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Radiative Forcing and Forest Climate Policy
1 Introduction
1.1 Forest Climate Policy and Management

Forests continue to receive attention as a meamstigfating climate change due
to their ability to sequester carbon and reduceoaprneric greenhouse gas
concentrations. Though there is some debate affwether forest-based carbon
sequestration is cost effective (e.g., van Kootead.€2004; Sohngen and Mendelsohn
2003), most generally agree that forest sequestr&icompetitive with other abatement
measures and may play a significant role in natiand global climate mitigation
strategies (e.g., Tavoni et al. 2007; Lubowskile2@06; Boyland 2006; Richards and
Stokes 2004). Pacala and Socolow (2004), foants, include forest management in
their global “wedge” strategy to stabilize atmogph€02 concentrations, combining
reduced tropical deforestation with afforestatiorathieve an annual reduction of 1 Gt C
by the 50th year of implementation. Stavins anchRids (2005) estimate that a national
forest-based carbon sequestration program cousetdff.S. net carbon emissions by up
to one-third, at costs similar to emissions reaucprograms.

Forests are unique as a component of climate rtigigdecause they can provide
numerous co-benefits such as clean water, woodupte@nd wildlife habitat.
Sequestering additional carbon through sustairfabést management therefore has
become a recommended policy objective (Ruddell. &0®7). Of course, forests cannot
provide climate benefits if they are lost to corsven or cannot adapt to climate change.
Thus retaining forest cover and promoting resiljeimcforests are also important forest
policy objectives (Ruddell et al. 2007). A comnpoposal is to assign market values to
ecosystem services in order to more accuratelgaethe suite of public benefits that
forests provide and to incentivize forest landowrtermanage in order to provide those
benefits. This and other available policy instramsewill be discussed in the next
section. Below I briefly discuss forest managensérategies for climate mitigation.

There exist various mechanisms by which forestsrednce atmospheric

greenhouse gas concentrations. Opportunities ifgation in the forest sector include
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reducing emissions (e.g., substituting wood praslfmt other energy-intensive materials,
reducing risk of catastrophic wildfire), enhancsigks (e.g., afforesting marginal
agricultural land, reducing deforestation, imprayforest management), and reducing
emissions and enhancing sinks simultaneously @ufstituting short-rotation biomass
for fossil fuel energy, increasing utilization eféncy, planting trees in urban areas)
(Birdsey 2006; Birdsey et al. 2000). Here | foomsland management opportunities for
enhancing sink capacity of forests; forests areeg@ly better at storing carbon than
other land uses (Salwasser 2006). One primarytavaghieve this goal is to increase the
area under forest cover, via afforestation of agfical lands and/or reducing forest
losses to alternative land uses.

Alternatively, management of existing forests barmodified to promote
sequestration. Improving forest management isrtbst cost-effective means, in the
short-term, to sequester additional carbon (Birdsesl. 2000). Actions to enhance
forest carbon storage in actively managed forestside fertilization, pest and fire
management, adoption of low-impact harvesting prest reforestation, and alteration of
harvest quantity and timing (Murray et al. 2000).particular, rotation length, amount of
live biomass harvested, and amount of detritus vetdy slash burning have significant
impacts on carbon storage, with rotation lengtm@¢he most important factor (Harmon
and Marks 2002). Extending the rotation lengtbwad trees to grow larger, thereby
storing more carbon, and pushes harvest emissaomshe future. Additionally, forests
managed on longer rotations accumulate more sgéroc matter and litter, and tend to
on average house more carbon than forests manag&tbd rotations (Krankina and
Harmon 2006).

1.2 Policy Instrumentsto Encourage Forest Carbon Sequestration®

There exist a range of available policy instruméatgpromoting sequestration in
forests, which vary in terms of cost-effectivenagisether the government or private
individuals exert control over private actions, aviiether the government or private

! Unless otherwise stated, much of this sectioreresimaterial from Richards et al. (2006)
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individuals bear the cost of those actions. Heatisduss four tools that can be used to
achieve environmental protection and to induce gharn forest management:
government production, command and control, pradi@sed incentives, and results-
based incentives. Figure 1 summarizes these &oolsrding to control and costs.
Another way to conceptualize these tools is assumga ladder, where private
landowners are increasingly involved and given noar@rol as one moves up the ladder
(Figure 2). Costs are generally kept lowest whavage landowners have the most
control over their actions. That fact combinedwatstrong undercurrent of property
rights may explain why most attention in the poliegna, at least nationally, has been
focused on market-based policies where privatedamers control their own actions and
bear those costs.

At the lowest rung, government production, poligesid aim to either affect
emissions on federally owned land or to generatiedisseminate information that would
benefit private landowners. The latter is activatgurring on a variety of fronts,
including for instance the U.S. Department of Egek§05(b) program, which provides
guidelines and a voluntary registry where foresivdies may be registered (Birdsey
2006). The U.S.D.A. Forest Service also providasenial support in terms of freely
available publications and on-line resources.etms of affecting emissions, the best
opportunities likely lie in reducing wildfire risk western national forests and promoting
biomass utilization. Government production is asged with low monitoring and
enforcement costs, the burden for which falls uphentaxpayers. Though the current
stock in national forests is large, possibilitiesattively manage to increase the net
carbon flux are low (legal and/or economic roadkf)cas is the possibility to expand
the forested land base through acquisition. Bexatithis, government production is
likely to be paired with complementary policieslirgnhcing private landowners.

Under command and control, the government woulttirte mandatory
emissions reduction standards, and emitters whial cant meet those standards would be
penalized. The Clean Water Act is an example @éifal command and control

legislation, wherein emitters of point-source pttin must meet end-of-pipe standards.
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There are no national regulations of private foreahagement, though many states have
forest practice regulations. Conversely some statech as those in the timber producing
southeast region, instead opt to promote voluritast management practices (BMPS).
Command and control is unpopular because it carntrasinefficient allocations of
resources, can discourage research and innovations viewed by many as an
unnecessary intrusion into free enterprise. CGost®vernment include administrative
and monitoring costs, and private landowners igortunity costs from adherence to
regulations. The cost-effectiveness of forest lagns in terms of emissions reductions
is difficult to assess, in part because it requmesliction of landowner behavior in the
absence of regulations, and in part because emsgsstoluctions may be a co-benefit of
policies implemented for other objectives.

Practice-based incentives promote conservatiemted management. Typically
this is achieved through the provision of servisesh as cost sharing, land rental, and
technical assistance. Policymakers can choosedettlandowners for assistance based
upon financial or environmental need. Financiedéting seeks landowners who in
theory would not have been able to afford prom@iedtices absent financial assistance.
Environmental assistance conversely targets landmmmased upon the environmental
state of their land, whether it be in need of negtton or worthy of preservation.
Estimating the benefits is challenging becausenckttainty in attributing carbon results
to particular programs, and of questions over peanee (i.e., how long will the
landowners continue to implement the encouragedtipes). The burden of paying for
results-based incentives falls upon taxpayers.

Results-based incentives provide the greatesbfley to private actors, ideally
minimizing costs. The government effectively cesad market where carbon has a price
and it becomes costly to emit. The idea is thavimd costs from emissions, polluters
would invest in emissions reduction technologyftghiother technology, or reduce
production. Market incentives include carbon sdésj taxes, and credits. A hybrid
tax/subsidy program is also possible, wherein éwemnue could offset subsidy

expenditures. The award of credits would occuranjunction with a broader cap-and-
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trade program. Table 1 provides a comparisonedahmarket approaches. Tax/subsidy
systems are considered to be more efficient apprdat have minimal political support.
Cap-and-trade systems on the other hand have bovsgnsus and appear to be an
eventuality at the regional and possibly natioesél.

Under a tax-based system the expectation is thHait@s would incur emissions
reduction costs up to the point where the marginats of doing so equal the price of
carbon. Over time the carbon price may be inck&sencourage further emissions
reductions. The primary advantage to a tax sysemnce certainty. This provides an
important long-term signal to investors consideigongtly emissions reduction
technology, such as clean burning coal plants. primary disadvantage is no guarantee
of emissions reductions. Another disadvantagedseased energy costs to consumers,
though tax revenue can be used to offset incono¢her taxes for those sectors of the
population most adversely impacted.

Under a cap-and-trade system the government semesions threshold and
distributes allowances to polluting entities in jpa@ sectors. Those entities that don’t
use all of their allowances may sell their alloneson the open market to other polluters
in need of extra allowances. Over time the nunabatlowances given out is reduced,
lowering the emissions threshold. Marketable permnable companies that produce
more value per unit of pollution to buy the polartirights from those who produce less
value; this enables pollution rights to flow to sleovho value them most. This approach
can help ensure the highest value possible (ing@fhgoods and services) for the level of
pollution that will be permitted. In contrast tdex system, cap-and-trade systems have
greater certainty regarding emissions reductionsén exhibit price volatility.
Additionally, there are issues of equity in howoalances are distributed between
sectors, and whether they are auctioned or givexyaws with taxes, under a cap-and-
trade system consumers would face higher enerdgg,dbsugh revenue raised from
government auctions could be reinvested in soc@inams.

For the remainder of this thesis | focus on twokatbased policy tools, a

tax/subsidy and cap-and-trade. More specificallgcus on the intersection of forest
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management and said policies. To achieve eitheypérameworks would need to, at a
minimum, identify an official carbon accountingrstiard, and in the case of cap-and-
trade, establish an official registry for carboadits (Binkley et al. 2002). Traditionally
the objective of a market-based policy directefbetst management has been to increase
the net forest carbon flux, by incentivizing sedteggon in forests and wood products.

As | will point out, however, such a narrow polialyjective could result in unintended
and/or undesirable climatic consequences. A grgwody of research is suggesting that
forest management strategies for climate changegatitin should focus on more than

just greenhouse gas reduction.

1.3 Radiative For cing, Forests, and the Albedo Effect

Forests generally are darker than bare or agri@lltand, and consequently
absorb more solar radiation, possibly warming tiveosinding region. This is known as
the albedo effect. The albedo of an object istktent to which it reflects radiation,
defined as the ratio of reflected to incident el@ttagnetic radiation. The climatic
impacts of carbon sequestration, surface albedogesa and other processes can be
expressed in terms of radiative forcing, definethasnet change in global irradiance (W
m) due to changes in external climate drivers (IFXDG7). Forests can exert a negative
radiative forcing through carbon sequestration,tbey can also exert positive forcing by
reducing surface albedo.

Where the albedo effect has been incorporated@s®arch, management
implications can differ from what would otherwise pursued under a sequestration
maximization objective. Bala et al. (2007) simathtarge-scale deforestation
experiments and reported global cooling due to ghain albedo and evapotranspiration.
Specifically, deforestation resulted in warmingropical regions, essentially no change
in temperate regions, and cooling in boreal regiddisice a primary goal of mitigating
(or avoiding) climate change is to pass on ournateritage to future generations, it
would make little sense to pursue deforestatioa igtigation strategy (Caldeira 2007).

Nevertheless, the results of Bala et al.’s (200@hlly unrealistic scenarios have real
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implications: afforestation projects intended édbmate-change mitigation may not have
the expected impacts if implemented at high-laggidSimilarly, Gibbard et al. (2005)
reported that simulated global afforestation/restaBon would increase global mean
temperatures, and stated that creating tree piansain non-tropical locations may yield
undesirable results. Randerson et al. (2006) egpiie concept of radiative forcing to
investigate the possible impacts of boreal forestdn climate warming, and found that
future increases in fire may not accelerate gle@iming. Loss of canopy from fire can
lead to increased snow exposure and increasedogliesilting in negative annual
forcing exceeding positive radiative forcing fromrlson emissions. Earlier studies found
that historic land-use changes, such as deforestaticreased surface albedo, which
could have led to cooling observed prior to thenafntury (Govindasamy et al. 2001;
Brovkin et al. 1999).

Betts (2000) developed a methodology incorporatiegconcept of radiative
forcing to express the relative climatic impact$arest sequestration and albedo.
Specifically he calculated the equivalent changeiirestrial carbon stock that would
result in the same global forcing from establishtdra coniferous plantation. From this
he estimated net equivalent carbon stock changesfisrestation over the course of one
management rotation. Reduction in surface albeata forestation exerts a positive
forcing just like releases of carbon from wildfoeharvest. Thus forestation of bare or
agricultural land can have comparatively worse atimimpacts despite the increased
sequestration capacity; this is especially trugnowy regions where absent forest cover
the land would stay white and reflect sunlightdmuch of the year. Thus forestation
could in some circumstances lead to net equivaenssions. Results from global
simulations suggest that many boreal forests exesmrming rather than cooling
influence, and that the climatic benefits of tenaperforests are dampened by the albedo
effect.

Thus location and climate play very important ratedetermining a forests
relative ability to contribute to climate changdigation. van Minnim et al. (2008)

investigated the effectiveness of sequestratidargst plantations, and stated that
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because of biophysical effects, plantations shootde established at high latitudes if
climate mitigation is the sole objective. Schaeéfeal. (2007) compared biomass and
carbon plantations in terms of their respectivealie impacts via albedo and carbon
sequestration. They found that the albedo effactaffset sequestration benefits and
guestioned the efficacy of extra-tropical carbcanphtions as a mitigation strategy. Betts
et al. (2007) likewise suggested that carbon ptemtsa outside of the tropics could be
less effective than expected or even counterprogaict

In sum, forests in boreal and high-latitude temigeragions may actually exert a
warming influence relative to other land-uses saglagriculture, because the cooling
effect of carbon sequestration is more than offgeghe warming effect of shortwave
solar radiation absorption. In light of this, G#sd et al. (2005) argue that more research
is necessary before forest carbon storage is deglay a strategy for mitigating global
warming. Proper consideration of both carbon cyclé albedo effects may lead to more
informed and more effective forest management polic

Marland et al. (2003) explored four policy optiaasiging from exclusion to a
complete integrated assessment recognizing aleéinmplications stemming from land-
use and land-change, noting that with current tdaddatter option remained elusive.
The second option, complete fungibility betweenrses of carbon flux, is consistent
with UNFCC and the Kyoto Protocol but does not aepthe full climatic impacts. The
third and recommended (at least in the interimjooptonsidered radiative forcing rather
than greenhouse gas concentrations. The authggested that “region-specific
‘discount coefficients’ might be derived for a fherder attempt to adjust changes in
carbon stocks according to their simultaneous etiesurface albedo and their net effect
on the Earth’s radiative balance,” (p. 153) a mdthot dissimilar from the carbon

equivalency calculations of Betts (2000).

1.4 Moving Forward
This thesis investigates the potential implicatitorsforest management from

explicitly considering radiative forcing in the ddagpment of market-based climate
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mitigation policies. | effectively adopt Betts’q@0) methodology, wherein the positive
radiative forcing from surface albedo results inigglent greenhouse gas emissions.
The current scientific level of understanding relyag the radiative forcing impacts of
surface albedo is medium-low (IPCC 2007). Contihtesearch will improve our
preliminary understanding of the albedo effect afitlenable more explicit
investigations into forest management and climbenge implications. Thus my
research focuses on developing meaningful framesviankforest climate policy analysis
and offering suggestions for how policy could irmmate radiative forcing, rather than
promoting specific policy directives based uporotietical results.

In Chapter 2 | consider a tax/subsidy scheme baged radiative forcing, and
investigate its impacts on even-aged forest managenSpecifically | consider three
management decision variables: species choiceneggtion effort, and rotation age. A
fundamental assumption of the chapter is that sgathoice and regeneration effort can
substantively affect a stand’s climatic impactsaligring the time patterns of both carbon
flux and equivalent emissions due to changes ifaseralbedo. | employ Faustmann
rotation equations to determine the optimal rotaige under various assumptions about
the aforementioned variables as well as varyindgpdéinand carbon prices, discount rates,
and functional forms for an albedo-equivalent eroisgquation. Chapter 2 illustrates
how landowner behavior would change under an atemm tax/subsidy scheme not
based exclusively on carbon. Further, the chalhistrates how climate mitigation
policies based exclusively on carbon could be nsostly than expected or ineffective.

In Chapter 3 | explore the role of forest offsetsler a cap-and-trade scheme.
Though sequestration in forests and forest prodqueigdes a useful tool for reducing
atmospheric greenhouse gas concentrations, thegeeamany challenges to successful
implementation of a forest offset program. Chajlesnthat have been identified and
discussed in the literature include the adoptioproper accounting standards that
include risk and the role of wood products, estdislient of baseline scenarios against
which to compare additional sequestration, all@eratf credit among stakeholders, and

leakage. An additional challenge that has nobgein discussed in detail is how the
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efficacy of forest-based offsets may be impairedh®ycountervailing effect of surface
albedo. | propose policy frameworks that accoontddiative forcing rather than just
carbon, in particular the adoption of “carbon-e@lent” accounting methods.

Lastly, Chapter 4 summarizes the results of Chaf@emnd 3.



11

1.5 References

Bala, G., Caldeira, K., Wickett, M., Phillips, T.Lobell, D.B., Delire, C., and A.

Mirin.  2007. Combined climate and carbon-cydfeas of large-scale
deforestation. PNAS 104: 6550-6555.

Betts, R.A., Falloon, P.D., Goldweijk, K.K., and Ramankutty. 2007.

Biogeophysical effects of land use on climate: kElaimulations of radiative
forcing and large-scale temperature change. Aljui@al and Forest Meteorology
142: 216-233.

Betts, R.A. 2000. Offset of the potential carbork grom boreal forestation by
decreases in surface albedo. Nature 408: 187-190.

Binkley, C.S., Brand, D., Harkin, Z., Bull, G., Radranath, N.H., Obersteiner, M.,
Nilsson, S., Yamagata, Y., and M. Krott. 2002.rloa sink by the forest sector
— options and needs for implementation. Foresti?ahd Economics 4: 65-77.

Birdsey, R.A., Alig, R., and D. Adams. 2000. Ctex8: Mitigation Activities in
the Forest Sector to Reduce Emissions and Enhanke & Greenhouse Gases.
USDA Forest Service RMRS-GTR-59.

Birdsey, R.A. 2006. Carbon Accounting Rules amid@lines for the United States
Forest Sector. Journal of Environmental Quality B3518-1524.

Boyland, M. 2006. The economics of using foréstsicrease carbon storage.

CJFR 36: 2223-2234.

Brovkin, V., Ganopolski, A., Claussen, M., Kubatzki, and V. Petoukhov. 1999.
Modelling climate response to historical land costeange. Global Ecology and
Biogeography 8: 509-517.

Caldeira, K. 2007. When Being Green Raises thet.HEY Times Op-Ed. Jan 16,
2007.

Gibbard, S.G., Caldeira, K., Bala, G., Phillips]).Tand M. Wickett. 2005. Climate
Effects of Global Land Cover Change. Geophysieaddarch Letters 32(23).

Govindasamy, B., Duffy, P.B., and K. Caldeira. 20@and use Changes and
Northern Hemisphere Cooling. Geophysical Resebetters 28(2): 291-294.

Harmon, M.E. and B. Marks. 2002. Effects of silitural practices on carbon
stores in Douglas-fir — western hemlock forestghamPacific Northwest, .S.A.:
results from a simulation model. Can. J. For. R@s863-877.

IPCC 2007. Fourth Assessment Report. Working @tb&eport: The Physical
Scientific Basis. Available athttp://www.ipcc.ch/ipccreports/ar4-wgl.htm
Last accessed: October 14, 2008

Krankina, O.N. and M.E. Harmon. 2006. Chapterd&ebt Management Strategies
for Carbon Storage, in Forests, Carbon and ClirGainge: A Synthesis of
Science Findings. Oregon Forest Resources InstiRdrtland, OR. 182pp.

Lubowski, R.N., Plantinga, A.J., and R.N. Stavi2f06. Land-use change and
carbon sinks: Econometric estimation of the cardeguestration supply
function. Journal of Environmental Economics ananslgement 51: 135-152.




12

Marland, G., Pielke, Sr., R.A., Apps, M., AvissBr, Betts, R.A., Davis, K.J.,
Frumhoff, P.C., Jackson, S.T., Joyce, L.A., Kauppj Katzenberger, J.,
MacDicken, K.G., Neilson, R.P., Niles, J.O., dtaNiyogi, D., Norby, R.J.,
Pena, N., Sampson, N., and Y. Xue. 2003. The tikinmrapacts of land surface
change and carbon management, and the implicdtorrimate-change
mitigation policy. Climate Policy 3: 149-157.

Murray, B.C., Prisley, S.P., Birdsey, R.A., and Rdmpson. 2000. Carbon Sinks
in the Kyoto Protocol. Journal of Forestry 98(9)b

Pacala, S., and R. Socolow. 2004. Stabilizati@dyés: Solving the Climate
Problem for the Next 50 Years with Current Techgas. Science 305: 968-972.

Randerson, J.T., Liu, H., Flanner, M.G., Chamb®&rB,, Jin, Y., Hess, P.G., Pfister,
G., Mack M.C., Treseder, K.K., Welp, L.R., ChagiS$., Harden, J.W., Goulden,
M.L., Lyons, E., Neff, J.C., Schuur, E.A.G., and&5CZender. 2006. The Impact
of Boreal Forest Fire on Climate Warming. ScieBté: 1130-1132.

Richards, K.R., Sampson, R.N., and S. Brown. 208&ricultural and Forestlands:
U.S. Carbon Policy Strategies. Pew Center on GlGhaate Change, Arlington,
VA.

Richards, K.R., and C. Stokes. 2004. A ReviewareBt Carbon Sequestration Cost
Studies: A Dozen Years of Research. Climatic Ch&®)1-48.

Richards, K.R. 2004. A Brief Overview of CarboagBestration Economics and
Policy. Environmental Management 33(4): 545-558.

Ruddell, S., Sampson, R., Smith, M., Giffn, R.,I®art, J., Hagan, J., Sosland, D.,
Godbee, J., Heissenbuttel, J., Lovett, S., Helm®rite, W., and R. Simpson.
2007. The Role for Sustainably Managed Fores@imate Change Mitigation.
Journal of Forestry 105(6): 314-319.

Salwasser, H. 2006. Chapter 1: Introductionrebs, Carbon & Climate —

Continual Change and Many Possibilities, in ForgStsbon and Climate
Change: A Synthesis of Science Findings. Oregaadtdresources Institute.
Portland, OR. 182pp.

Schaeffer, M., Eickhout, B., Hoogwijk, M., StrengeB., van Vuuren, D., Leemans,

R. and T. Opsteegh. 2007. The albedo climate ¢tspEf biomass and carbon
plantations compared with the CO2 impact. ChapterHuman-Induced
Climate Change: An Interdisciplinary Assessmenitdfl by Michael E
Schlesinger, Haroon Khesghi, Joel B. Smith, Fraioc(S. de la Chesnaye, John
M. Reilly, Tom Wilson and Charles Kolstad. CambedJniversity Press. 426
pp.

Sohngen, B., and R. Mendelsohn. 2003. An Opt@maltrol Model of Forest
Carbon Sequestration. American Journal of AgnigaltEconomics 85(2): 448-
457.

Stavins, R.N., and K.R. Richards. 2005. The 0b&i.S. forest-based carbon
sequestration. Pew Center on Global Climate Chahdi@gton, VA.

Tavoni, M., Sohngen, B., and V. Bosetti. 2007 restry and the carbon market
response to stabilize climate. Energy Policy 3Bt65353.



13

van Kooten, G.C., Eagle, A.J., Manley, J., andmofak. 2004. How costly are
carbon offsets? A meta-analysis of carbon forie&iss Environmental Science
and Policy 7(4): 239-251.

van Minnen, J.F., Strengers, B.J., Eickhout, B.a8BwR.J., and R. Leemans. 2008.
Quantifying the effectiveness of climate changdgatton through forest
plantations and carbon sequestration with an iatedrland-use model. Carbon
Balance and Management 3(3).



14

Figure 1.1: Policy instruments arranged by who controls tbiils of activities and
who bears the financial burden of those actionshi{&ids 2004). Highlighted in gray is
the focus of this thesis, results-based incentives.
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Figure 1.2: Policy Tool Ladder (Richards et al. 2006)
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Table1l.1: Comparison of Results-based Policy Tools (Richatdd. 2006)
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2 Radiative Forcing and the Optimal Rotation Age

2.1 Abstract

Forests help mitigate climate change by sequestatimospheric carbon.
However, boreal and high-latitude temperate forestyg also contribute to global
warming due to the albedo effect. The relative@# of carbon sequestration and albedo
can be quantified in terms of radiative forcing.e YWesent a stylized, stand-level
analysis to determine the optimal rotation age wtmrsidering a tax/subsidy scheme
based on radiative forcing and the notion of edeivacarbon emissions. Additional
management decision variables considered inclueeiepchoice and regeneration effort,
since these can impact the albedo effect. We dstraia analytically that the optimal
rotation length is likely shortened when albed@t®d equivalent emissions are
incorporated, relative to a policy based only orboa. Empirical results indicate that
rotation ages do decrease relative to a “carboyi’ @allicy, and approach the traditional
(timber only) Faustmann rotation age as equivaemssion rates increase. Our results
suggest that forestation does not necessarily geodlimatic benefits in all
circumstances, and that, at the margin, other appibies for carbon reduction (e.qg.

abatement), or pursuing forestation in other lacetj become more attractive.

2.2 Introduction

Forests continue to receive attention as a meamstigfating climate change due
to their ability to sequester carbon and reduceoaprneric greenhouse gas
concentrations. Recent research, however, sugipestorest management strategies for
climate change mitigation should focus on more flnahgreenhouse gas reduction (e.g.,
Bonan 2008). Forests generally are darker tham dwaagricultural land, and
consequently absorb more solar radiation, possilyning the surrounding region.
This is known as the albedo effect. The albedanobbject is the extent to which it
reflects radiation, defined as the ratio of re#ekcto incident electromagnetic radiation.

Forests in boreal and high-latitude temperate regoay actually exert a warming
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influence relative to other land-uses such as aljuie, because the cooling effect of
carbon sequestration is more than offset by thenway effect of shortwave solar
radiation absorption. In light of this, Gibbardatt (2005) argue that more research is
necessary before forest carbon storage is deplayeadstrategy for mitigating global
warming. Proper consideration of both carbon cyclé albedo effects may lead to more
informed and more effective forest management pghtarland et al. 2003).

This paper examines the impact of the albedo effe¢he optimal Faustmann
rotation when sequestered carbon has value. Weildeske nature of the albedo effect
and its measurement in terms of equivalent carkeguestered in, or emitted from, a
stand. Theoretical rotation age effects are examniméhe context of a carbon tax/subsidy
system. We also explore how other management dacisiriables, specifically species
choice and regeneration effort, may affect equivasequestration potential and the
subsequent impacts on optimal rotation age. Anicapillustration of rotation age
changes is developed for the case of a coastaldauerifer stand in British Columbia. A

final section discusses the policy implication®of findings.

2.3 The Albedo Effect

Carbon sequestration and the albedo effect candntipa Earth’s climate via
radiative forcing, defined by IPCC (2001) as: “ateenally imposed perturbation in the
radiative energy budget of the Earth’s climateesyst measured as W /“mForests can
exert a negative radiative forcing through carbegquestration, but they can also exert
positive forcing by reducing surface albedo. Beeaof this, Gibbard et al. (2005)
conclude that, in high-latitudes, forests likelywaa net warming effect on the Earth’s
climate.

Where the albedo effect has been incorporated-@s®arch, management
implications can differ from what would otherwise pursued under a sequestration
maximization objective. Bala et al. (2007) simathtarge-scale deforestation
experiments and reported global cooling due to ghain albedo and evapotranspiration.

Specifically, deforestation resulted in warmingropical regions, essentially no change
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in temperate regions, and cooling in boreal regiddisice a primary goal of mitigating
(or avoiding) climate change is to pass on ournaatieritage to future generations, it
would make little sense to pursue deforestatioa igtigation strategy (Caldeira 2007).
Nevertheless, the results of Bala et al.’s (200@hlly unrealistic scenarios have real
implications: afforestation projects intended ébmate-change mitigation may not have
the expected impacts if implemented at high-laggidOther research has reached
similar conclusions (e.g., van Minnim et al. 20B8tts et al. 2007). Gibbard et al.
(2005), for instance, reported that simulated dlalffarestation/reforestation would
increase global mean temperatures, and statedriésting tree plantations in non-
tropical locations may yield undesirable resuRanderson et al. (2006) applied the
concept of radiative forcing to investigate thegbke impacts of boreal forest fire on
climate warming, and found that future increasefr@nmay not accelerate global
warming. Loss of canopy from fire can lead to @ased snow exposure and increased
albedo, resulting in negative annual forcing exaegg@ositive radiative forcing from
carbon emissions. Earlier studies found that histand-use changes, such as
deforestation, increased surface albedo and cavd led to cooling observed prior to
the 20th century (Govindasamy et al. 2001; Browial. 1999).

Betts (2000) developed a methodology incorporatiegconcept of radiative
forcing to express the relative climatic impact$arest sequestration and albedo.
Specifically, his method can be used to determieechange in terrestrial carbon stock
that would be equivalent to a change in surfacedadbresulting from a transition from
cropland to forestland. The first step is to siatellthe shortwave radiative forcing due to
local albedo changes as a result of land converaimhthen calculate the change in
atmospheric CO2 concentration that would resulhénsame forcings as those wrought
by local albedo changes. This permits one to esérthe contribution of a new
coniferous plantation to global forcing, F, as adiion of AC, the change in global-mean
atmospheric CO2 concentration. Next the changermastrial carbon stoclACT) is
calculated that would give the same global forasghe change in atmospheric CO2

levels. By combining equations, one can calcula¢echange in terrestrial carbon stock
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(ACT) that would result in the same global forcinglest from the albedo effect of a new
plantation (F). Betts labeled this equivalent d&fin terms of radiative forcing) in
carbon stock stemming from afforestation as thessimns equivalent of shortwave
forcing (EESF). Thus, the effects of albedo antb@a sequestration can be expressed in
comparable terms, with radiative forcings from dilbehanges expressed as changes in
equivalent carbon stock.

The equivalent changes in carbon stock are coresidamissions because
transition to forest lowers surface albedo andtexawsitive radiative forcing, just like
releases of carbon from wildfire or harvest. BE®B0O0) estimated albedo forcings in
terms of carbon stock change for temperate anchborgions over the course of one
management rotation and assuming a transitionneedeoniferous plantations. The
highest EESF values were observed in boreal foegstns, especially those with long
durations of snow-cover, where prior to forestatoopland would otherwise have had a
higher albedo and reflected more incident shortwadetion. EESF is therefore a
relative term that describes not the emissionsvadgmt from existing forest, but from the
land-use transition to forest. Assuming that lsariéhas similar albedo to that of
cropland, EESF calculations can provide a rougimese for the relative impacts of
reforestation following harvest. As a plantatigyes, albedo declines to an asymptote, F
rises and the equivalent carbon stock change groMesdefine A(t) to be the cumulative
albedo-related equivalent carbon emissions perana# of the stand, where t is the stand
age. We expect A’ > 0.

Thus, this paper investigates the potential implbece of explicitly considering
radiative forcing in the development of climate oha mitigation strategies for actively
managed forests. Although other studies have tigated strategies to reduce
greenhouse gas concentrations via forest manageweiaire not aware of any that
consider surface albedo changes as a result ohtemégement. Perhaps closest,
Marland et al. (2003) proposed, but did not comprgigion-specific factors to “adjust
changes in carbon stocks according to their simatias effect on surface albedo and
their net effect on the Earth’s radiative balan¢pd. 153) We draw from the work of
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Betts (2000) and Marland et al. (2003) to develapd-level analyses that more fully

account for the climatic impacts of forests ane&fbimanagement.

2.4 Forest Management and Mitigation Strategies

In the context of active forest management, enhgrtbe sink potential of forests
is perhaps the most common objective of researcherthe short-term, improving forest
management is considered the most cost-effectivaa® sequester additional carbon
(Birdsey et al. 2000). Actions to enhance for@sbon storage in actively managed
forests include fertilization, pest and fire managet, adoption of low-impact harvesting
practices, and alteration of harvest quantity améhg (Murray et al. 2000). Rotation
length in particular can have significant impaatscarbon storage (Harmon and Marks
2002). Extending the rotation length allows treegrow larger, thereby storing more
carbon, and pushes harvest emissions into thesfufeorests managed on longer
rotations accumulate more soil organic matter #tet,land tend on average to house
more carbon than forests managed on short rotafinasikina and Harmon 2006).
Extending rotations could also yield additionalueafrom higher quality wood products.

At the stand level, Hoen (1994), van Kooten e{X995), and Hoen and Solberg
(1997), among others, have investigated the implacarbon tax and subsidy schemes on
the optimal rotation age for even-aged managemarthese models landowners are paid
a subsidy for periodic carbon uptake in biomasstardd at release (harvest and
subsequent decay). The Faustmann models devedopesdsentially variations on the
Hartman (1976) model, which includes non-timberdfgs. All other things being equal,
as the value of carbon increases so does the dpbtasion age.

In general, where economic incentives to manageddyon are incorporated into
models, extending rotation age is an expectedtremiMurray (2003) demonstrates. Im
et al. (2007) simulated a carbon tax/subsidy systiemiar to that described above for
private forests in western Oregon, and reportetabarage rotation age increased.
Gutrich and Howarth (2007) likewise found rotatenes extended when including social

benefits of carbon storage in a model appliedndér stands in New Hampshire.
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Chladna (2007) presented a real options modeldtarohining the optimal rotation age
under uncertainty in both future wood and carbaogst Unlike the aforementioned
studies, Chladna found rotation periods were exdérahly under constantly high carbon
prices, indicating the opportunity cost of prolamgharvest will be incurred only if the

landowner is sure of financial benefit from sequadgin.

2.5 Carbon and Equivalent Carbon Accounting

Although numerous approaches for carbon accouetisy, here we consider the
discounting method (Richards and Stokes 2004).h\Wii¢ discounting method the time
of carbon capture is important. Future carbonuwaptis discounted to the present using
the social rate of time preference (SRTP) to craatestric known as present tons
equivalent (PTE). Discounting future carbon alldasclimatic benefits to be expressed
on a consistent basis, and has been advocateddiation of forestry decisions (Murray
2003; Fearnside et al. 2000; Richards 1997). Hldardoon of a stand harvested at age T

with complete carbon release is calculated as:
T
PTE = j CS'(t)e™dt - CS(T)e™" (1)
0

wherel represents the SRTP, CS(t) the cumulative carbquestered at time t (t C / ha),
and CS’(t) the rate of carbon uptake (t C/ hg. yr

How harvested biomass is utilized can have sigmfieffects on carbon flow
accounting and can impact the rotation decisioa\it and Richards 2005). Wood
products can provide long-term carbon storage, thdgcing taxable emissions. Perez-
Garcia et al. (2005) estimated that 50% of hardesteod becomes lumber with an
assumed service life of 80 years. It might thetrdesferred to a waste disposal site with
some carbon loss, although in modern landfills larmdppears to demonstrate minimal
decay (Skog and Nicholson 1998).

One option for treating wood product storage idiszount future release from
decay to obtain a net discounted emission valua@h2003; Hoen and Solberg 1997).

Another option is to consider the landowner’s lidgpfor carbon emissions from harvest.
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Chladna (2007) presented a carbon-crediting schethevarying levels of landowner
liability for emissions, ranging from 100% (all ban is released) to 30% (harvested
wood is used in a bioenergy plant that capturessaqdesters emissions). van Kooten et
al. (1995) demonstrate that rotation ages are ahedtas landowner liability decreases
because the tax from release at harvest is lol@ng-term storage with minimal decay
is analogous to a reduction in landowner liabilégd therefore when wood product
storage is included rotation ages are expecteddden.

Because we include equivalent emissions in oulysisathe variable of interest
changes to total equivalent carbon sequesteredS{tEQ@ C / ha). TECS(t) is calculated
as the cumulative carbon sequestered, CS(t), lenslative albedo-related equivalent
emissions, A(t), as defined above. The PTE fonedent carbon is calculated as in
Equation 1 with TECS(t) substituted for CS(t). eS8pecific factors such as soil albedo,
frequency and duration of snowfall, vegetative cpaed intrinsic productivity, as well
as management decisions such as stocking levelsiespselection, and fertilization will
all influence the behavior of TECS over time.

In the following analysis A(t) is assumed to follaogistic “S-shaped” growth
curve, with albedo-related equivalent emissiong@gghing an asymptote after canopy
closure. We consider three general forms of Atigre the initial sign of the function is
negative, zero, or positive, and term these Aamd A+, respectively. The functional
form A- reflects the findings of Bala et al. (20@&f)d others, who demonstrated that
deforestation can have a net cooling effect, sugggebare ground may exert a cooling
influence. In such circumstances bare land, bytexgnegative shortwave radiative
forcing, could be said to be emitting negative ggl@nt carbon, or alternatively
sequestering equivalent carbon. However, suchrapulas observed in response to
deforestation, so it remains unknown whether beoary, ceteris paribus, actually
results in equivalent sequestration. We theredtge consider other model forms for
A(t).
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2.6 Managing for Albedo

From the perspective of minimizing albedo-relateting, after harvest
managers may opt for alternate treatments withréustands beyond adjustment of the
rotation age. One particularly compelling optisria consider changing to another
merchantable species. Though the idea of plamtavgand different species has been
proposed in the past (e.g., introducing droughstast species where summers are
expected to lengthen and rainfall decline (Krankand Harmon 2006)), generally
speaking the strategies can be regarded as mitigaticlimate change symptoms.
Planting new and different species, when apprograiuld also mitigate climate change
causes, by sequestering carbon and exerting negatiNative forcing. In the
mountainous West of the United States it may belale option to introduce
merchantable varieties of larch (Larix), which ecdiuous, for instance. Elsewhere,
transitioning to merchantable hardwood speciesnoply emphasizing hardwood species
may be appropriate. Quaking aspen (Populus traded} for instance, is a ubiquitous
species in the Lake States of the United Stateésghesually harvested using clearcuts;
benefits could accrue from increased albedo inevias well as after harvest. All other
things equal, such practices would be beneficahfa climate change perspective if the
discounted value of TECS, carbon sequestered fromth less equivalent carbon
emissions from radiative forcing, exceeded thattierpre-existing forest type.

Another option available to landowners is to chareggeneration effort. If A(t) is
negative prior to canopy closure, (A- from abovapay in theory be optimal to lengthen
the time until the stand reaches canopy closb@ng so would generate a near-term
benefit from the cooling influence of the bare grdwacting as an equivalent sink. An
additional benefit from delayed establishment @vmion of early seral habitat.
Conversely, if bare ground is dark enough to pdggkert a warming influence, then
pursuing rapid regeneration to quickly sequestdsaamay be preferable in order to
offset the equivalent emissions.

Altering harvest quantity is another suggestionréalucing carbon release
through forest harvest (Richards and Stokes 20Q#ray et al. 2000). Rather than
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pursue uneven-aged management based on singketestion, it might be a beneficial
silvicultural alternative to pursue patch cuttingeven-aged management. To do so
would expose bare soil that may exert negativergrespecially in areas with high
snowfall or particularly light-colored soils. Thgluwe do not consider this latter option

in this manuscript, it could be the subject of fetvesearch.

2.7 The Faustmann Model
We assume that the landowner’s objective is tordete the optimal rotation

age, T*, that maximizes the soil expectation vdBIEV), as presented in Equation 2.

PUT)E™ + p,a| VD™ dt - p, | AVt - p,Jav(T) - AT

mTax SV, . =

tecs e 2)
where p = net timber price ($/ m3), v(t) = timbetume (M3 / ha) at age t, r = discount
rate, a. = conversion factor for carbon in harvested wooldime (t C / m3), pc = carbon
tax/subsidy ($ /t C), and the subscript tecs iagis this is the SEV calculated
considering total equivalent carbon sequesteréde first term in the numerator
represents the value of harvested timber; the setmym the incremental subsidies for
increases in actual carbon stock; the third termneimental taxes on equivalent
emissions; and the fourth term the tax levied wteon is released at final harvest,
adjusted for albedo-related equivalent emissions.

Integrating by parts and reducing terms yieldsdfign 3:

T T
pv(T)e™™ +rpa j v(t)e"dt —rp, j A(t)e "dt
0 0

maxSEV, =
T

3)

1 _ e—rT
Taking the derivative of the SEV, setting the fesqual to zero, and rearranging

terms yields the first-order necessary conditic@NIE) for an optimum:
pV/(T) + rp [av(T) - A = r[pv(T) + SEV.. @)

Equation 4 can be interpreted as equating the margenefit (left side) to the
marginal cost (right side) of leaving the standjtow for another year. The marginal
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benefit of leaving the stand to grow is compriséthe additional value from timber
growth plus interest earned on forestalled paymehtaxes levied at harvest, adjusted
for albedo. The marginal cost is foregone inteossthe land and timber value. Value

from incremental carbon growth less equivalent e'mhs,pc[av'(T) - A’(T)] , IS not

included as a benefit because it would immedidieljost to taxes at harvest due to the
full liability scheme.

The FONC for a tax/subsidy program that only coasicactual carbon
sequestered (CS) is displayed below in Equatiott Bas a similar interpretation to
Equation 4, without adjustment for albedo-relatedssions. With full emission liability,
this FONC is identical to that presented by van téocet al. (1995)

pv(T) + rp.av(T) = r[pv(T) + SEV..] (5)
Further, removing the carbon tax/subsidy pricingesaes yields the traditional timber-
only Faustmann FONC, which equates the margirlabvaf letting the stand grow for
an additional year with the interest that coulcebened on the land and timber value:

pv'(T) = r[pV(T) + SEV e (6)

Comparing Equations 5 and 6 it can be seen toatding carbon pricing
provides an incentive to leave the stand uncuafienger period by adding to the
benefits the interest earned from postponed takeEquation 4 the benefit of
prolonging harvest is reduced by taxes levied anvadent emissions, thereby
dampening the rotation-lengthening effect. Wedfare would expect rotation ages
under the radiative forcing (equivalent carbon)ysaksidy scheme to be shorter than
those under a carbon-only scheme. How the rotai@ndetermined using Equation 4
relates to the timber-only rotation age from Equat depends on the relative
magnitudes oév(T) and A(T), although with the exception of bdraseas with very
slow growth rates we would expect tha(T) > A(T). Generally speaking, then, we

2 This corresponds to a “pickling” factor of zerotire terminology of van Kooten et al. (1995).
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expect the following relationship to hold, > T, > T,. .. > Ultimately this is an

empirical question that depends on the functiooahs of v(t) and A(t).

2.8 Numerical Example

To illustrate the rotation effects described abawe consider the hypothetical
case of a mixed-conifer stand located in coastiisBrColumbia, the volume equation
and carbon/biomass ratio for which are provideddny Kooten et al. (1995). Optimal
rotation ages were determined under a range dftaetpage prices, carbon prices, and
functional forms for albedo-related equivalent esiues that vary with assumptions
regarding the initial behavior of A(t) and impadise to species and regeneration
decisions. For simplicity we exclude thinning diner pre-harvest treatments, although
some types of thinning have been reported to haséiye sequestration effects (Hoover
and Stout 2007). After harvest, we treat actudleguivalent carbon according to a full
liability scheme, in accordance with the Faustmequations presented in the section
above.

As described in the accounting section, we asshateii(t) follows an “S-
shaped” growth curve. This reflects our expectatimt albedo values and albedo-
related equivalent emissions change graduallyestdnd establishes. The estimates for
albedo-related equivalent emissions in Betts (2@0@)ased on the assumption that the
albedo parameter values for dense conifer forest veached within one rotation period,
suggesting a gradual change in albedo, which agvgkeour assumption. The time of
maximum growth of A(t) was set to 15 years, whiglhdughly representative of the age
when mixed conifers stands in coastal British Cdlianmreach crown closure.

In our baseline analysis we consider three funeatiforms for A(t), A-, A, and
A+, that reflect assumptions about whether barempicsequesters, does not affect, or
emits equivalent carbon. We also consider a seceabsent any albedo-related

equivalent emissions, or a “carbon only” scenaugh as that presented in Hoen and

% The regularity conditions for this to hold are} gaarginal benefit is positive but increasing slowen
(positive) marginal cost, or (b) the marginal bériefpositive but decreasing, and marginal costs a
increasing and positive.
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Solberg (1997). Betts (2000) reported that atl fiotation total equivalent sequestration
by coniferous plantations in British Columbia amtsuto only 60% of actual carbon
sequestered. Using age 60 as the rotatiof) agetherefore defined A(t) such that the
ratio TECS(60) / CS(60) = 60%. For the alternatectional forms A- and A+, the ratio
changes to approximately 65% and 55%, respectively.

Figure 1 displays the TECS and CS curves for tlasted forest example.
Incorporating albedo-related equivalent emissiassthe expected effect of reducing the
total equivalent amount of sequestered carbon (IEE®ure 1 also illustrates the
effects of ground cover albedo. If bare groundask enough to exert a warming
influence (A+) the land can initially be a sourbat eventually the growth rate catches
up and the stand transitions into a sink. The sartree where albedo-related equivalent
emissions rates are quite high; Betts (2000) rebgt in some boreal regions such as
northern Canada and Russia, equivalent sequestiatieegative, meaning the stand acts
as a source. If to the contrary bare ground 4 kegnough to exert a cooling influence (A-
), equivalent emissions from early stand growth affset sequestration, making the
slope of TECS negative at least temporarily. rikiiely the various TECS curves
converge, reflecting our expectation that despiitgai differences in bare ground albedo,
forest cover albedo approaches an asymptote.

For evaluating the impacts of species choice agdmeration effort we retain the
basic growth equations and assume the changeslatige. Changing to a species with
reduced albedo-related equivalent emissions igrasswo vertically shift downwards the
A(t) function, which in turn vertically shifts upwads the TECS(t) function. Figure 2
presents this change for the neutral (A) form dfj) AGpecifically we assume that the
species transition increases the ratio of TECS(&3(60) to 80%. Like above, this ratio
increases/decreases by approximately 5% for A-fandespectively. Delaying
regeneration effort (here we delay by 10 yearassimed to horizontally shift both the
CS(t) and A(t) functions, therefore also shiftingdS(t). Figure 3 displays this shift,

“ Betts (2000) reported rotation ages of 40-80 yemesuse the midpoint.
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again for the neutral (A) form of A(t). For A- tA&ECS curve is immediately positive,

because the bare ground acts as an equivalent sink.

2.9 Reaults

We compare optimal rotation ages, soil expectatadnes (SEV), and present
tons equivalent (PTE) for three modeled manageswatiarios (baseline, species
selection, and delay regeneration). Table 1 pteghe optimal rotation age for the
coastal forest example under a range of net stuenpages, carbon prices, and
functional forms for albedo-related equivalent esiuss (A-, A, and A+). All optimal
rotation ages were calculated use a discount f&ioo0 The first row in Table 1 assumes
zero albedo-related equivalent emissions, identgcalcarbon-only tax/subsidy scheme.
Because we only consider relative changes to TEC & species selection scenario,
there are no carbon-related benefits to be had élwenging species and so results are
identical to the baseline.

In the baseline scenario, incorporating equivadenissions from albedo has the
effect of maintaining or shortening rotation agelstive to a carbon-only policy.
Rotation ages decrease with increasing timber pacel increase with increasing carbon
prices. This agrees with the results of van Koeteal (1995) . Moving down rows of
Table 1 (increasing albedo-related equivalent aomssfrom bare ground), rotation ages
increase for identical timber/carbon price paiEntries marked as “-* indicate a net
negative soil expectation value, as the landownkingur more costs from taxes on
emissions than revenue from subsidy payments anvesta Forest management
becomes unattractive where timber prices are lavcambon prices high, especially
where early albedo-related equivalent emissionslaehigh.

Rotation ages presented in parentheses represahbjatima; in those
circumstances the highest SEV occurs on 1-yeaatioots” where the landowner is paid
a subsidy for the equivalent sink effect of theebgmound. Additionally the landowner is
paid rather than taxed at harvest by returnindahe to a sink. Postponing harvest

therefore postpones the subsidy, so the landovawwesfa decreasing SEV. Eventually
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however stand growth catches up, so beyond a cextg the landowner faces rising
SEV values up to the (local) optimal rotation age.

In the species scenario rotation ages are lengthehative to the baseline
scenario. This makes sense, because by redutiedaatelated equivalent emissions we
are effectively moving towards the carbon-only scem Above we demonstrated
theoretically that the optimal rotation age for 8$onger than one incorporating TECS.
Even in this scenario though, it still becomes traative to pursue forest management
under relatively low timber prices and initiallygh albedo-related equivalent emissions.
Rotation ages under the third management scerthiay regeneration, also demonstrate
similar trends with respect to timber/carbon priaed albedo functional forms. Rotation
ages as presented in Table 1 reflect the time $ianeest, so the actual stand age at
harvest would be 10 years younger, reflecting hgelar delay in regeneration.

In general, as albedo-related equivalent emissimrsase, optimal rotation ages
approach the traditional (timber only) Faustmartation age from above. For the
example stand, the Faustmann age is 43 yearsdtegsiof timber price (van Kooten et
al. 1995). Rotation ages under the tax/subsidgrsehmost closely approach the
traditional Faustmann rotation at low carbon priaed high timber prices. As stated
above, however, under certain circumstances (lower and high carbon prices) it
becomes uneconomical to pursue forestry on thelhadeat all This is especially true
for the case of (A+), where the landowner is effety liable for equivalent emissions
stemming from bare ground as well as from foretttdishment (Equation 3). In this
circumstance the benefit to delaying tax on fireMest is offset by near-term payments
due to albedo-related equivalent emissions.

Table 2 presents soil expectation values (SEV)Herthree management
scenarios, across the same range of conditionsmiegkin Table 1. Not surprisingly
SEV increases with increasing timber prices. Tiationship between SEV and carbon
prices depends upon scenario however. For thdit@aseenario SEV decreases with
increasing carbon prices, in part because nearpgagments are required for decreases in
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TECS. As expected, SEV decreases going down toeesuse landowners are
increasingly liable for near term payments on egjent emissions.

In the species selection scenario how SEV behautes@spect to carbon prices
depends upon the form of A(t), though the samedtdrdecreasing SEV with increasing
carbon prices generally holds. The two valuesairepthesis, as described above,
represent local optima, where the optimal soluisoaictually to “harvest” on a 1-year
“rotation” so as to constantly receive subsidigseiguivalent sequestration from bare
ground. The local optima occur at a much lateralgere timber value growth and
sequestration payments offset albedo emissionsta&EV here are likely higher than
for lower carbon prices in part because of highr teran equivalent sequestration
payments.

With the delayed regeneration scenario, SEV behdikewise varies with the
form of A(t), although it generally increases witicreasing carbon prices (A and A+).
The highest achievable SEV occurs under this managescenario, with high timber
and carbon prices, and bare ground acting initedlyan equivalent sink (A-). Here the
landowner receives large near term incrementalidigssand large revenues at harvest.

Table 3 provides the PTE of equivalent carbon flotheee management scenarios
assuming a timber price of $25/m3 and a socialdistrate of 5%. Increasing carbon
prices lead to increased rotation ages (see TalaedLtherefore increased amounts of
equivalent carbon sequestered; this trend agrabs@gults presented by Murray (2003).
Our calculated carbon-only PTE values are genelaigr than those in Murray (2003),
which is likely due to a combination of the facathve consider different species, employ
a full liability emission scheme rather than a defeanction, and the carbon/biomass
ratios from van Kooten et al. (1995) may be lowsamtthose used in Murray (2003).
Negative values indicate the stand effectively asta source. These occur where bare
ground acts as a sink, but equivalent emissiondalearly stand growth result in a
negative slope for TECS. The proposition thatadtcan act as a source relative to bare
ground with high albedo generally agrees with greults of other studies cited earlier in
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this paper; forests in certain locations can exaevarming rather than a cooling
influence.

Table 3 highlights the importance of the albede&fbf bare ground prior to
forestation. Where the ground is dark enoughitally act as a source (A+),
sequestration in forests provides higher PTE benetinder the species scenario, this
can actually result in higher PTE values than ier ¢arbon-only scenario. This suggests
that in some circumstances a carbon-only approaghtractually undervalue a forests
contribution to climate mitigation. Certainly thsstrue with tropical forests that can
affect climate through other mechanisms such agatkenspiration (Bala et al. 2007).

Table 3 also demonstrates that by incorporatingdttive forcing effects from
surface albedo, which can reduce the net equivakmqiestration potential of forests, it
takes longer to sequester the same discounteddéeatbon as would have been
accounted for under a “carbon only” scenario. ftiae of $10 /t C the coastal forest
stand would sequester 5.13 PTE of carbon. Nowidenthe species selection scenario
with the neutral (A) form of A(t). To achieve rdug the same level of equivalent
sequestration the carbon price would have to iseréy nearly an order of magnitude.
To achieve similar PTE levels with the other albédwctional forms would require even
higher carbon prices, or additional government slibs. This suggests that at the
margin, other opportunities for carbon reductidatree to trees, or trees in other
locations, become more attractive than they woeldf blbedo effects were not
considered. Since the albedo effect is more proced in northern latitudes than in the
tropics, a ton of carbon stored in the northeritudées has less climatic impact than a ton
of carbon stored in the tropics. Further, incogpioig albedo-related equivalent
emissions in the context of a tax/subsidy schenpeas to increase the marginal costs of

sequestration.

2.10 Discussion and Conclusions
Incorporating carbon equivalent emissions fromathedo effect could provide a

more complete accounting of the climatic effectooésts, with implications for climate
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change mitigation strategies. We demonstratedtiieadbptimal rotation length of a

managed stand determined considering TECS is rddetative to a rotation period
determined considering only CS. In genefl,>T_, =T, .. Under this radiative

forcing tax/subsidy scheme, however, the degraehioh rotations are extended may not
be sufficient for policymakers concerned with cowiis such as wildlife habitat and
aesthetic value. Nevertheless, our results inglitat a policy aimed solely at mitigating
climate change could be inefficient if it basedesfsubsidies on changes in actual carbon
stock alone. If the marginal cost of sequestraitieneases when albedo-related
equivalent emissions are included, as we suggesteakhen more attention may be
directed towards emissions abatement efforts, ligeagulting in innovation and

increased efficiencies in abatement practicesthEurattention may be directed towards
increasing sequestration in tropical regions, wietaeory each ton of carbon
sequestered has greater net climatic benefit.

In addition to altering optimal rotation lengthcorporating albedo-related
equivalent emissions into forest planning may haygacts on other forest management
decisions. We addressed two important manageneemgidn variables, species choice
and regeneration effort. From the point of viewraximizing PTE, changing to a
merchantable species with lower equivalent emissisach as deciduous species in
snowy regions, appears to be a promising optioaelaying regeneration may also
provide some climatic benefit, and in certain anstiances may lead to higher SEV for
landowners.

To simplify our analysis of alternate managemenioms we excluded some
considerations that could be the subject of futasearch. For instance, it may not be
possible in all locations to switch to another $pgcdue to physiological or market
constraints. Delaying regeneration also comes gatleats, such as increasing
vegetation management costs (Sessions et al. 20@4)pssibility of lower yields from
natural regeneration, and green-up regulationgitain states.

Our results highlight the importance of the bareugid’s albedo effect when
evaluating the relative benefits of forestationhéhé the bare ground acts as an
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equivalent sink, such as when covered in snow fostrof the year, forestation does not
necessarily provide climatic benefits despite #gugstration potential. This finding
agrees with other research (e.g., Bala et al. 2B8its 2000). Alternatively, where bare
ground may exert a warming influence, forestatian provide significant climate
benefits.

Under certain circumstances (low timber prices laigti carbon prices)
forestation in the (A+) scenario proved unattraetiy landowners, due to near term
payments on albedo-related equivalent emissiomsarl@ this is a manifestation of the
particular tax/subsidy scheme employed in this pdmé is nevertheless an important
point to be made. One policy question is therefanether landowners should be liable
for their land’s extant climate impacts or for htveir management may change said
impacts. Where forestation provides clear clintegrefits, compensation may be
appropriate, and where it would result in undesgr@&himate implications, taxes may also
be appropriate. Certainly our specific resultéexfthe particular functional forms of
A(t) chosen, but the point isn’t the specific vawee arrived at but rather the significant
differences between a carbon-only and a radiatverfg tax/subsidy paradigm.

Simplified, stand-level analysis indicates that dpéimal rotation age shortens
when total equivalent carbon sequestered ratharabtal carbon sequestered is used as
the metric. The analysis was not a thorough cadmmounting, and our results are not
intended to be definitive. Continued research imibrove our preliminary
understanding of the albedo effect. One possi®@@e is to investigate the impacts of
alternate functional forms for A(t), though we aigate that the forms would have to be
radically different to significantly alter our gelaéresults. Nevertheless our analysis
demonstrates the possible differences betweemi@gyr managing for decreased
radiative forcing and one managing for decreasewgpheric greenhouse gas
concentrations. We hope this manuscript stimulfateker research into accounting for
the complete climatic impacts of forests and foreahagement, and how to incorporate
these impacts into comprehensive climate mitigapiolicies.
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Figure2.1: Total Equivalent Carbon Sequestered (TECS)Hercbastal forest example,
baseline scenario. The top curve represents acaiabn sequestered (CS), and the three
dashed lines below it the TECS under various albetided equivalent emissions
functional forms. The uppermost dashed curve (@pyesents the assumption that bare
ground acts as a sink, the middle (A) that bareigcsequesters/emits zero equivalent
carbon, and the lower curve (A+) that bare grouetts a warming influence by

emitting equivalent carbon. Ultimately the threde(dS curves converge as the stand
establishes forest cover and albedo stabilizes.
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Figure2.2: Total Equivalent Carbon Sequestered (TECS)Hercbastal forest example,
alternate species selection scenario. As withreiguthe top curve represents actual
carbon sequestered (CS), and the dashed curves BEIGS. The lowermost dashed
curve represents the (A) curve from Figure 1, aefiauch that at age 60 the ratio of
TECS / CSis = 0.60, in agreement with Betts (2000)e upper dashed curve is
representative of a scenario wherein by selectmnglt@rnate species (such as western
larch, e.g.) the albedo-related equivalent emissaetline. In this case, the decline in
equivalent emissions is such that at age 60 the ¢gA&TECS / CS increases to 0.80.
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Figure2.3: Total Equivalent Carbon Sequestered (TECS)Hercbastal forest example,
regeneration delay scenario. In this scenariormeggion is postponed by 10 years,
resulting in a horizontal shift in TECS. The cw\eelow in this figure were generated
using the albedo function (A).
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Table2.1: Optimal rotation ages for the coastal foresinepi@ under the radiative
forcing tax/subsidy scheme, across various carimoipér prices, albedo functional forms,
and management scenarios. Rotation ages presmiteadly represent years since
harvest. Thus for the “Delay Regeneration” scendhie stand age is actually 10 years
younger than presented, reflecting the 10 yearydeleegeneration. Rotation ages

presented in parentheses represent local optimm@&esults section for explanation.

Albedo M anagement Scenario / Price of Carbon ($/metric ton)
Function /

Price of Baseline Species Selection Delay Regeneration

Timber

($/m3) $10 $20 $50 $100| $10 $20 $50 $100| $10 $20 $50 $100

Carbon Only

$15 47 51 69 148 47 51 69 148 58 63 81 170
$25 45 47 56 77 45 47 56 77 57 59 68 90
$50 44 45 49 56 44 45 49 56 56 57 60 68
A-
$15 44 46 53 (100 45 48 60 11y 57 60 72 128
$25 44 45 47 (58)] 44 46 51 66 56 58 63 18
$50 44 44 45 47 44 44 46 5] 55 56 58 63
A
$15 45 47 - - 46 49 63 12§ 57 59 68 112
$25 44 45 50 - 45 46 53 71 56 57 61 R
$50 44 44 46 50 44 45 47 53 55 56 58 61
A+
$15 46 48 - - 46 50 - - 56 - - -
$25 45 46 - - 45 47 55 - 55 56 - -
$50 44 45 47 - 44 45 48 55 55 55 57 1
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Table2.2: Soil Expectation Values (SEV) for the coastak&i example. Values in

parentheses for the baseline scenario represaitdptima, as described in the details for

Table 1.
Albedo M anagement Scenario/ Price of Carbon ($/metric ton)
Function /
Price of Baseline Species Selection Delay Regeneration
Timber
($/m3) $10 $20 $50 $100| $10 $20 $50 $100| $10 $20 $50 100
Carbon Only
$15 508 574 838 1509 508 574 838 1509 296 337 5025 |9
$25 806 867 1083 1586 806 867 1083 1%86 469 506 6455
$50 1556 1612 1798 2166 1556 1612 1798 20166 902 98053 1282
A-
$15 434 426 402 (483) 520 593 842 1433 426 593 112890
$25 738 726 693 (669) 820 891 1117 1867 599 765 3127166
$50 1489 1476 1440 1386 1570 1640 1854 2p34 10338 11697 2546
A
$15 342 235 - - 424 403 384 554 266 273 305 435
$25 641 533 218 - 724 699 648 663 439 445 469 536
$50 1392 1283 960 437 1474 1447 1377 196 873 8797 8937
A+
$15 245 44 - - 329 214 - - 106 - - -
$25 545 342 - - 628 508 181 - 280 126 -
$50 1295 1090 481 - 1377 1255 901 362 714 560 98 -
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Table2.3: Present Tons Equivalent (PTE) of total equiveatambon stock (TECS),
under a variety of carbon prices and albedo-relatpdvalent emission function forms,
for the baseline management scenario. The valesepted were calculated according
to Equation 1 using a social rate of time prefeeenic5%. Values in parentheses
represent the optimal rotation age at that comiwnatf carbon price (column) and

equivalent emission functional form (row), assuntimg price of timber is $25 / m3.

M anagement Price of Carbon ($/metric ton)
Scenario/ Albedo $10 $20 $50 $100
Function
Carbon Only 5.13 (45) 5.62 (47) 7.77 (56) 11.69 (77)
(Baseline)
Baseline
A- -2.16 (44) -2.01 (45) -1.71 (47) -0.10 (58)
A 0.82 (44) 0.94 (45) 1.53 (50) -
A+ 3.88 (45) 3.96 (46) -
Species Selection
A- -0.13 (44) 0.30 (46) 1.35 (51) 4.13 (66)
A 3.03 (45) 3.21 (46) 4.49 (53) 7.47 (71)
A+ 5.98 (45) 6.27 (47) 7.57 (55) -
Delay Regeneration
A- 0.88 (56) 1.11 (58) 1.64 (63) 2.99 (78)
A 2.68 (56) 2.78 (57) 3.15(61) 4.13 (72)
A+ 4.41 (55) 4.48 (56) - -




44

3 The Albedo Effect and Forest Offset Design

3.1 Abstract

Forestry and land-use change are often considerndicontext of a cap-and-
trade program, in recognition of their influencerat carbon flux and ability to mitigate
climate change via increased carbon sequestratienclimatic impacts of forests are not
limited to atmospheric greenhouse gas concentshowever, and a growing body of
research suggests that albedo-related climaticggdsastemming from land-use change
may diminish or counteract the climatic benefitsefuestration. Thus a “carbon-only”
accounting approach can significantly overestiniageclimatic benefit of offsets, in
particular afforestation. In the worst case tluald result in a forest offset actually
contributing to warming, and in general may redineeenvironmental effectiveness of
some forest offsets. Therefore a cap-and-tradesydesign question is whether to
recognize the albedo effect into forest offset aotimg frameworks. We propose that
forest offset design move towards a “carbon-egeividlaccounting approach that
aggregates the climatic impacts of sequestratidnoasurface albedo when evaluating
forest offset projects. This change would resultlimate mitigation efforts taking a
more targeted geographic approach that emphasiaiegaiming or increasing forest
cover in the tropics, and that avoids afforestaiioboreal and high-latitude temperate
regions. Currently developing regional cap-anddraystems in North America,
however, give afforestation projects priority fdfset consideration. By staying on the
current path, efforts in these initiatives directedards forest offsets may be inefficient
or ineffective, and at worst counterproductivelarge parts of the area they cover.
Incorporating both carbon cycle and albedo effadgiidead to more informed and

effective forest offset policies.

3.2 Introduction
Forestry and land-use change are often considerndicontext of a cap-and-

trade program, in recognition of their influencerat carbon flux and ability to mitigate
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climate change via increased carbon sequestralibnugh the forest industry is
theoretically subject to a cap just like other isitiy sectors, it seems more likely that the
forest sector will be uncapped and eligible to gateeoffsets. A cap-and-trade system
on carbon emissions could therefore manifestly ghdarest management, as
landowners would see market signals to managedtitianal objectives.

In the forestry context, an offset has been defaeth planned set of activities to
remove, reduce or prevent carbon dioxide emissiotise atmosphere by conserving
and/or increasing on-site forest carbon stocks”’ARR008). Attention therefore has
been focused on identifying cost-effective methimisaising the net forest carbon flux.
Though there is some debate about whether forestedb@arbon sequestration is cost
effective (e.g., van Kooten et al. 2004; Sohngeth Mendelsohn 2003), most generally
agree that forest sequestration is competitive ailier abatement measures and may
play a significant role in national and global dhite mitigation strategies (e.g., Tavoni et
al. 2007; Lubowski et al. 2006; Boyland 2006; Ricisaand Stokes 2004). Pacala and
Socolow (2004), for instance, include forest managet in their global “wedge” strategy
to stabilize atmospheric CO2 concentrations, comfgireduced tropical deforestation
with afforestation to achieve an annual reductibh &t C by the 50th year of
implementation. Stavins and Richards (2005) edértiaat a national forest-based carbon
sequestration program could reduce U.S. carbonsemis by up to one-third, at costs
similar to other emissions abatement programs.

There exist various mechanisms by which forestsreduce atmospheric
greenhouse gas concentrations. Canadell and Ra{@@@8) identify four major
strategies to mitigate carbon emissions: (1) meedforested area, (2) increase the carbon
density at stand and landscape levels, (3) exgandubstitution of wood products for
fossil-fuel products, and (4) reduce deforestatind degradation. Activities
theoretically eligible to generate offsets incladforestation, reforestation, avoided
deforestation, restoration, modification of managatipractices, establishment of short-
rotation woody biomass plantations for energy potidm, and modified management of

carbon flows in harvested wood products (Birdse§6)0
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Implementation of forest-based offsets can prolateowners with a new
revenue stream for carbon sequestration, but regtriict accounting to ensure that
reported offsets represent actual reductions irogperic carbon dioxide (Cathcart and
Delaney 2006). Carbon accounting generally indude biomass pools (above-ground
biomass, below-ground biomass, litter, dead wond,s®il organic carbon), though
broadly accepted procedures for carbon storedrivelted wood products remains
elusive (Tonn and Marland 2007). Challenges teatfiesign include how to establish a
credible baseline scenario, ensure additional#tneate the effects of leakage, discount
for future uncertainty, account for wood produdbstitution effects, and allocate credit
along the supply chain. Ideally an accounting famrk will transparently and
accurately quantify the net removal of carbon fittwe atmosphere attributable to a
certain offset project.

However, the climatic impacts of forests are noiited to atmospheric
greenhouse gas concentrations. A growing bodgs#arch suggests that location plays
a significant role in determining a forest’s truentribution to climate. This result can be
explained in part from biogeophysical effects, amtfgular changes to surface albedo.
Boreal forests have the greatest biogeophysicliente of all biomes on mean annual
temperature (Bonan 2008). Forests are generalked#han bare or agricultural land and
consequently absorb relatively more solar radiatibaoe in part to this “albedo effect,”
boreal and high-latitude temperate forests, desipéie sequestration benefits, may exert
a net warming influence relative to other land-usash as agriculture. Though this
phenomenon appears to be well documented in thatga literature (e.g., Bonan 2008;
Canadell and Raupach 2008; Bala et al. 2007; Betk 2007; Schaeffer et al. 2007,
IPCC 2007; Gibbard et al. 2005; Marland et al. 2@B8vindasamy et al. 2001, Betts
2000; Brovkin et al. 1999), it does not appeardaeehmade its way into policy
discussions regarding forest offsets. Ratherstayffset design to date has focused
almost exclusively on carbon. This makes sendainwvihe confines of a system designed
explicitly around greenhouse gas concentrationsgbes not fully account for forests’

climatic impacts. In the worst case this coulditeis a forestry offset actually
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contributing to warming, and in general may rediineeenvironmental effectiveness of
forest offsets.

In this paper we explain how the failure of exigtaccounting frameworks to
incorporate albedo and other climatic variables teag to inefficient mitigation efforts.
We begin by describing in more detail the naturthefalbedo effect and how it may
affect the viability of forest mitigation strategie Then we propose the adoption of
accounting practices that incorporate the albetirevia a “carbon-equivalent”
approach, and discuss its merits relative to @ditional “carbon-only” approach. We
offer salient policy recommendations for offsetigasand conclude by discussing the

implications of adopting these recommendations.

3.3 Albedo Effect and Mitigation Strategies

The climatic impacts of carbon sequestration, sgri@bedo changes, and other
processes can be expressed in terms of radiatiemdp defined as the net change in
global irradiance (W i) due to changes in external climate drivers (IFXDG7).
Biogeophysical feedbacks can enhance or diminismégative climate forcing
associated with increased carbon sequestrationafB2008). In tropical regions,
evapotranspiration can lead to cloud formation famther cooling. In boreal regions
however low surface albedo exerts a positive cinfiatcing that may exceed the
negative forcing from sequestration. This courdginvg response is especially evident in
snowy regions where absent forest cover the landda&tay white and reflect sunlight
for much of the year (Betts 2000).

The albedo of an object is the fraction of incidgoliar radiation it reflects. Land-
use change is one variable influencing global ab&dich in turn can influence climate
(IPCC 2007). Studies on historic land-use changgest that deforestation, and
associated increases in global surface albeddgledoling observed prior to the20
century (Govindasamy et al. 2001; Brovkin et a9 Forest management and land-
use can exert negative radiative forcing by indrepsarbon sequestration, but they can

also exert positive forcing by reducing surfaceedtlh Reduction in surface albedo from
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forestation may therefore exert a positive forgungj like releases of carbon from
wildfire or harvest.

How the albedo effect impacts offset viability \esriwith the project type and
location. For existing forests, changing managemegimes to increase carbon density
is considered the most cost-effective means, irstiogt-term, to sequester additional
carbon (Birdsey et al. 2000). Extending the rotatge in particular can significantly
impact carbon storage over time (Harmon and Ma@k2}®, and forests managed on
longer rotations store more carbon on averageftirasts managed on shorter rotations
(Krankina and Harmon 2006). Another strategy isxBmage for increased expected
carbon density at the landscape level by redudiagisk of wildfire and other
disturbance. This strategy can also provide nefan-tlimatic benefits by avoiding
emissions. Canadian forests, for example, areepteql to be a net source of carbon
emissions for the next several decades due tafidensect outbreak (Kurz et al. 2008),
and so applying treatments designed to increagstfoesiliency to disturbance would
likely raise the net expected carbon storage. blistang a baseline, however, presents a
challenge as disturbance is a random, unpredictaaet.

The impact of the albedo effect on offset viabilitythis context is less clear, and
depends on the degree to which management actiaitier surface albedo. Treatments
that do not significantly change crown cover wimlereasing carbon density should see
no decrement. Any countervailing negative forailug to albedo would be part of the
baseline, so the increased carbon density raisesaihequivalent carbon flux. Ironically,
in boreal forests the consequenceratfapplying resiliency treatments may result in
cooling. Randerson et al. (2006) found that inseelasnow exposure due to wildfire may
actually result in negative annual forcing excegdinositive forcing associated with
emissions.

Storage in wood products is another method to stguearbon, which can be
relatively long-lived as durable products can remaiuse for many decades. Further,
oxidization after use may be of little concern hessin modern landfills lumber

demonstrates minimal decay (Skog and Nicholson 19B8Baddition to providing
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storage, wood products can provide substitutestfugr, more energy-intensive materials
(Murray et al. 2000). Despite challenges to actiagrfor substitution in an offset
framework, it remains an environmentally viableioptfor mitigation and no
countervailing albedo-related impacts are immetliapparent.

Offsets associated with land use change are meséptible to the albedo effect.
Afforestation can be a major source of long-tereréments, but carbon gains are often
not realized for many years. Because biogeophlysicaesses act more immediately on
climate than does the carbon cycle (Bonan et @&8P0or some boreal afforestation
projects near-term warming can be expected befayeestration benefits accrue. van
Minnim et al. (2008) investigated the effectiveneésequestration in forest plantations,
and stated that because of biophysical effectaigti@ans should not be established at
high latitudes if climate mitigation is the solg@ttive. Schaeffer et al. (2007) compared
biomass and carbon plantations in terms of thepeetive climate impacts via albedo
and carbon sequestration. They found that thedalleffect can offset sequestration
benefits and questioned the efficacy of extra-taptarbon plantations as a mitigation
strategy. Betts et al. (2007) and Gibbard et2410%) likewise suggested that carbon
plantations outside of the tropics could be le$scéiive than expected or even
counterproductive. South (2008) suggests thasters have not fully considered the
albedo effect, and questions the efficacy of temfgeafforestation efforts.

Preventing emissions associated with deforesta@onprovide immediate
climatic benefits. The time profile of carbon flisxtherefore different from that of newly
planted trees, with greater near-term incremeR&ducing emissions from tropical
deforestation in particular could significantly ¢obute to overall emissions reductions
(Gullison et al. 2008). Further, increased tropiceest conservation could provide
synergistic biogeophysical feedback due to evapspiation and cloud cover, which
brighten the planet. Bala et al. (2007) simuldéede-scale deforestation and observed
that deforestation resulted in cooling in boregioas, essentially no change in temperate
regions, and warming in tropical regions. At thebgl scale the net result was cooling.

The albedo effect dominates the climatic responseid to high latitudes in the northern



50

hemisphere, whereas in tropical regions the lostonfds due to reduced
evapotranspiration increases surface incident badraed solar radiation which leads to
cooling despite increased surface albedo.

Of course, that the net climatic impact may be icgpéfter deforestation does not
make it on balance a desirable outcome. There htayever, be other opportunities to
manage for albedo, for example through speciestsamie(Thompson et al. 2008).
Switching to plantations of deciduous species |gclarch ICarix) may provide an

albedo benefit by increasing snow exposure in winte

3.4 Carbon-only and Carbon-equivalent Accounting

Recognizing the possible countervailing effectalbedo raises questions about
the validity of certain forest offsets. As we mbebove, incorporating the albedo effect
can lead to different management strategies thadaaiherwise be pursued under a
sequestration maximization objective. The “carloahy” nature of existing accounting
approaches, which ignores the albedo effect, litheg ability to accurately portray the
climatic impacts of various offsets, in particullhose associated with land use change.
In fact, the “carbon-only” approach has been valpdescribed as incomplete
(Schaeffer et al. 2007), as giving a false impmas¢Betts et al. 2007), or simply as
inadequate (Betts 2000).

Policymakers are therefore faced with the optioaitioer a) retain “carbon-only”
accounting approaches and accept that some offfeteot lead to 1:1 agreement
between positive radiative forcing from emissiond aegative forcing from
sequestration, or b) move towards a more holigipr@ach with measurements based on
radiative forcing. Marland et al. (2003) recommetichate mitigation policies focus on
radiative forcing rather than greenhouse gas cdraté@ns, and suggest that “region-
specific ‘discount coefficients’ might be deriveat fa first-order attempt to adjust
changes in carbon stocks according to their simatias effect on surface albedo and
their net effect on the Earth’s radiative balan¢p,”153). Thus, accounting calculations
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could be adjusted for albedo related climatic inip&t order to express an offset’s
contribution in terms of “carbon-equivalent.”

Betts (2000) developed a methodology premised emthion of radiative forcing
to express the relative climate impacts of foregugstration and albedo. In other words,
radiative forcing associated with albedo changesbeaalso described in terms of
equivalent carbon flux. Specifically, Betts calculated ttieet on global mean radiative
forcing due to local albedo changes associated egtablishment of a coniferous
plantation on extant cropland. He then calcul#itedequivalent change in terrestrial
carbon stock that would result in the same globadifg via changes in atmospheric CO2
concentration. This enabled Betts to calculatesthiesions equivalent of the shortwave
forcing (EESF) due to albedo changes. Theegeitvalent carbon stock change (NESC)
due to afforestation is therefore the sequestrggaiantial (SP) less albedo-related
equivalent emissions (EESF). More succinctly, NESEP — EESF. Figure 1 displays
carbon-only (SP) and carbon-equivalent (NESC) cufgea hypothetical stand after
afforestation.

The calculations of Betts (2000) suggest that Haed temperate afforestation
can result in significant quantities of equivalentissions. Over the course of one
management rotation, estimated equivalent emisgsin@anada ranged from 60 to 110 t
C ha', greater than the mean sink potential of 60 t & Haritish Columbia was an
exception, where the relatively mild climate leénl$ess snow cover and greater growth
potential. EESF values in the northern U.S. reda@et C hd, and in the Rocky
Mountains exceeded 100 t ChaThe ratio NESC/SP expresses the relative effoyieof
the offset in terms of equivalent sequestratioepial. In the temperate U.S., net
equivalent sequestration amounted to just 70-80&ctfal sequestration. In British
Columbia the efficiency of afforestation dropped@o of actual sequestration, and in
the rest of Canada efficiency further dropped @5 In the case of negative efficiency,
the net climatic result of afforestation is no dint than the release of actual emissions
in a quantity equal to half the sequestration pideof the offset project.
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Discounting equivalent carbon flows into a presextie can allow for climatic
impacts of various offset projects to be expressed consistent basis (Stavins and
Richards 2005; Richards and Stokes 2004; Murra00hompson et al. (2008)
demonstrated that the present values of “carbonvelgmt” generally decrease relative to
a “carbon-only” accounting approach, and can ewenagative depending upon
assumptions about the behavior of albedo-relatad/algnt emissions. As an alternative
to discounting, the average storage method carsé&e. uThis accounting approach
considers the average carbon stored over the coiesemanagement rotation, projected
using average carbon flows, or the mean annuatmnent of carbon uptake (Richards
and Stokes 2004). As noted above, Betts (2000pdstrated that albedo-related
equivalent emissions over the course of a rotatanreach or exceed the mean storage
potential. Clearly a “carbon-only” approach ovéireates the climatic benefit of

afforestation.

3.5 Forest Offset Design Should Take a Carbon-equivalent Approach

We advocate a “carbon-equivalent” approach to bHseounting, for it stays
within the confines of a greenhouse gas cap-artktsgstem while more fully
accounting for the climatic impacts of forestry dadd-use change. This approach is
also premised on a more fundamental driver of dienchange, radiative forcing. The
carbon equivalency calculations developed by B2@80) could be a starting point here.
Similarly, regional factors could be applied to eqgiately discount carbon estimates
(Marland et al. 2003). Accounting standards shaeldiesigned with flexibility so that
equivalent carbon calculations can be modifiediasuaderstanding of the albedo effect
improves, effectively adopting an adaptive managerparadigm. Given uncertainties
regarding the full climatic implications of forestearning and evolving as policy
objectives seems appropriate.

The notion of incorporating discount factors or ikdmadjustments into
accounting practices is not new. A familiar adjusit is the conversion of other

greenhouse gases (e.g., methane) into CO2-equivaiarit relates to forest offset
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accounting, leakage and risk in particular meritstderation of a discounting approach.
Murray et al. (2004) estimated that leakage rates@ated with forest carbon
sequestration projects in the U.S. could range fr@mmal to very high (above 90%),
depending on the project type and location, andmesended leakage effects be
incorporated into project/offset accounting. Satimgnd Brown (2004) considered a
conservation project in Bolivia and estimated |legkeates as high as 42%, citing
demand elasticity and wood decomposition ratebasost influential factors. Ruddell
et al. (2007) suggested that offsets could be dadliiéerently according to risk of carbon
loss.

Though a carbon equivalent accounting approachdvaguire more effort and
would be more costly, it would promote the integot offsets and help ensure real
additionality in terms of climatic benefits. Asrmsquired with traditional accounting
methods, albedo-related equivalent carbon shouidencredited or debited in response
to a demonstrable change in management. Landhasge will therefore be most
affected by incorporating the albedo effect intfsef accounting.

Even in the absence of new accounting methodolptiieggeneral implications of
incorporating the albedo effect into offset desage clear. In boreal regions,
afforestation should not be permitted as an offget. Likewise, high-latitude temperate
afforestation should be avoided, especially in shoxgions. One option is to limit the
role of temperate afforestation in offset portfelid=or example, the current design
guestion, “What percentage of overall emissionsicgédns can stem from offsets?” can
be augmented to ask, “What percentage of offsatedlemission reductions can stem
from temperate afforestation?” The lower the atefice in the capacity of temperate
afforestation to provide climatic benefits, the &vthis threshold should be set.

Thus, offset efforts in boreal and temperate reg&hould be directed towards
increasing on-site carbon density, reducing theafdorest degradation, and promoting
wood substitution. This recommendation conflictdwvearlier research that suggested
temperate afforestation is more cost-effective tttaanging management intensity
(Sohngen and Mendelsohn 2003). Of course, inctudibedo-related equivalent
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emissions significantly changes the cost-beneftutas for afforestation projects.
Further, that there is a time lag associated vathan gains and that albedo-related
warming can be expected in the near term make-&xipécal afforestation unattractive
for offsets.

In tropical regions offset efforts should be diegttoward maintaining and/or
increasing forest cover. Tropical forests prowsgieergistic climate benefits through
sequestration and evapotranspiration, meaningeioryhtropical afforestation projects
could claim credit for equivalent carbon in excesactual carbon flux. Of the available
mitigation options, reducing emissions via prevdrdeforestation is considered among
the least costly (Stern 2006). Gullison et alO@0contend that carbon payments will be
necessary to promote large scale reduced defamstdforts in the tropics, and that
effective carbon market approaches will requirersgithened technical and institutional
capacity, consensus on robust accounting practesa commitment from
industrialized countries to reduce emissions, tiemeating demand for carbon credits.

To recap, we have identified that tropical forests a particularly valuable
resource in climate change mitigation, and thav@ampayments are a requisite for
increased protection. It is a logical next stegntto recommend that cap-and-trade
systems allow cross-boundary offsets. That igllafing entity located in jurisdiction A
could purchase a forest-based offset located iadistion B. Though valid concerns
exist regarding verification and lost opportunitieslocal production of co-benefits, this
approach would enable the purchase of more envieotaily effective offsets associated

with tropical forest projects.

3.6 Implicationsfor Emerging Cap and Trade Systemsin North America

Our review of the literature identifies the follawg salient points: there is great
potential for tropical forests to contribute toneéite change mitigation, and afforestation
in temperate and boreal regions should be avoideddate these points appear only at
the periphery of cap-and-trade system design,aflatFor instance, the Western Climate

Initiative, which includes most states in the wastd.S. as well as the Canadian
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provinces of British Columbia, Manitoba and Quel@ans to give forest projects,
including afforestation, priority for investigationto offset potential (Western Climate
Initiative 2008). This would permit afforestatiprojects in boreal and high-latitude
temperate regions irrespective of associated atbeldted equivalent emissions.
Similarly, the Regional Greenhouse Gas Initiato@nprising the Northeast and Mid-
Atlantic states, only allows afforestation offsgRegional Greenhouse Gas Initiative
2008). Under this system there is not even theipisy of pursuing forest offsets with
no countervailing albedo-related impacts, and sv\eforest offset implemented will
likely be less effective than estimated using @éxistcarbon-only” accounting
approaches. At the national level in the U.S.islagve efforts to create a cap-and-trade
system have also been very carbon-centric. Thieeltrean-Warner Climate Security Act
of 2007, for instance, would allow forest offsetsch as afforestation, with demonstrable
carbon stock changes (S. 2191 §2403(b)(2)(A)). coutention is that by staying on the
current path, efforts directed towards forest-basfézbts may be inefficient or
ineffective, and at worst actually counterprodugtiyincorporating both carbon cycle and
albedo effects may lead to more informed and affedorest offset policies.

Reducing atmospheric greenhouse gas concentratimpplicy objective for a
cap-and-trade system, is not the sole policy olyedor forest mitigation strategies.
Rather, forest mitigation efforts should adopt eaaler approach that incorporates both
sequestration and albedo. Thus in addition tcectirdesign questions related to offset
development (baseline, additionality, leakage) gbalicymakers should also ask how to
account for the albedo effect moving forward. Wsgua that recognition of the albedo
effect necessitates a novel accounting approadtounting frameworks should be
designed with flexibility to respond to improvemeim future understanding. In the
near-term, pursuing a scheme that maximizes cuimelearbon-equivalent sequestration
(or that minimizes cumulative radiative forcingy,a more comprehensive and
informative approach than concentrating solely arfbon sequestration.

After discounting for risk, leakage, and possilemtervailing albedo effects, the

net equivalent carbon gain associated with sonsebfirojects may be significantly
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diminished. This may result in the abandonmeiinaitation of afforestation in boreal
and temperate regions, with subsequent loss ofrappbes for production of co-benefits
(clean water, habitat, etc.). Similarly, there nbaydiminished economic incentive to
preserve intact forests from development. As theeeenvironmental opportunity costs
associated with limiting boreal afforestation, so there are benefits associated with the
refocus of attention on maintaining or increaswugpical forest land cover. Notably, an
important co-benefit is preservation of unique bredsity not found elsewhere on the
planet.

This paper emphasizes that there is no singletbowiitigate climate change, and
efficient forest offsets should be one componera ofulti-pronged approach for
developing forest-based mitigation strategies.olporating the climatic impacts of land-
use change associated with forest management appe&duce the cost-effectiveness of
forest offsets in some instances, making emissabasement look relatively more
appealing. In general, as concern over the aberafit from an offset raises the bar for
validation, the relative cost advantage of an offseject decreases with respect to
abatement (Hall 2008).

Whether the magnitude of potential boreal and hagitude temperate
afforestation projects is significant enough taal@ajor concern is left for future
research. It may be the case that such projeetiskafy to comprise only a small portion
of the larger forest-based offset portfolios. Néveless, we demonstrated that such
projects can lead to inefficiencies, and argue plo&tntial countervailing impacts be
accounted for to ensure true climatic additionalitéore importantly, we re-emphasized
that forest-based sequestration is just a proxyhiereal ecosystem service of interest,
mitigating climate change.

It is not our intent to disparage the potentiabofeal and high-latitude temperate
forests to contribute to climate change mitigati&xisting boreal forests comprise a
significant sink, and treatments to increase cadmnsity or increase resilience to
disturbance should provide net climatic benefiRather, we stress that forests’ full range

of climatic impacts should be accounted for in efffidesign. Our focus on the albedo
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effect in this paper is intended to be illustratikaher than definitive, of the limitations
of a “carbon-only” forest offset metric. The clittimpacts of forestry and land-use
change extend beyond the carbon cycle and albedahase impacts should also be
studied further and incorporated into mitigatiorattgies (Bonan 2008; Pielke, Jr. 2005;
Marland et al. 2003). As the globe warms we careekless snow cover, and so the
relative importance of forests masking snow albediodecrease (Bonan 2008). In the
near-term, however, forest-based mitigation effshisuld be targeted where they can be
most effective.
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Figure3.1: Carbon-only (SP) and carbon-equivalent (NESCyesifor a hypothetical
stand after afforestation. We consider a mixedfeostand located in coastal British
Columbia, using volume and carbon/biomass equapoesented by van Kooten et al.
(1995). According to Betts (2000), in British Colbia net equivalent stock change after
afforestation amounted to only 60% of sequestrgtimiential. For simplicity we
calculate the NESC curve assuming a constant fatbedo-related equivalent
emissions (EESF). This figure demonstrates thecumacy of employing a “carbon-

only” accounting approach.
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4 Conclusion

4.1 Concluding Remarks

This thesis explored forest-based climate mitigatisategies through the lens of
the albedo effect and its possible impact on miigeefficiency. | considered a
tax/subsidy system and a cap-and-trade systemmiavket-based policies whose aim is
to incentivize emissions reductions. In ChaptecA@mpared and contrasted these
policies, briefly described forest-management sgiass in the context of said policies,
and introduced the albedo effect. | then iderdifecommon thread that emerged from a
review of the salient literature on climate modgland forest management: a singular
focus on carbon does not tell the entire storyoégts’ climatic impacts. Rather, a
number of climatic variables should be accountedifoparticular surface albedo.

Changes in surface albedo in response to landhesgge or other management
actions can influence climate as much or more temges in atmospheric greenhouse
gas concentrations. Radiative forcing, externatigosed perturbations in the Earth’s
radiative energy budget, measured in W/ can express the relative climatic
contributions of albedo changes and carbon se@tiestirelease (IPCC 2007). That is, a
lowering of surface albedo (e.g., transition tokeéarground cover such as coniferous
forest) exerts a positive forcing just like emigsfcom wildfire or harvest does. Thus,
one can think of albedo changes that exert a neghdrcing asequivalent emissions, and
one can therefore account for carbon and albedogasawith a “carbon-equivalent”
approach.

In Chapters 2 and 3 | adopted a “carbon-equivalaotbunting approach, and
examined the impacts on forest mitigation strategiehe context of market-based
policies. For both chapters I relied on the seiniak of Betts (2000), who used the
concept of radiative forcing to estimate the magietof equivalent emissions associated
with surface albedo changes stemming from conversia@ropland to coniferous forest.
Betts’ (2000) calculations went as such: theegeivalent carbon stock change (NESC)

associated with a forestation project is equah&odequestration potential (SP) less
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albedo-related equivalent emissions (EESF). TR&SC = SP — EESF. Where
management actions result in albedo-related eqnv&missions, the net climatic benefit
of any activity will be diminished. In boreal regis, equivalent emissions can actually
exceed the sequestration potential, meaning thelingdtic result is warming. In high-
latitude temperate regions, climatic benefits dbappear to go negative but are
significantly reduced. In tropical regions, to ttentrary, other biophysical processes
such as evapotranspiration can lead to furtherirgol

Chapter 2 considered a tax/subsidy system whesantolwners were paid an
incremental subsidy for equivalent sequestratiad,taxed for harvest and albedo-related
emissions. | presented a stylized, stand-levdiaisato determine the optimal
(Faustmann) rotation age when landowners are tagearding to “carbon-only” and
“carbon-equivalent” rubrics. In addition to harvege, | also considered species
selection and regeneration effort as managememdidewariables. The latter two
choices are premised on the notion that it maydssiple to manage for albedo in
addition to managing carbon flows over time. Tramsing to deciduous species could
increase snow expose in winter, exerting a coahflgence via negative forcing.
Depending upon the albedo of bare ground, it magrbterable to either lengthen or
shorten the time until reforestation. Where bamgd is acting as an equivalent sink
(i.e., high albedo value exerts negative forciitgyight be desirable to delay
regeneration in order to accrue near-term albelddec benefits.

| demonstrated analytically that the optimal ratatiength is likely shortened
when albedo-related equivalent emissions are ircatpd, relative to a policy based
only on carbon. To verify these results | consedea hypothetical mixed-conifer stand
located in British Columbia, using the growth amdbon/biomass equations published by
van Kooten et al. (1995). Empirical results intikchthat rotation ages do decrease
relative to a “carbon only” policy, and approack thaditional (timber only) Faustmann
rotation age as equivalent emission rates incre@dseaccount for carbon and equivalent
carbon | employed a discounting approach, whichresges on a consistent basis (present

tons equivalent, or PTE) the climatic benefitsarest projects with variable carbon flow
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curves over time (Richards and Stokes 2004). Redamonstrated that it would take
much longer rotation ages to sequester the sarneutited level of equivalent carbon as
would have been accounted for under a “carbon ambyroach. Further, to achieve
roughly similar levels of equivalent sequestratiaould require very high carbon prices,
in some cases an order of magnitude (or more) hidja@ under a “carbon only”
approach.

If the marginal cost of sequestration increasesrmwéidedo-related equivalent
emissions are included, as my results suggest, there attention may be directed
towards emissions abatement efforts, ideally rggplin innovation and increased
efficiencies in abatement practices. Furthernéitte may be directed towards increasing
sequestration in tropical regions, where in theeagh ton of carbon sequestered has
greater net climatic benefit. From the point odwiof maximizing PTE, changing to a
merchantable species with lower equivalent emissi@uch as deciduous species in
snowy regions, appears to be a promising optiohan@ing regeneration practices may
also provide some climatic benefit, depending uploa behavior of albedo-related
emissions prior to canopy closure. In summary,réseilts of Chapter 2 emphasize the
significant differences between a “carbon only” andcarbon equivalent” tax/subsidy
paradigm.

In Chapter 3 | built upon the results of Chaptes\witching the focusing instead
to a cap-and-trade system. At the time | authig; #resident-elect Barack Obama has
committed to instituting a strict national cap-anade system with a goal of achieving
80% emissions reductions by 2650t is likely the forestry sector will not be gagudl but
will rather be eligible to generate offsets fordable credit, as has been implemented or
proposed in emerging regional systems (e.g., Ragi@reenhouse Gas Initiative,
Western Climate Initiative) and in national legiga (e.g., Lieberman-Warner Climate
Security Act of 2007, Bingaman-Specter Low Carboonriomy Act of 2007).
Development of accounting guidelines for forestdubsffsets should therefore remain a
salient policy design issue in the near future.

® www.barackobama.com/issues/energy
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Unfortunately, to date there appears to be lifteny attention paid to
incorporating the albedo effect into offset accaumpframeworks. In Chapter 3 |
therefore explored the implications of albedo-edagquivalent emissions on offset
viability and efficiency, and offered policy guidanfor offset design moving forward.
Again citing Betts (2000), | demonstrated how theatic efficiency (defined as the
ratio NESC/SP) of afforestation projects can beifigantly diminished when albedo-
related equivalent emissions are included. In fadboreal regions of Canada efficiency
values went negative, indicating afforestation wioexert a net warming influence.
Numerous other researchers investigating the pgatdat forest management to mitigate
climate change have echoed these results (e.garB2008; Canadell and Raupach 2008;
Bala et al. 2007; Betts et al. 2007; Schaeffet.e2@07; IPCC 2007; Gibbard et al. 2005).

That afforestation projects in boreal and hightlake temperate regions exert
positive forcing via albedo-related equivalent esiues calls into question their viability
as offsets. More broadly, the albedo effect dalis question the viability of current
accounting practices that have a singular focusasbon. Allowing high-latitude
afforestation projects, as extant regional cap{aade programs do, could lead to
inefficient or even counterproductive resultsheriefore proposed that offset design
move towards a “carbon equivalent” approach, winettee climatic impacts of surface
albedo would also be accounted for. This mighaiéttie calculation of region-specific
discount factors (Marland et al. 2003) to levy mlikb one would discount for leakage
or risk. In the absence of modified accountingcpcas, it might simply entail the
outright abandonment or limitation of afforestatiarcertain regions.

The implications of including surface albedo intz@unting frameworks extend
beyond advocating restrictions on boreal and hagitdlde temperate afforestation. In
particular, maintaining or increasing tropical fetreover is desirable, as other
biophysical processes such as evapotranspiratmnder synergistic climatic benefits. In
the context of a cap-and-trade system, institutilaaneworks to allow the sales of
cross-boundary offsets would need to be develogéals emissions from a high-latitude

location could be offset by a tropical afforestatproject, which from a climatic benefit
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perspective is more desirable than a local affatest project. Of course, lost
opportunities for local production of co-benefitde@n water, habitat, etc.) and
uncertainty over the rigor of extra-jurisdictionarification are disincentives to pursue
cross-boundary sales.

In summary, in this thesis | reemphasized thetgbit the climatic impacts of
forests extend beyond their capacity for sequéstraand argued that any forward-
looking strategies to mitigate climate change stheatognize such. In Chapter 2 |
adopted a rather theoretical approach, whereimsidered a hypothetical tax/subsidy
system to demonstrate that the marginal costspfesgering equivalent carbon increase
when albedo-related equivalent emissions are iredud further suggested possible
strategies to manage explicitly for albedo. In @ka3 to the contrary | adopted a much
more pragmatic approach, offering guidance for ineumight best move forward with
forest offset design under a cap-and-trade sysiEme. overarching recommendations of
my research are:

* Move towards a “carbon-equivalent” accounting applothat aggregates the
climatic impacts of sequestration and of surfabe@db when evaluating forest
offset projects.

* Adopt a targeted geographic approach that emplsasiaetaining or increasing
forest cover in the tropics, and that avoids aStagon in boreal and high-latitude
temperate regions.

* Promote the sale of offset credits across juriszhet boundaries, to allow offset
money to flow towards relatively more valuable @arlsequestration projects in
tropical locations.

» Consider management strategies that affect notaarlyon flux but also surface
albedo. This might entail, at a minimum, transiing to alternative merchantable
deciduous species and modifying regeneration effiornight also include other
silvicultural choices such as pursuing patch cgtomer single-tree selection in

uneven-aged management.



68

As mentioned above, currently developing regiaagl-and-trade systems in
North America would seem to allow afforestationjpots, and to date have been focused
exclusively on carbon. By staying on the curreathpefforts in these initiatives directed
towards forest offsets may be inefficient or ineffee, and at worst counterproductive, in
large parts of the area they cover. Incorpordbioilp carbon cycle and albedo effects will

lead to more informed and effective forest offsaiqies.
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