored. Further work mitishately identify a combination of harvest
intensity and frequency where post-harvest declimesarse woody debris and soil carbon are
offset by an increase in the productivity of abawemd biomass.

4.7 What role does fertilization play in managing érests for carbon sequestration and
storage?

While fertilizer has long been used to enhance aegmund productivity in plantation forests in
many parts of the country, the effects of foresekmnation on carbon storage are just beginning
to be explored. Initial results appear inconclusieeause nitrogen added has led to both gains
and losses in total carbon storage (Adams et 86;2Mandl et al. 2002). This variability is likely
due to differences in soil type, latitude, and faeiization nitrogen levels.

Although forests in the Northeastern U.S. exhil@vated nitrogen levels due to anthropogenic
deposition, carbon sequestration in the northerdvinaod forests may be nitrogen limited (Lal
2005; Johnson et al. 2009). Fertilizer is rardlgver, applied to the northern hardwood forest
given its slow growth rate relative to coniferodarnations, and not much is known about its
effects (Marc Lapin, personal communication). Gitlesit some studies predict that nitrogen
limitations will increasingly inhibit sequestrati@s CQ levels increase, we recommend that
future experiments address the costs and benéfitsst-harvest nitrogen application to increase
carbon sequestration (Wamelink et al. 2009).

One model of total soil carbon predicts that sefyagen may be limited by a lack of available
nitrogen after harvest, but empirical work is neketteconfirm this hypothesis (Johnson et al.
2009). At present, we cannot recommend fertilizioghern hardwood forests given the paucity
of data available on the subject. As the issueadi@n sequestration in the northern hardwood
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forest continues to gain momentum, we expect futtoek to explicitly address the question of
fertilization.

4.8 How do previously proposed standards for biomasprocurement affect carbon
sequestration and storage?

The current standards for harvesting for MiddlebQoflege should come from those
recommended by the ES 401 Fall 2009 report (ES2009). However, some of these standards
have a negative impact on the ability of the fotestequester carbon and should be modified to
maximize the carbon sequestration potential ofahests. The following standards of ES 401’s
recommendations should be considered further:

* “Average annual removal of woody biomass from tigessiould not exceed 70% of the
average annual growth

This standard allows for too much biomass remavhich could negatively impact
carbon sequestration in the forest. It is reconmdadrfor maximum carbon sequestration
that much less of the biomass is harvested in dodieave more biomass in the forest
that cannot only store carbon that is already énftinest but also can continue to
sequester more carbon from the atmosphere.

* “Retain at least 2 down trees or logs per acre ediogel4 inches in diameter on
average’

This recommendation is not as rigorous as the resamdation of Vermont Family
Forest, which suggests in its Town Forest Healtbdkhhat “there are a minimum of
four downed trees of 16+ foot long logs per acres\eerage, with one exceeding 21”
DBH and four exceeding 15" DBH.” While there is imdormation on what these
statistics are based on, it cannot be assumethihsst same recommendations are viable
for maximum carbon sequestration. The recommeonléir downed woody debris for
maximum carbon sequestration rates is complicayatidfact that in unharvested
forests, which sequester more carbon than harvéstests (Yanai et al. 2003), the
woody litter pools are never constant, so one cadei@rmine at which point the most
beneficial amount of woody debris occurs. Howefrem these points, one can suggest
that retaining the most down trees possible is foestarbon sequestration since downed
trees are an important carbon sink.

» “Cutting cycles should be between 10 and 15 yearsmm”

For maximum carbon sequestration, forests shouldh@acut (Johnson et al. 2009). For
greater detail, please refer to Section 4.5

» “Prioritize the safety of any potential individualho might use the site for recreation.”

Sites maintained for maximum carbon sequestrationlsl not be used for recreation.
Due to the sensitivity of soils to erosion, these$éts need to be preserved from exterior
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forces in order to maintain the maximum carbon setyation potential in the soils and in
the general forest. Considering there are otreasaand parks available for recreation, it
is possible to leave these designated forests atooigler to maintain their carbon
sequestration potential.

* “Maintain the natural aesthetic to the maximum passextent

Under this general recommendation, it is suggetsteétiob treetops 2 feet or less in

high use areas. This recommendation would eliminate the youngvgh in high use
areas that is instrumental in increasing carbonestgation rates in a forest, since young
trees have greater carbon sequestration rates egdmepared to stands of old trees. By
lobbing the treetops, many of the leaves wouldolsg Bnd photosynthesis occurs in the
leaves, so this recommendation would dramaticalyreiase the photosynthetic abilities
and carbon sequestration. Therefore, any regaadgsthetics of the forest should be
ignored in order to preserve the forest's abilttysequester carbon.

If these changes are made to the procurement st daen Middlebury College’s biomass will
be obtained from forests where there is maximdd@asequestration, thus advancing the carbon
neutrality goal of the College.

4.9 How will climate change affect carbon sequesttian and storage?

Climate change is expected to change the temperahg moisture regimes of the Northeastern
U.S., affecting the capacity of northern hardwofmissts to sequester and store carbon. There
are myriad predictions for how forest carbon sterag)l change over the coming decades to
centuries, most of which are highly uncertain, egentradictory. Climate change may stimulate
forest growth by enhancing availability of minekabnd through the CQertilization effect,

thus increasing both carbon sequestration andgadtaal 2005). Yet it appears likely that
warming will also have the effect of reducing smijanic carbon by stimulating microbial
activity more than forest growth (Kirschbaum 20d@wever, as increasing G® likely to
simultaneously have the effect of increasing sahaic carbon through increases in net primary
productivity, the net effect of changes in soilamg carbon on atmospheric €@ver the next
decades to centuries is likely to be small (Kirsalnh 2000). The possible changes to soll
moisture will be important for determining whetmerthern forests continue to act as carbon
sinks; while moderate increases in soil moistueeli&ely to increase carbon storage in mid-
latitude forests, reductions in soil moisture amttéased plant respiration associated with
warming are likely to reduce carbon storage (Meldt al. 2002).

Other likely effects of climate change include warmnwinters and wetter, warmer summers, with
a variety of possible consequences. The speciepasition of northern hardwoods forests is
expected to change over the coming decades torastior example, oak-hickory forests are
predicted to grow in dominance as maple and bem@sts decline, and white pine is expected to
expand its range as balsam fir migrates northwiaeigon and Prasad 1998). Reduced soill
freezing in the winter would likely lead to reducaetess for winter logging and increased soill
disturbance and erosion during winter harvestinmt{&house and Stewart 2003). Wet, warm
summers would likely lead to increased invasionnsgcts, diseases, and exotic species

49



(Spittlehouse and Stewart 2003). Forests shoulddieaged to reduce vulnerability to and
enhance recovery from these invasions.

It would be irresponsible to make management recenaations based on highly uncertain
predictions; however, forest managers should beeawfahe possible changes to the forest
ecosystem and continue to adapt their managenrategies to the most recent and relevant
research.
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5. Tools for Carbon Sequestration
5.1 What are the financial incentives for sequesterg carbon?

Forests and forest products are beginning to gaiognition in market-based policy instruments
for climate change mitigation (Malmsheimer et &l08). Some forestry projects qualify as
carbon dioxide emission reduction credits for tngdio offset emissions from industrial and
other polluters. Depending on the program, seyigect types may be eligible: afforestation,
reforestation, forest management to protect or meeaarbon stocks, harvested wood products
that store carbon, and forest conservation or ptiote (Malmsheimer et al. 2008).

Currently, the Regional Greenhouse Gas Initia@veecently implemented mandatory cap-and-
trade program for large emitters in ten Northetaes, including Vermont, limits eligibility to
afforestation projects; at least in the short tdamgdowners cannot receive payment through
these programs for forest management for carbameséigtion. The other mandatory cap-and-
trade emissions program in the U.S., the Califo@limnate Action Registry, permits credits for
afforestation, managed forests, and forest conservand it is possible that new cap-and-trade
carbon markets will emerge over the next decaddniisfaeimer et al. 2008).

5.2 What are the costs to the landowner of managinfgr carbon sequestration?

Our current understanding finds that managing kindtly for carbon sequestration will be of no
direct cost to the landowner because passive maragef land doesn’t cost anything to
implement. However, passive management has oppiyrttosts, in that the potential economic
benefits of firewood and timber harvesting willfoeegone if one manages strictly for carbon
storage through a no-harvest regime.

The landowners may also be forced to remove thait from prior conservation easements or
Current Use agreements. While conservation easerderntot generally mandate regular
harvesting intervals, removal is virtually guaraaen the case of Vermont’s Current Use
program. Forestland must be actively managed tbfgdiar this program in Vermont, and this
stipulation does not include passive managemerdaidron sequestration. It is also unlikely
carbon sequestration will be added given pres¢atats to scale back program funding.

If harvesting is to take place, harvesting withbcar sequestration in mind (i.e., longer rotations,
no whole tree harvesting, minimizing erosion, agaling slash on site) can ensure the economic
benefits mentioned above while still managing lemgromote future sequestration and maintain
existing soil carbon.

5.3 How would new management standards affect th@st of biomass procurement?
Our knowledge of the costs associated with proguniomass is largely informed by the work
of the ES 401 Fall 2009 report (ES 401 2009). Giensignificant overlap between their

procurement recommendations and our addendum#thedt on carbon sequestration, we do not
foresee a significant increase in cost to implenoemtstandards.
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The one suggestion that may increase cost aboyadlcarement standards of ES 401 is to
further increase recommended rotation length. Faease will likely reduce owner income
from the land, raising the cost of harvest. Basedur limited knowledge of sequestration rates,
we can only recommend an increase in rotation keager business as usual (i.e. rotations of 90
years instead of the usual 60 years for a pareed)raeans to increase carbon storage, so this
increase in cost will be on a case-by-case basis.
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6. Researching Carbon

6.1 What is missing from the scientific literaturethat needs to be researched?

While researching biomass procurement standardshandability to promote carbon neutrality

by increasing carbon sequestration, there wereaeaeeas of study for which little to no
information could be found in the literature. Asremt research stands, the carbon sequestration
potential for a certain region is virtually impdssi to know without specific studies and
measurements of that area.

Development of annual carbon storage equations based on stand age and site index for
the northern hardwood forest and other forest types—The development of easily
parameterized ecosystem-specific models for priediennual forest carbon storage is
essential to carbon accounting. Gough et al. (2668¢loped an annual carbon storage
equation for aspen-dominated forests, but thistemué not specifically applicable to
other forest community types. The development ofenecosystem-specific equations is
therefore necessary for the universal calculaticemaual forest carbon storage.

Specific measurements of carbon sequestration rates for northern hardwood forests.—
Carbon sequestration rates need to be measursgdoific areas relating to Middlebury
College and northern hardwood forests in geneéBaleral of the studies (Malmsheimer
et al. 2008; Stavins and Richards 2005) that irelaébrmation on sequestration rates for
certain regions are based on a vague report ti@edts of Creating Carbon Sinks in the
U.S. (Richards et al. 1993), which does not clagitgctly where the data were measured.
This information needs to be clearer and mordyeesiculated for specific regions. A
database that includes the carbon sequestraties aatl peaks for each tree species
would be extremely useful for deciding managemtamdards and afforestation
decisions (Lal 2003). However, these calculationsid then need to be manipulated
based on the specific composition of each foresgieneralized calculations for certain
types of forests would be equally useful. Howescsic these calculations could be
made, they would ultimately still be rough estinsadee to the many factors (soil type,
climate, nutrient balance, soil quality, disturbasicthat affect carbon sequestration
potential and measured sequestration rates foifepeees and forest types.

Global climate change and effects on northern hardwood forests and soil.—Climate
change may further complicate calculation of carbequestration because the associated
environmental changes could have dramatic effattsequestration rates as well as
storage capacities of soils. While it can be apipnated what types of trees will move
into certain areas over an estimated time rangthdustudy is needed on the impacts on
soil carbon storage that climate change will bridg this report has stated, soil is a large
component in sequestering carbon, and without imgaliil, sustainable forests cannot be
maintained, and biomass accumulation and additicerdlon sequestration are affected.
In general, a greater analysis of the changegdftuthe entire ecosystem, with a focus
on changing soil qualities, needs to determinddta effects of the changing
environment on its ability to sequester carbon.

53



» Verify uncertainties of calculations—Most importantly, the uncertainties of these
calculations need to be clearer. Many of theseutations are made on models, and the
error terms associated with such models neces$sdgmes a large component in
understanding the possibilities of carbon sequistrand its ability to aid in carbon
neutrality issues. The error greatly affectsghecision of calculations, and yet studies
infrequently emphasize the generalizations madeth&r work must either work to
eliminate sources of error, which would come atdabst of furthering carbon
sequestration research, or to explain the genatalizs used and to explain why these
assumptions are viable.

» Soils—The effect of different soil types on carbon sexjragion potential needs to be
clearer. There is growing evidence that the clayenalogy of different soils affects their
ability to sequester carbon, but the data are ebtlgar enough to make specific
recommendations for the protection of soils comtgyrifferent clay minerals. There is a
lack of data to support this claim and any othéauathe most beneficial soil type for
carbon sequestration as it relates to carbon rigyitra

» Fertilizer and its effects on sequestration rates.—Fertilizer has the potential to
significantly increase biomass accumulation ratestaus carbon sequestration rates.
However, no studies have thoroughly examined tteeteof fertilizer on total forest
carbon sequestration in the northern hardwood teres

» Successional changesin sequestration rates.—Sequestration rates are dependent upon
many different forest variables, including climatejl composition, and species
composition. With successional changes, theseracbuld change drastically, thus
altering significantly the carbon sequestratioesaif the area. The effects of
successional changes on sequestration rates nbediieasured and clarified.

6.2 What is outside of the scope of this project #t the College should research?

This project focuses mainly on synthesizing theréiture on carbon sequestration into
recommendations of how land can be managed to @gticarbon sequestration and what
standards Middlebury College should use for pra@ubiomass. There are, however, many
aspects of the actual application of these recondaterns that are beyond the scope of this
project. These aspects primarily involve econoraius specific data collected from college
lands or lands from which biomass is obtained.

This report does not delve into the economics offraiss procurement, which would certainly
need to be investigated further before the reconde@standards were actually put into place.
Additionally, the economics of afforestation ortogation projects that may increase the amount
of carbon sequestered on Middlebury's lands havbeen addressed. Such projects could be
important steps toward the College's goal of carmautrality by 2016, but cannot be undertaken
until the economic tradeoffs of converting agriowdil land to forest have been fully assessed. A
more detailed understanding of exactly how muchtexhdl carbon would be sequestered
through such projects would also be needed beftermining whether or not they were worth
undertaking.
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Several avenues for estimating carbon sequestratioa been discussed in this report (Section
3.1). Itis outside the scope of this project ébedmine which, if any, of these approaches is the
best for Middlebury College to undertake. The aktlecision to follow one of the approaches
would require further investigation into both tleehinical and labor expenditures that would be
needed.
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7.

7.1

Summarizing Carbon

How should land be managed for carbon sequestran and storage if timber
harvesting is a management goal?

Promote mixed-species, mixed-age stands.—These stands tend to have higher carbon
uptake and storage because of their higher leaf (&elty 2006). Furthermore, mixed
stands include species that are both shade tolaenahnintolerant so that there are trees
that grow successfully at all levels; this leadsn@ximum increase in biomass, which
enables more carbon sequestration. Finally, mstaadds enable forests to withstand
outbreaks of disease and insect infestation scetheat if one type of tree succumbs to
disease, the other species of trees are able\vivew@and to continue to sequester
carbon. Therefore, landowners should follow thesemmendations in order to
sequester the maximum amount of carbon in forests.

Protect soils—Soils in temperate forests hold about 60% ottti@ carbon in these
forests (Dixon et al. 1994). In order to maximilze soil carbon stock, adequate soill
drainage must be maintained, and soil disturbamest be minimized. Furthermore,
soil carbon stocks can be increased by growingispeath high net primary

productivity so that more nutrients are releaseskl@o the soil, which can be stored in
the soil for long periods of time. These guidedimee especially important during
harvesting, when forest soils are more prone teienoand water contaminatio@reat
care should be taken to avoid exposing mineral aaiich lies deep in the solil profile
and is typically a stable carbon store. Only hsting practices that protect mineral soils
should be used.

Protect wetlands in addition to forests.—Histosols are a soil type found in most wetland
soils and contain approximately 1170 tons/ha df@gianic carbon. Histosols can
contain much more carbon than alfisols and spodp#izé principle soil types of the
Champlain Valley and the Green Mountains. Theesfaretlands and hydric soils of any
kind must be protected in order to maintain thé gaality and the capacity to sequester
carbon.

Passive management.—Management practices for maximum carbon sequistra
should emphasize passive management practicesamaged northern hardwoods still
sequester more carbon than forests under any ananwagement, and unmanaged forests
may continue to sequester carbon for up to 800sy@aryssaert et al. 2008). Even if
harvested wood becomes furniture, construction ma¢geor other long-lived wood
products, they still might not store atmospheridboa as much as previously thought
(Harmon et al. 1996). There has been a 26% inefieasarbon from an actively
managed forest, even if wood from the forest isipiat furniture (Nunery and Keeton, in
press). Some untested active management pradt@eshimic natural disturbances could
promote new growth in the forest, but until thessctices are tested further, we
recommend passive management to maximize carbaestgtion in forests.
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» Maintain high levels of down trees, dead standing timber, and coar se woody debris.—
While specific numbers of down trees to leave mftbrest following harvesting cannot
be determined due to the imprecision of the scighae/esting and management
practices should maximize the amount of down teeekcoarse woody debris left in the
forest so that these trees and debris may contsire carbon.

» Leave dash and logging residue behind.—Similar to down trees, dead standing timber,
and coarse woody debris, slash and logging resido&in carbon. They break down
faster into humus, and therefore contribute morbarato the soil carbon store.

» Maintain continuous cover to keep soil temperature low and to keep some litter falling
each year.—Soil temperature is linearly related to microlaativity; thus, maintaining a
lower soil temperature will help to maintain lowates of soil organic carbon
decomposition in the forest, thereby decreasingtheunt of carbon released back into
the atmosphere. Also, litter needs to continulteeach year to maintain the amount of
carbon that is returning to the soil carbon stooenfthe biotic stores. By maintaining
this continuous carbon cycling, more carbon carticaa to be stored in the soils of
northern hardwood forests.

7.2 What should Middlebury College do with respecto biomass procurement?

Below we repeat the recommendation made in the@®3-4ll 2009 report (ES 401 2009),
amended with recommendations (noted in italicsjnarove the standards with respect to
carbon sequestration and storage.

Sustainable Forestry

1. Forest management goals will be developed withpaiofessional forester while
using recognized silvicultural guides.

a. Due to variability in forest stands due to physial site conditions and past
harvests, cutting and silvicultural techniques willvary.

b. In developing silvicultural techniques for meetng management goals, a
combination of the forester’s professional judgmengand the recognized
silvicultural guides, including but not limited to:

i. A Silvicultural Guide for Northern Hardwood Typé the Northeadiy Leak,
Solomon and DeBald;

ii. A Silvicultural Guide to White Pine in the Nbretastby Lancaster and Leak;

iii. A Silvicultural Guide for Spruce-Fir in the Miheastby Frank and Bjorkman;

iv. A Silvicultural Guide for Developing a Sugarluisy Lancaster, Walters,
Laing and Foulds;
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v. Uneven-Aged Management of Northern Hardwoodsew Englandoy Leak
and Filip;

vi. A Landowner’s Guide to Wildlife Habitat Managent for Vermont
Woodlandsby Vermont Fish and game Department;

vii. Manager’'s Handbook for Red Pine in North Cah8tates by\North Central
Forest Experiment Station, U.S.D.A. Forest Service;

viii. A Guide to Hardwood Timber Stand ImproveméntU.S.D.A. Forest
Service, Northeastern Area State and Private Fyresid

ix. Establishing Even-Age Northern Hardwood Regatien by the Shelterwood
Method- A Preliminary Guidéy North Central Forest Experiment Station,
U.S.D.A. Forest Service.

c. Sustainable harvesting must consider biodiversitas forest management and
utilization have impacts on population of all fores organisms. Different
silvicultural techniques have varied effects on bidiversity.

d. Promote mixed-species, mixed-aged stands.

Use uneven-aged management by area regulationsewbepossible. Uneven-
aged, mixed-species stands tend to have highepnarptake and storage because
of their higher leaf area and are generally lestnenable to outbreaks of disease
and infestation by insects.

2. Average annual removal of woody biomass from thsite should not exceed 70%
of the average annual growth.

a. Avoid clear-cutting. Canopy openings should beess than 0.25 acres and no
larger than 1.25 acres.

The natural pattern for open patches in northerdwaod and spruce-fir forests of
northern New England is one of small, disturbedipag within an area of older
forest. Harvesting in large, open patches introducpatch structure significantly
different from the natural pattern in these foreStwall-patch silvicultural
techniques best mimic the natural pattern.

b. Whenever possible, maintain continuous canopy cover to maintain low soil
temperatures and uninterrupted litterfall.

Soil temperature is linearly related to microbiadtevity; thus, maintaining a lower
soil temperature will help to maintain lower ratefssoil organic carbon
decomposition in the forest, thereby decreasingatheunt of carbon released back
into the atmosphere. Maintaining a continuouiill will help ensure that an
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adequate amount of carbon returns annually to tiiecarbon store from the biotic
stores.

3. Biological legacies of the forest community shédibe protected to retain forest
productivity and health.

a. No whole tree harvesting

Whole tree chipping damages forest ecosystems fyviteg soils of important
nutrients deriving from residual branches and t@jp&se features also serve to
provide habitat to a variety of wildlife.

b. Retain at least4 down trees or logs per acre exceedingl5 inchesin diameter on
average.

Wood-chip harvests often consist of clear-cuttingvbole tree harvesting,
including the removal of branches and leaves. Thgses of harvesting often result
in decreased levels of nutrients, including losgfesalcium, nitrogen, potassium,
magnesium and sulfur. Utilizing forests alters rautr cycles as nutrients are stored
in roots, stems, branches and foliage of plantsimtioe forest floor litter. Different
harvest intensities and silvicultural techniquesusdt reflect the ecosystem’s
susceptibility to nutrient depletions. The abilitfya forest to recover from a
harvesting event is related to the amount of wedidon-site.

Coarse woody debris left at the site after loggmignportant for forest carbon
storage and numerous other ecosystem processexsl Widmod is an extremely
important aspect of the forest structure...coarsedya®bris serves as seed
germination sites, reservoirs of moisture, and taatior numerous species of fungi,
invertebrates, and vertebrates; it also plays itambroles in nutrient conservation
and cycling.”

c. Treetops, branches, leaves, needles, and all material lessthan 4 inchesin
diameter areleft in or near wherethey werefelled

Branches and foliage contain the largest amoumtutfients — including carbon —
in trees, and in order to adequately maintain rentipools and cycles it is
necessary to leave foliage and branches disperséukiforest.

4. Thinning cycles should be between 10 and 15 years minimuamd only occur if it
can be donein away to not disturb soilsin such a way asto release carbon that is
stored there.

a. Minimize intermediate treatments to maximize carbon sequestration and storage.

Intermediate treatments should generally raisatieeage diameter of the residual
dominant and co-dominant trees of the forest wimlgroving timber quality.
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However, each harvest, with its associated soila@ation and other forest
damage, can lead to decreases in total carbon staten and storage, and the
number of intermediate harvests should be keptraingmum.

5. Harvesting will promote the protection of residal trees.

a. Residual stand damage should be confined to 108t fewer of the dominant or
co-dominant trees.

b. Great care should be taken to avoid basal woundm residual trees as basal
wounds are ideal entry sites for decaying fungi anflacteria.34

6. Harvest with the longest rotation period possible.

A forest is able to sequester more carbon if &b to have longer rotation periods
between harvesting. For optimal carbon sequesiraind biomass production, we
recommend 90-120 years. Due to this length in tlnmaseveral plots need to be in
rotation.

Wildlife Habitat Protection
1. Take steps to preserve Indiana bat habitat in @as conducive to their habitation.

Every effort should be made to protect Indianahadditat. This is an effort to preserve
a species that is being threatened by white-naséregne, habitat destruction, and cave
disturbances. Additionally, as one of two Vermguegaes listed as endangered, Indiana
Bat habitat conservation is mandated by law. Wihiéebats are rare, enough is known
to log responsibly. This is an important contribatio a national effort and prevents
the obvious issues raised by illegality. The gretaiereat posed by our actions is the
destruction of summer roosting and foraging habRamale bats bear their young in
specific types of trees that are easily avoidedctrres should include:

* Preserve snags whenever possible. Especiallg thatsirally exposed to consistent
sun.

» Specific care should be taken in the southerm@ita@n Valley, the confirmed area
of habitation.

* Retain dead trees with a diameter of more thaimdl2es located within 200 feet of
streams, lakes, ponds, or wetlands.

* Retain Shagbark Hickory and Black Locust.
* Avoid entire areas with known roost trees.

* Avoid road construction within 100 feet of knoWwitbernacula.
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2.

Water

* Log with a forester with knowledge of Indiana B&nagement Practices.

Preserve 100-foot buffers of original vegetatiobetween wetland, stream, pond or
lake and active cutting areas. On steep slopes emtethis buffer strip to 150 feet.

Riparian buffers offer diverse ecological serviaed are essential elements of
responsibly managed land. They serve to filter sndpd sediments from runoff -
protecting against water eutrophication - providbeitat for large numbers of animals,
stabilize banks, and regulate water temperaturféer@nt conditions assure that buffer
width varies at different locations. A broad averagggests that bank stability is
preserved with 50 feet of buffer between water twedsite; 100 feet assures better
water quality due to sediment filtering; and 156tfpreserves habitat protection. 100
feet seems the most reasonable mark to imposewitiils is adequate to remove
suspended sediments and nitrogen from the rurBsf,ond this width, numerous small
streams on a property could severely limit the pobigtity of a site. However, an
additional site variable is bank steepness, wiksbanks necessitating 150-foot
buffers.

Quality

Erosion and sediment control practices are requed as outlined inAcceptable
Management Practices for Maintaining Water Quality on Logging Jobsin Vermont.

Soils in temperate forests hold about 60% of th& warbon in these forests. In order
to maximize the soil carbon stock, adequate sa@ilrdirge must be maintained, and soil
disturbances must be minimiz&bil conservation and management is also vital to
conserve nutrient cycles. Logging causes nutriesg through direct removal of
nutrients stored in the harvested biomass, incceasesion, and elevated levels of
nutrients leached by stream waters for severakyedlowing harvesting. Vermont’s
Acceptable Management Practices on Water Quakiywil-developed and adequate
for maintaining water quality, with several exceps:

» avoid all spring and summer harvesting (and infddeand winter, only harvest
when the soil is adequately dry or frozen);

» properly buffer and protect streams and specaditats such as cliffs, caves, talus
slopes, beaver meadows, vernal pools, spring seeps,emnant patches of old
growth forest;

» protect and preserve all areas containing histssa type of wetland soil that can
contain approximately 1170 tons/ha of soil orgacacbon, nearly 10 times the
storage capacity of other soil orders;

e avoid rutting that extends beyond the A soil hamn; and

* re-seed exposed soil with native species to pretgainst erosion.

61



Aesthetic and Recreation Considerations

1. Prioritize the safety of any potential individuds who might use the site for
recreation.

a. Before and during harvesting practices erectaaidtain signs notifying
recreational users of the harvesting operationsarfety concerns.

b. Consider notifying adjacent landowners as welhe town office of your operation
to make the public aware of any potential hazandshay exist.

2. Maintain the natural aesthetic to the maximum pasible extent.

a. Maintain a buffer of at least 150 feet betwesmling areas and any class Il or
higher roads.

b. Actively minimize the crossing of hiking trailghen creating skid trails. Only cross
trails at right angles.

c. Maintain a buffer of at least 100 feet to hikangd recreation trails, unless
absolutely necessary.

d. Lop treetops 2 feet or less in high use areaardas with high deer population,
leave slash high enough to protect new seedlings.

7.3 Which college lands should be especially pestted for carbon sequestration?

It is extremely important that the college doesdisturb any of the regions that contain histosol
soils (Figure 11).
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Figure 11. The distribution of histosol soils omdéeowned by Middlebury College. The histosol
soils of Vermont are found primarily in muck, peatd wetland habitat types. Other forested
habitat types are shown for reference.

7.4 What other projects could the college undertakto sequester carbon?

Afforestation is the planting of forests in lantiatthave had other land uses, such as agriculture.
This change in land use is beneficial becauseedtation helps to enrich soils with more soll
organic carbon and leads to increased carbon segties (Lal 2005). However, afforestation

in northern hardwood forests has not been greaittjied, so its total effects are not known

(Silver et al. 2000; Ross et al. 2002). Much @&f literature supports the idea of afforestation in
terms of carbon sequestration and increasing ttherg@nic carbon; the issue is over policy,
especially here in Vermont. Family farmers neegcatjure to stay in Vermont and possibly
could not survive if there were governmental inoas# for agricultural land to change to forests.
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Middlebury College should look into economic indgees in order to support local farmers,
possibly through agroforestry, so that farmers ww@ytinue to farm but also have tracts of
forests.

Middlebury College owns over 1500 acres of agtimal land that could, in theory, be used for
afforestation projects. In reality though, thetvasgjority of that land is currently being leased t
farmers and used as crop fields or as pastureaioy dows and is therefore unlikely to be
available for afforestation in the foreseeable feituHowever, there are several areas on college
land that are too wet to be used to grow cropsaa@dhot being used as pasture. Such areas,
several of which are on the Palmer and Johnstandould potentially be afforested without
encroaching on the livelihood of any farmers oe#tening food supply. Further investigation
would be needed before actually launching affotestaroject on any lands, but it is an option
that the college may want to consider in an etfmreach its goal of carbon neutrality by 2016.

7.5 What should Vermont Family Forest members do tonanage forestlands for carbon
sequestration?

VFF's Forest Management Checklist (Brynn 2008) ists®f useful standards and management
practices that landowners can follow to maintaialtiny forest ecosystems. While the checklist
is thorough, there are a number of standards #rabe modified in order to maximize the
carbon sequestration potential of VFF members’stt@ad. What follows are our
recommendations (in italics) to the existing VFEecklist (in bold):

1. Accessing the Forest: Skid Trails, Truck Roadsand Log Landings:
Avoid spring harvests and/or rutting that extends leyond the A soil horizon.
Harvesting should never be done in the spring.mBaimize the soil’s ability to store
carbon, it should instead be done in the winterruéating when the soil is not
completely frozen can disturb the soil and reldasge amounts of stored carbon.
Properly buffer and protect special habitats such s cliffs, caves, talus slopes,
beaver meadows, vernal pools, spring seeps, and reamt patches of old growth
forest.
In addition, take special care to protect wetlangissticularly those with histosol soils.
Histosol soils are comprised of muck and peat anttain a thick organic layer
capable of storing ten times as much carbon asrabi¢s in the region.

2. Accessing the Forest: Stream Crossings

Particular care should be taken to prevent streaankoerosion in order to avoid the
release of stored carbon.

3. Vegetation Management
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Promote an uneven canopy in the forest by creatingmall canopy gaps through
natural processes or by cutting.

A forest is going to sequester and store the mar$ion when it is left untouched.
Therefore, we do not recommended creating canopg gther than those that are
necessary when harvesting.

Any forest management in natural communities that ee ranked as “very rare”
(S1) and “rare” (S2) or in natural commuinities ranked at "uncommon” (S3),
"common” (S4), and “very common” (S5) but with little or no evidence of past
human disturbance should be reviewed and approvedylthe VT F&W Natural
Heritage Biologists.

Wetlands with histosol soils need to be protectati@eserved in order to maintain
their ability to store large amounts of carbon.

In general, leave all materials that are less thathree inches in diameter on the
site.

In addition, leave as much biomass on site as plesand certainly avoid whole-tree
harvesting.

In many ways, by simply following the current VFRanagement standards and the “Twelve
Benchmarks for the Health of the Forest,” VFF merslage already managing for carbon
sequestration. However, we hope that our reporthesipes the necessity of maintaining soll
health because soils are such a, essential compohearbon storage.

Certainly it is not essential for VFF members taaswee the carbon sequestration occurring on
their lands; however, we hope we have shown thatbt at all a difficult process for those who
are interested in doing so. Perhaps the most diffpart is the length of time one must wait
before being able to make any useful calculati@athering simple data on a test plot is not a
time-intensive process; however, in order to cal®isequestration the data must be collected
again on the same plot after a given amount of haselapsed. It is possible to collect the data
again after only one year, but the resulting figworild not be as useful as waiting 10 years.
Information for those interested in calculatingbzar sequestration on their lands can be found in
Section 3.1.
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