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Executive Summary
Mitigation of climate change through reductions in atmospheric concentrations of
greenhouse gases, especially carbon, will be dependent upon the deployment of forestbased strategies for uptake, substitution, displacement, and offset. Yet, the
reconciliation of how carbon emissions are cycled and redistributed among atmosphere,
ocean, and terrestrial pools (referred to as the ‘global carbon budget’) reveals significant
uncertainties in the estimation of carbon exchange fluxes. When the global carbon
budget is balanced, roughly one third of carbon emissions are found missing from the
predictions of climate models. Generally presumed absorbed by the terrestrial
biosphere (primarily forests), the ‘missing sink’ has become a 2.5 gigaton per year
repository of unaccounted carbon emissions. From this uncertain point of departure, we
begin our investigation of forest carbon including an evaluation of accounting systems
from the unit process level to the global scale.
A robust literature review of over 2500 documents with a synthesis of 573 cited
publications was undertaken to elucidate the challenges to implementing a woody
biomass to energy strategy in the US. The literature synthesis started with an analysis
of forest carbon accounting applications including life cycle assessments, carbon debts
and dividends, deferred harvests, harvested wood products, biomass-to-energy and
comparative storage and displacement efficiencies. That analysis led to an examination
of global exercises in carbon accounting such as land use change, global trade of
embodied emissions, illegal logging, forest certification, and forest carbon offsets.
It begs the question: What does illegal logging in third-world nations and global forest
governance have to do with the adoption of biomass to energy initiatives in the USA?
At the scale of the single ton of biomass, a stand, the processing facility, or the region,
almost nothing. But at another, much broader, scale these global conditions are integral
to the conversation and controversy surrounding the development of biomass to energy
markets and infrastructure in North America - and elsewhere. This is a fundamental
conclusion of our far reaching foray into the literature on barriers to bioenergy adoption
in North America.
While the technical challenges in converting biomass to energy are manifold, they can
be overcome with effort and investment in scientific and technical solutions. Pathways
to probably solutions, or at least further lines of inquiry, are highlighted in other project
tasks (see Kelley, Gustafson, Morales-Vera, Volk, Oneil reports and publications) that
are specifically focused on characterizing the lifecycle inventory and lifecycle
assessment of producing biomass and converting it to renewable fuels. These LCA
results can be further nested in an analysis of the hierarchy of wood uses that provides
clear trade-offs in using woody biomass for a range of durable wood products or for
energy uses (see Lippke, Puettmann reports and publications). Both the LCA results
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and the hierarchy analysis characterize the carbon storage benefits of using wood in
place of fossil fuel based fuels and materials. While both these outcomes are
necessary to justify the adoption of biobased solutions for climate mitigation, they have
proven insufficient to drive deployment of a bioenergy industry. Our research, as
reported herein, illuminates why deployment struggles to take advantage of the
technical solutions that have emerged over the past few decades of intensive research
on bioenergy systems.
At its most basic level, the research synthesis shows that the comparison of a woody
biomass to bioenergy pathway to a counterfactual of ‘no management’ is not only
incorrect but irrelevant. That is true at the global scale and at the local scale. The
section on cultural science highlights ample evidence that human management of
forests by indigenous cultures- worldwide -means that forests have never been
‘unmanaged’ in the sense that is envisioned by the John Muir world view of nature
unfettered by human occupation. A world view that drives the current conversation of
sustainability which often assumes that people are apart from nature rather than a part
of it. While the conversion of forests to croplands may be the most recognizable image
of contemporary land-use change, no anthropogenic environmental modification has
had more abundant and lasting influence than the repeated use of broadcast fire, both
historically and currently. This is as true in North America as it is in Africa. Where there
were people; there was fire. No human society has lacked fire, and none has failed to
alter the fire regimes of the lands it encountered. The cultural science section is
particularly relevant to frame an understanding of the ‘dueling science’ inherent in
decisions about the efficacy of forest management, and bioenergy development and
deployment, as a climate mitigation solution. In particular, this section of the report
highlights why there is such a powerful lobby towards comparing biomass recovery
scenarios against counterfactuals that involve no management alternatives as an
idealized construct that has no basis in history.
Second, the analysis of global trade shows that efforts to reduce harvest in one region
or country, lead to increased harvests in other regions, or the movement away from
biobased materials and energy to fossil fuel related sources of goods and services. It is
a fundamental of economics that as demand remains strong so then will supply be
found. As with the mass balance equation of the Global Carbon Budget, supply and
demand must be reconciled. Projects that reduce access to land, food, fiber, fuel, and
timber resources (restrained supply) without offering alternatives have been shown to
result in commensurate carbon leakage (unaffected demand). When leakage is
detected, an accounting system has failed to give a complete assessment of the true
aggregate changes induced by the activity (IPCC 2000). The proof is in the evidence:
forest C accounting schemes have repeatedly failed the test of prediction. Leakage is
the tell-tale sign of incomplete or misconceived analyses.
Overall, the review shows that unrealistic baselines and ill-defined boundaries have
discounted or ignored such global forest system fundamentals as:
•

the dynamics of environmental disturbances and recoveries,
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•
•
•
•

the fluxes and pools that make up the fast and slow domains of the C cycle,
the inherent imbalances of producer and consumer economies,
the global requirements for delivery of goods, services, and energy, and
an uninterrupted history of anthropogenic influence.

Recommendations that flow from the literature synthesis include these broad policy
position recommendations.
1. Biases that have evolved from the man/nature dichotomy and which discount the
benefits of the sustainable use of forests can and should be openly discussed.
Historical forest management by indigenous cultures worldwide has demonstrably
impacted the “natural” condition of forests, rendering the comparison of bioenergy
and forest management alternatives to ‘untouched’ or ‘no management’ alternatives
as a false dichotomy.
2. Deforestation is considered responsible for almost 90% of global estimated C
emissions due to land-use change since 1850 (Houghton 1999) yet sustainable
harvest activities have been incorrectly labeled as ‘degradation’ by IPCC guidance.
This is simply incorrect. Changes to these definitions and the paradigm behind them
to more accurately characterize the role of forestry in supplying bio-based goods and
services from the fast domain of the carbon cycle are required.
3. Forests have been and will be best cared for by local peoples with enduring
commitments to specific landscapes. The uncertainties associated with public forest
lands discourage long-term investment. For forestry mitigation projects to become
viable on a broad scale, certainty over future commitments is needed since forestry
requires a much longer planning horizon than other land use investments. In the US
and throughout the World, it is private forests that attract legitimate business
interest, are the most productive, and can best be protected from theft,
deforestation, and degradation. Illegal logging and deforestation predominantly
occur in developing countries with extensive public forest ownership, low per capita
income, and land tenure claims of indigenous peoples and frontier settlers that
remain unresolved. In the US, where 56% of forest lands are privately owned there
is the greatest potential for mitigating climate change.
At the local scale, the issue of carbon debt, more than any other challenge to the
sustainability of using forest biomass as a bioenergy feedstock, has slowed the
adoption of wood as a climate negative technology and reduced its effective
incorporation into the suite of climate change mitigation strategies. Baselines from
which to make comparative assessments are typically assumed to occur from the
decision to ‘avoid harvest’ after establishing a fully stocked forest stand. This baseline is
not supported operationally as financial return is a driving force behind establishing a
fully stocked stand. While forests sometimes regenerate naturally, unmanaged forests
are typically degraded and understocked due to lack of investment and care in their
management. In contrast, managed forest stands have continued to show marked
improvement in growth and yield over time (Figure 1ES).
4

Figure 1ES Silvicultural developments over 8 decades that have led to increased pine plantation productivity,
heightened C uptake and storage, and shortened time to harvest in the US SE. Adapted from Fox et al. 2004.

Likewise, boundary conditions that examine a single stand as representative of the
entire forest through time arrive at erroneous conclusions regarding carbon debt. In a
sustainably managed forest that supports a vibrant forest products industry, harvest and
growth are balanced over time. Such an effort ensures the continuity of the forest
enterprise, as well as the continuity of the forest cover (Figure 2ES).

Figure 2ES Graphic representation of the spatial and temporal dynamics of C storage for a typical PNW forest
managed on 45-year rotations presented as: the growth and harvest cycles of one forest stand (in turquoise), an
average per ha for 10 forest stands harvested in sequential intervals (in teal), and an average for 100 stands
harvested sustainably as part of a “normal” forest (in brown). Adapted from McKinley et al. 2011 and Janowiak et al.
2017.
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To accurately characterize the benefit and hierarchy of using forests to mitigate climate
change, carbon accounting systems must include the whole life cycle at a temporal and
spatial scale that is relevant to the questions being asked. Attributional LCA (ACLA)
has a significant role to play at specific scales but using ACLA to inform land use and
broad policy questions provides contrary solutions that inevitably lead to unintended
consequences. When done at the correct scale, research finds that carbon mitigation
benefits are most likely to arise if the following basic technical requirements pertaining
to land use, manufacturing, and use are adopted consistent with the principles of the
circular carbon economy:
1. Maintain and grow wood markets of all kinds. They sustain viable tracts of forest
land. Effective use of forests and forest products to reduce C emissions requires
viable markets for the full spectrum of the value recovery hierarchy including low
grade logs and process residuals.
2. To maximize carbon uptake, grow trees efficiently, and harvest timber to be
manufactured according to a product hierarchy that prioritizes long-lived products.
Following harvest, trees must be re-planted.
3. Implement cascading use policies that follow a hierarchy of optimal uses favoring
long lived products over short term products.
4. Whenever possible the combustion of waste streams to provide onsite factory
energy (for example, heat and electricity) will maximize conversion efficiencies.
The research indicates that a critical review of how we account for carbon in forestry is
needed. Amid the large uncertainties generated by the disparate accounting baselines,
boundaries, and methodologies highlighted in this review, adopting these underexploited opportunities, both policy relevant and technical, will move deployment
forward consistent with a globally relevant outcome.
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Introduction

Scientists have been paying a lot of attention to the buildup of carbon emissions in the
atmosphere. Indeed, both the investments in and publications of research on topics
associated with atmospheric science have increased in recent decades at rates here-tofore unprecedented (Minx et al. 2017, Haunschild et al. 2016). In the twenty-first
century, considered the age of information, science is also widely reported in the lay
press. As most anyone within reach of television or newspaper is aware, carbon (C),
primarily in the form of carbon dioxide (CO2), is accumulating in the Earth’s atmosphere
with global warming as a consequence. Perhaps not so well known is that this is not a
one-way street. CO2 is both released to and removed from the atmosphere in cyclical
exchanges or ‘fluxes.’ C releases are considered ‘sources’ while C removals are called
‘sinks.’ Both happen all the time but when the sum of sources exceeds that of sinks, as
has been the case for the last several hundred years, excess CO2, primarily the result
of burgeoning anthropogenic combustion of fossil fuels, accumulates in the atmosphere
trapping thermal radiation emitted from the Earth’s surface. This process, known as the
“greenhouse effect”, has been raising both global temperatures and public alarm. By
2015, global average annual temperature had incrementally risen to a landmark 1.0°C
above the presumed “pre-industrial” average (Blunden and Arndt 2016). Paleoclimatic
data indicate that changes of temperature have occurred before, but the rapidity with
which the current change is occurring appears to be without precedent during at least
the last 7,000 years (Ciais et al. 2013). Remarkably, however, if not for oceans and
forests, CO2 accumulations and global temperatures would have been rising much
faster (Denman et al. 2007). Exchange ‘fluxes’ of CO2 between the atmosphere, the
hydrosphere, the biosphere, and the land surface are all parts of “the carbon cycle”
(IPCC 2001). Indeed, it is the accounting of forest C exchange fluxes that are of
particular importance to this narrative.
The reconciliation of how CO2 emissions are cycled and redistributed among
atmosphere, ocean, and terrestrial pools is referred to as the ‘global carbon budget’ (Le
Quéré et al. 2016) a review of which reveals significant uncertainty especially in regards
the C exchange fluxes of the terrestrial biosphere (primarily forests). Roughly one third
all C emissions appear missing from the predictions of global carbon models but are
generally presumed absorbed by the terrestrial biosphere. It is with this realization in
mind that we begin this investigation of forest C accounting.
Managing elements of the carbon-climate-human system to reduce atmospheric
accumulations of CO2 has become known as climate change mitigation. Mitigation has
been studied for decades with forests as a key focus and elevated to a status of urgent
global priority second only to reduced fossil fuel combustion for energy (Smith et al.
2014, Nabuurs et al. 2007, Brown et al. 1996). The world’s forests store more C than
the entire atmosphere. Forests are the largest manageable systems within the global C
cycle. Forests are also essential providers of goods, services, and employment. Forests
are the primary source of energy for nearly a third of the global population. Depending
on how the forests of the world are used and cared for, forests can be and have been
either significant C sources or C sinks. It has been suggested that mitigation of climate
change through orchestrated adjustments to global forest management and utilization
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could contribute 20-60% of total cumulative C abatement by 2030, and 15-40% through
2100 (Smith et al. 2014). Success will be determined by the ability of climate change
science to transition from academic theory to applied resource management and
allocation but no standardized robust approach has been found for evaluating forest
strategies to reduce fossil fuels reliance and CO2 emissions (Skog et al. 2014, Miner
and Gaudreault 2013). Ubiquitous and disparate assessment studies have adopted
different reference conditions (baselines), system boundaries, accounting frameworks,
model assumptions, and functional units depending upon management sentiments
(Klein et al. 2015, Helin et al. 2013).
From local to global scales, C conundrums abound. Computational shortfalls produce
leakages and disagreements. Accounting flaws compromise global ability to craft,
quantify, and evaluate the utility of climate mitigation policies. Yet, if mitigation is of
paramount global importance, there is an urgency to action. Adaptive management
must proceed, based upon an acknowledged combination of incomplete information and
reasoned self-interest subject to regular review and amendment. Long-held
assumptions, in light of a preponderance of critical evidence, should be reviewed
through a discerning lens and accompanying institutional arrangements and political
legacies should be subject to evaluative reassessment. In light of uncertainties and
disagreements, ‘low hanging fruit’ or reasonably implementable actions to which most
everyone can agree should be identified and pursued expeditiously while accounting
protocols are further investigated, revised, and standardized.
In the following pages, we provide an extensive review of the available literature,
summarize details and issues associated with forest C accounting from global to local
and back; from the trees to the products to bioenergy and then waste streams; from the
historical to the contemporary. They are all interconnected and must be considered
accordingly.
Our roadmap begins with (1) The Carbon Cycle, resulting in (2) Carbon Accumulations
including (3) Atmospheric Content leading up to (4) the Global Carbon Budget revealing
different perspectives as a (5) Carbon Conundrum. We take note of the importance of
(6) Carbon History, (7) Accounting for Early Carbon Change and the evolution to a (8)
Cultural Science covering natural and managed growth from (9) The Forest Through the
Trees.
Top Down vs Bottoms Up Management made the role of (10) Life Cycle Inventories and
Assessments an important measurement tool. But the conflicting measurement
assumptions put a focus on (11) Baselines and Boundaries complicating the
development of (12) Good Practice Guidelines. Time and Scale differences created
carbon (13) Debt and Dividend differences across stands and forest landscapes. (14)
Substitution and Leakage issues associated with (15) Illegal Logging and (16)
Deforestation, raise questions about strategies for (17) Global Forest Governance such
as forest certification and carbon offsets.
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Finally, we briefly (19) Summarize and draw some broad (20) Conclusions followed by
(21) Recommendations for actionable opportunities or The Low Hanging Fruit where
there appears broad agreement relevant to Forests, Forest Products, and Bioenergy
with emphasis on the need for integrated approaches with which to Account for them.
The Road Map of Topics
1.
Carbon Cycle
2.
Carbon Accumulation
3.
Atmospheric Content
4.
The Global Carbon Budget
5.
A Carbon Conundrum
6.
History Matters
7.
Accounting for Early Carbon
8.
Cultural Science
9.
The Forest Through the Trees
10.
Life Cycle Assessment
11.
Baselines & Boundaries
12.
Good Practice Guidance
13.
Debts & Dividends
14.
Substitution & Leakage
15.
Illegal Logging
16.
Embodied Deforestation
17.
Global Forest Governance
18.
REDD (Reducing Emissions from Deforestation and Forest Degradation)
19.
Summing Up
20.
Conclusions
21.
Recommendations – The Low Hanging Fruit
a.
Forests,
b.
Forest Products
c.
Bioenergy
d.
Accounting

The Carbon Cycle

Terrestrial ecosystems, and the life forms that inhabit them, depend on a number of
interacting biogeochemical cycles including nutrient cycles, the hydrological cycle, and
the carbon cycle. The carbon cycle (Field and Raupach 2004) can be viewed as a
series of stores (i.e. reservoirs or pools) in the Earth System, which are connected by
exchange fluxes (transfer processes from one store to another). The Intergovernmental
Panel on Climate Change (IPCC) characterizes two basic domains in the global carbon
cycle. The ‘fast’ domain has ‘large’ exchange fluxes and relatively ‘rapid’ turnovers,
consisting of C stores in the atmosphere, the ocean and surface ocean sediments, and
on land in the living and dead flora and fauna, soils and freshwaters that comprise the
terrestrial biosphere. Turnover times can be rapid for organisms or can range from a
few years to decades or centuries for the C content of the atmosphere, the reservoirs of
the terrestrial biosphere, and the various C stores in the ocean. The ‘slow’ domain, on
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the other hand, includes ‘huge’ C stores in rocks and sediments which historically
exchange C with the fast domain through volcanic eruptions, chemical weathering,
erosion, and sediment formation on the sea floor. Turnover times (mainly geological) of
the slow domain can be 10,000 years or longer (Ciais et al. 2013).
Fossil fuels, such as oil, natural gas, and coal, were formed in the geological past from
the anaerobic decomposition of dead organisms that 300 million years ago removed C
from the atmosphere through photosynthesis and stored it deep beneath the Earth’s
surface. In effect, fossil fuels are the repositories of millions of years of solar energy that
has been accumulated and condensed into a concentrated fuel. Since the beginning of
the industrial era (circa 1750), the anthropogenic extraction and ever-increasing
combustion of enormous quantities of fossil fuels 4 have resulted in the rapid transfer of
long-captive fossil C from the slow domain into the fast domain resulting in perturbations
of global C cycles, atmospheric accumulations of CO2, and global warming (Ciais et al.
2013).

Carbon Accumulations

Periodic and cumulative estimates of global CO2 emissions from fossil fuel combustion
are calculated based upon conversions of production and consumption statistics
provided by energy companies, individual nations, and international agencies. Data
uncertainty from nation to nation can vary from a few percent to more than 50%. But
since fossil fuel consumption is dominated by the 20 developed countries responsible
for 80% of global emissions, the greatest uncertainties derive from the smallest
countries which exert little influence on the overall accuracy of contemporary global
estimates of CO2 emissions from fossil fuels (Andres et al. 2012). However, assembly
of extended time series to track dated fossil fuel emissions has been more problematic.
In addition to data gaps and unreliabilities in historic energy and population records,
inconsistencies in fossil fuel reporting, trade, process, transport, and combustion
efficiencies result in large errors for given countries and years. Historic CO2 emissions
from fossil fuels have therefore been constructed through a combination of data
analysis, interpolations, and expert opinions for the time series starting in1750,
considered as the beginning of the fossil fuel or industrial era, through 1950, when
modern global energy reporting became well-established (Le Quéré 2016). Pre-1750
emissions are generally not reported due to a lack of records (Andres et at al. 1999).
Combustion of fossil fuels, although begun long prior to the industrial era, did not
become the dominant global source of CO2 emissions until 1920 but has increased
steadily ever since (Archer et al. 2009). Emissions from cement manufacture and gas
flaring are reported with fossil fuels, making up just 6% of the total (Le Quéré 2016), and
can also be estimated with comparative certainty (Marland et al. 2009).

The U.S. Energy Information Administration's (EIA) International Energy Outlook 2016 projects that total
world energy consumption will rise 48% from 549 quadrillion Btus in 2012 to 815 quadrillion Btus in 2040.
Around 80% of the total global energy comes from fossil fuels. EIA reports that in 2015 the world
consumed 95 million barrels of oil per day of which the United States accounted for 20%. Oil accounts for
about one third of global total energy use.

4
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Another major source of anthropogenic CO2 emissions, thought second only to fossil
fuels in magnitude, is Land Use and Land Cover Change (LULCC). “Land Use” refers to
continuing management within an established land-cover type, such as forest or
cropland. “Land Cover Change” refers to the conversion of one vegetation cover type to
another; for example, deforestation to create cropland (Houghton et al. 2012). Changes
to terrestrial vegetation and associated CO2 fluxes cycle within the fast domain and,
unlike slow-domain fossil fuels, can, overtime, result in increases of atmospheric CO2
(release) through respiration, decomposition, and combustion or decreases in
atmospheric CO2 (uptake) through photosynthesis and sequestration (Prentice et al.
2001). The greatest terrestrial carbon sinks are forests which store close to half of all
global terrestrial C (Bonan 2008) and are particularly important as carbon stores
because trees hold much more carbon per unit area than other types of vegetation. A
hectare of trees can sequester up to 50 times more carbon than a hectare of grasses or
crops (Houghton 2002). The fastest rates of C uptake in the terrestrial biosphere occur
in young, fast-growing forests (Gray et al. 2016). The rate of carbon sequestration in
forests, however, increases to a variable point in time and then slowly declines as
forests mature (Phillips 2008, Birdsey et al. 2006, Pregitzer and Euskirchen 2004). Or,
on the other hand, with periodic disturbances, such as wildfires or land use conversions,
significant pulses of CO2 and other greenhouse gases (GHGs) are released from
forests while lowering future uptake and storage potential (Allen et al. 2010). Climate
change has the potential to considerably amplify rates of disturbance (Seidl et al. 2017)
and increase incidence of forest mortality (van Mantgem et al. 2009). A number of
scientists share the conclusion that the most effective long-term ways in which to use
forest land continuously to mitigate atmospheric increases of CO2, are to harvest wood
for use as long-lived products and bioenergy that substitute for energy-intensive product
alternatives and fossil fuels (Lippke et al. 2011, Nabuurs et al. 2007, Brown et al. 1996).
Following timber harvests, new forest cohorts can be re-established and managed to
enhance growth potential and C uptake (Prentice et al. 2001, Nakicenovic et al. 2000).
The flux of C from forests and LULCC, however, does not represent the total net flux of
C between land and atmosphere. There are large ongoing exchanges of CO2 between
ecosystems (plants and soils) and the atmosphere due to natural processes
(photosynthesis, respiration) that interact with anthropogenic (direct and indirect) factors
resulting in substantial seasonal and interannual variability (Houghton et al. 2012). Land
use changes also affect climate through biophysical alterations to surface albedo,
surface roughness, and evapotranspiration (Lukeš et al. 2013, Pongratz et al., 2010).
Consequently, in the case of forests and the terrestrial biosphere, estimating CO2 fluxes
is much more complicated and less certain than the conversion exercises associated
with estimating fossil fuel emissions (Marland 2009, Bonan 2008, Houghton 2007).
Oceans, which cover 70% of the earth’s surface, function as an important sink within the
carbon cycle. The surface ocean removes atmospheric CO2 through a gas flux driven
by the partial CO2 pressure difference between the air and the sea. Ocean C is found
primarily as dissolved inorganic carbon (carbonic acid), bicarbonate and carbonate ions,
tightly coupled via ocean chemistry. The ocean also contains a pool of dissolved
organic C, most of which has a turnover time of 1000 years or longer. Marine biota such
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as phytoplankton and other microorganisms create a relatively small carbon pool with
daily to weekly turnover rates (Ciais et al. 2013). Ocean properties of relevance to
climate change, including temperature, salinity, sea level, carbon, pH, and oxygen, have
changed during the past 40 years raising concerns about acidification and compromises
to the shell formation of marine animals (Rhein et al. 2013, Doney et al. 2009). The
world’s oceans are believed to function as huge thermal and carbon sinks. About 93%
of the excess heat energy stored by the Earth over the last 50 years is found in the
ocean (Levitus et al. 2012) and the ocean contains 50 times more C than the
atmosphere (Sabine et al. 2004). The tremendous size and large inertia of the oceans
mean that they are naturally stable and provide a clearer signal of longer-term change
than other components of the climate system. The magnitude of the oceanic sink has
been inferred by models and chemical analysis that have been confirmed by direct
observations (Sarmiento and Wofsey 1999).
While national estimates of CO2 emissions from fossil fuels are characterized by a 510% estimation uncertainty (Andres et al. 2012), emissions estimates from agriculture
(crops and livestock production) have much larger uncertainties, ranging ±30-50%
(Tubiello et al. 2015, IPCC, 2006). Emissions related to forestry and other land use
activities have larger uncertainties in the range ±50-100% (FAO 2014a, Pacala et al.
2010). Estimates of global biomass burning and related emissions carry an uncertainty
of at least 50% (van der Werf et al. 2006, Robinson 1989). Remarkably, although huge
uncertainties are acknowledged by terrestrial biosphere modelers, Houghton (2013)
concludes that they are likely underestimates, based upon incomplete error analysis.
Although reliable data prior to 1970 may be sparse, IPCC reports have modeled
reconstructions for ocean fluxes with much greater confidence (±20%) than those of
LULCC (±50-100%). Observations of ocean change, therefore, can provide a means to
track the evolution of climate change and a relevant benchmark for informing climate
models (Ciais et al. 2013, Rhein et al. 2013).

Atmospheric Content

In addition to the modeling and estimation of the C consequences of the primary
sources and sinks of the carbon cycle, perhaps the most important measurements for
monitoring the changing CO2 content of the atmosphere are the periodic observations
from actual air samples. Since 1958, from a unique laboratory located 11,500 feet
above sea level and 2000 miles from the nearest continent, the United States National
Oceanographic and Atmospheric Administration (NOAA) has directly measured the
concentration of CO2 (Keeling et al. 1976) as the ratio of CO2 molecules to dry air
molecules expressed as parts per million (ppm) of CO2 in dry air. Accuracy is
considered to be within 0.2 ppm (Tans and Thoning 2008). This data series, collected
on the lava-covered upper slopes of Mauna Loa in Hawaii, represents the longest
established record of empirical measurements of CO2 in the atmosphere.
Historic variations in atmospheric CO2, prior to 1958, have been investigated by
analyzing air bubbles enclosed in drill cores taken from polar ice in Antarctica (Ahn et al.
2012). Comparisons of ice air samples allow accurate estimates of historic atmospheric
16

CO2 concentration changes to be dated at decadal-to-century scales in a time series
(Indermühle et al. 1999). Consequently, Joos and Spahni (2008) were able to estimate
that, in 1750, the approximate concentration of CO2 in the atmosphere was 277±3 ppm
as compared to a current CO2 concentration of 410 ppm, a 46% increase (Dlugokencky
and Tans 2018).

The Global Carbon Budget

The reconciliation of how CO2 emissions are cycled and redistributed among
atmosphere, ocean, and terrestrial pools is referred to as the ‘global carbon budget’ (Le
Quéré et al. 2016). Differing time series comparisons of various durations have been
made by IPCC in all five assessment reports (Ciais et al. 2013, Denman et al. 2007,
Prentice et al. 2001, Schimel et al., 1995; Watson et al. 1990), as well as by others (Le
Quéré et al. 2016, Ballantyne et al. 2012, deB Richter and Houghton 2011). Gross
annual contributions of CO2 emissions from fossil fuels, industry, cement, etc. (often
referred to as fossil fuels and cement) are estimated as described above and then
summed with temporally parallel LULCC emissions estimates to provide total estimated
anthropogenic CO2 contributions by year. Actual changes in atmospheric
concentrations of CO2 are measured with confidence as are mean annual changes in
ocean absorption. As a result, a mass balance equation can be constructed to generate
estimates of the magnitudes of C uptake, presumed to terrestrial ecosystems, that must
occur each year in order to close the global carbon budget (Le Quéré et al. 2016, Ciais
et al. 2013, Ballantyne 2012). The product of this calculus, referred to as the “Residual
Land Sink,” was previously known as the “Missing Sink” (Denman et al. 2007).
CO2 Residual Land Sink =
(CO2 Fossil Fuels + CO2 Land Use Change) - (CO2 Atmosphere + CO2 Ocean)
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Figure 1: Schematic of the global carbon budget.
The Atmosphere retains approximately 40% of total annual estimated Fossil and LULCC CO2 emissions. The remainder (~60%) is
about evenly split between the Ocean and the Missing Sink otherwise known as the Residual Land Sink. The carbon releases to
the atmosphere from fossil fuel combustion and cement production are known with relatively high confidence. The emissions
estimate from LULCC is less certain. The estimate of the net increase in atmospheric CO2 concentration has a low margin of error
as it is a direct measurement. The carbon absorption by the ocean is known with relatively high confidence suggesting that the
calculation of the Missing Sink has much greater confidence than the estimated emissions of LULCC. Adapted from The Royal
Society (2001).

It is not surprising that the residual land sink has for decades also been known as the
“missing sink” (DeFries et al. 1999, Sarmiento and Wofsey 1999, Houghton et al. 1998,
Wigley 1993, Dai and Fung 1993, Olson et al. 1983, Woodwell and Houghton 1977).
There remain large uncertainties, modeling challenges, and philosophical
disagreements surrounding the fraction of total gross CO2 emissions found missing
from airborne content that, in lieu of a mass balance equation, eludes modeled
estimate. The missing sink, accounting for estimated withdrawal from the atmosphere of
~30% of all CO2 emissions, could be larger if fossil and LULCC emissions have been
underestimated or smaller if source emissions have been overestimated (Tubiello et al.
2015, Erb et al. 2013). Most modeled releases of C from estimated LULCC include only
the sources thought to be of human origin; ecosystems unmodified by human activity
are, by IPCC protocol, not included in the analysis (Ciais et al. 2013). The residual land
sink computation, on the other hand, is a mass balance equation and therefore is by
default all inclusive; no matter whether release or uptake may or may not be “manmade” or that locations and mechanisms are uncertain (Houghton 2007). The residual
land sink necessarily is determined by the land use change flux. Its uncertainty reflects
the large errors associated with estimating land use change (Denman et al. 2007).
In the IPCC Fifth Assessment Report, Ciais et al. (2013, Table 6.1, p.486; as Table 1
below) presented a synthesis of historic data for the global carbon budget. A closer
look is revealing.
Table 1 Global Carbon Budget, since the Industrial Revolution (onset in 1750) and averaged over the 1980s, 1990s, 2000s, as well
as 2002-2011, the last 10-year period to which data was available to IPCC AR5 reporting.

By convention, a negative ocean- or land-to-atmosphere C flux (shown in green) is equivalent to a gain of carbon by the these
reservoirs that limits increase to the atmosphere. C retained in the atmosphere is shown in blue with releases in pink. The land-toatmosphere flux (1750-2011) of 30 ± 45*, as shown in yellow, may be a rounding error as data suggests 20 ± 45 but this anomaly
is unexplained by the report text. Figures are shown in gigatons of carbon (GtC). For CO2 multiply by 3.664. (as presented by
Ciais et al. 2013).
Time Period
Atmospheric
Increase
Fossil Fuels &
Cement
Ocean-to-Atmos.
Flux
Land-to-Atmos.
Flux Partitioned as
Follows
Net Land Use
Change
Residual Land
Sink

1750-2011
Cumulative GtC

1980-1989
GtC/yr

1990-1999
GtC/yr

2000-2009
GtC/yr

2002-2011
GtC/yr

240 ± 10

3.4 ± 0.2

3.1 ± 0.2

4.0 ± 0.2

4.3 ± 0.2

375 ± 30

5.5 ± 0.4

6.4 ± 0.5

7.8 ± 0.6

8.3 ± 0.7

–155 ± 30

–2.0 ± 0.7

–2.2 ± 0.7

–2.3 ± 0.7

–2.4 ± 0.7

30 ± 45*

–0.1 ± 0.8

–1.1 ± 0.9

–1.5 ± 0.9

–1.6 ± 1.0

180 ± 80

1.4 ± 0.8

1.5 ± 0.8

1.1 ± 0.8

0.9 ± 0.8

–160 ± 90

–1.5 ± 1.1

–2.6 ± 1.2

–2.6 ± 1.2

–2.5 ± 1.3
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In Table 1, the second column shows total historic estimated CO2 emissions (in
cumulative GtC) from fossil fuels and cement (375 GtC in pink) and land use change
(180 GtC in pink) to total 555 GtC for the 262-year period from 1750 until 2011. The
estimated total C retained in the atmospheric for the period, however, is 240 GtC (in
blue) or just ~43% of total assumed emissions with the remainder thought to be taken
up by the ocean-to-atmosphere flux (-155 GtC in green) and the residual land sink (-160
GtC in green). Table 1 indicates that all components of the carbon cycle are growing
over time other than the emissions from land use change. Large uncertainty surrounds
the estimates of land use change and residual land sink, suggesting that, as noted by
Ciais et al. (2013) in agreement with Houghton (2007), that the net C balance for
terrestrial ecosystems could be a small source (as shown 1750-2011), might be neutral,
or even a significant sink (as indicated for years since 1990). Of greatest concern are
the steady increases both in retained atmospheric C content and fossil fuels C
contributions.
Table 2 Estimated discrete time separations for historic comparisons of land use change C emissions and residual land sinks
Ppresented as average by year and sum for each period of interest based upon representative disaggregation of the 262 years of
data derived from Ciais et al. (2013) in Table 1. (source in pink; sink in green).
Time Period
Number of
Years/Period
Net Land Use
Change (LUC)
Average LUC
GtC/Year
Total LUC
GtC/Period
Residual Land
Sink (RLS)
Average RLS
GtC/Year
Total RLS
GtC/Period

1750-1979

1980-1989

1990-1999

2000-2009

2010-2011

1750-2011

230

10

10

10

2

262

0.6

1.4

1.5

1.1

0.9

0.7

138.2

14.0

15.0

11.0

1.8

180.0

-0.4

-1.5

-2.6

-2.6

-2.5

-0.6

-88.0

-15.0

-26.0

-26.0

-5.0

-160.0
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Table 3 The periodic distribution of total estimated C emissions from fossil fuels, cement, and land use change
(pink) to the atmospheric (blue), ocean absorption (green), and the residual land sink (green) as adapted from Ciais
et al. (2013).

Number of
Years/Period
Atmospheric
Increase
GtC/Period
Average
Atmosphere
GtC/Year
% Total C
Remaining
Atmosphere
Fossil Fuel &
Cement
GtC/Period
Average Fossil
Fuel GtC/Year
% Fossil Fuels
of Total C
Ocean-toAtmos Flux
GtC/Period
Average Ocean
Flux GtC/Year
% Total C to
Ocean Sink
Total LUC
GtC/Period
Average LUC
GtC/Year
% LUC
of Total C
Total RLS
GtC/Period
Average RLS
GtC/Year
% Total C to
Land Sink

1750-1979

1980-1989

1990-1999

2000-2009

2010-2011

1750-2011

230

10

10

10

2

262

126.4

34.0

31.0

40.0

8.6

240

0.5

3.4

3.1

4.0

4.3

0.7

42%

49%

39%

45%

47%

43%

161

55

64

78

17

375

0.7

5.5

6.4

7.8

8.3

1.4

54%

80%

81%

88%

90%

68%

-85.2

-20.0

-22.0

-23.0

-4.8

-155.0

-0.4

-2.0

-2.2

-2.3

-2.4

-0.6

-28%

-29%

-28%

-26%

-26%

-28%

138.2

14.0

15.0

11.0

1.8

180.0

0.6

1.4

1.5

1.1

0.9

0.7

46%

20%

19%

12%

10%

32%

-88.0

-15.0

-26.0

-26.0

-5.0

-160.0

-0.4

-1.5

-2.6

-2.6

-2.5

-0.6

-29%
-22%
-33%
-29%
-27%
-29%
Table 2 looks more specifically to terrestrial sources and sinks over separable time
frames before and after 1980. From 1750-1979, Table 2 column 2 data show land use
emissions (pink) exceeding residual land sink uptake (green) whereas for 1980-1989
(column 3) the magnitude of the residual land sink has shifted to exceed that of land use
emissions with the gap widening as time intervals progress forward.
As shown in Table 3, the percentage relationships of the emission and uptake partitions
remain relatively constant for atmospheric increases, ocean fluxes and residual sinks.
Fossil emissions increase while the contribution from land use change declines.
For the first 230 years of the time series (1750-1979 as shown Table 3, column 1) total
C emissions were roughly split between fossil fuels and cement (54%) and land use
change (46%) but, according to Ciais et al (2013) and corroborated by international
energy statistics (IEA 2016), by the beginning of the twenty-first century the C emissions
from fossil fuels and cement had grown to nearly 90% of the global total. Mostly from
fossil fuel combustion, nearly half of all the C emissions that have accumulated in the
atmosphere since 1750 have occurred within just the last 40 years.
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Recall from above discussion of the domains of the C cycle, that fossil fuels are
considered as C reservoirs that until recent times were stabilized long ago within the
slow domain. Prior to industrial combustion of fossil fuels, exchange fluxes between the
slow and the fast domain of the C cycle, such as volcanism or sedimentation, are
assumed to be staggered and relatively stable (Ciais et al. 2013). There is broad
consensus, however, that based upon confident measurement the combustion of fossil
fuels since the Industrial Revolution has profoundly altered the global C cycle with
potentially dangerous consequences (Andres et al. 2012). There is also consensus that
fossil fuels will remain the primary source of world energy for the foreseeable future.
Even though contributions to global energy consumption from non-fossil fuels are
forecasted to grow faster than fossil fuels, fossil fuels are expected to account for 78%
of energy use in 2040 and world energy-related CO2 emissions have been forecasted
to increase 34% from 8.8 GtC/year in 2012 to 11.8 GtC/year in 2040 (EIA 2016). These
sobering statistics serve to highlight the importance of the ocean and land C sinks. If not
for the capacities of the ocean and residual land sinks to remove and store atmospheric
C, annual atmospheric accumulations of CO2 could be more than double (Ballantyne et
al. 2012). But, as shown in Tables 1 and 3, the growth in uptake rate of CO2 sinks is not
keeping up with increases in fossil CO2 emissions. Denman et al (2007) warn that the
ocean and land CO2 sinks may be expected to decrease in efficiency from the effects of
climate change and higher ambient CO2 concentration as a result of reduced carbonate
buffering capacity within the ocean and through saturation of the land carbon sink.

A Carbon Conundrum

Intentional management of the ocean fluxes to sustain or enhance rates of C absorption
is generally thought beyond current human capabilities, however, this is not and has not
been the case for the terrestrial biosphere; much of which has cycled between
anthropogenic disturbances and renewals for millennia. For example, Erb et al. (2013)
as well as Pan et al. (2011) confirm earlier hypotheses by Sarmiento et al. (2010),
Goodale et al. (2002) and Kaupi et al. (1992) that a dominant portion of the global
residual land sink can be attributed to twentieth century biomass accumulations in the
previously harvested forests of the industrialized nations of the northern hemisphere.
Others such as deB Richter and Houghton (2011) and Silver et al. (2000) agree that
enhanced land productivity through improved silviculture and land cover changes, such
as returns of agricultural lands to forests, may be redistributing substantial amounts of
atmospheric C to forest ecosystems once considered as sources. Houghton (2007)
notes, however, that the growing magnitude and uncertainty of the residual land sink is
indicative of imperfect data and poor understanding of the historic fluxes of the
terrestrial biosphere. Estimates of the residual land sink necessarily depend on accurate
reconstructions of terrestrial fluxes, and its uncertainty reflects fundamental conceptual
errors associated with land use change (Denman et al. 2007). Releases of C from land
use changes are estimated by dynamic global vegetation models, government reports,
expert opinions, and map analyses partitioned to include only the perceived sources
and sinks designated as a result of human activity while ecosystems and their fluxes
assumed not directly modified by humans are left out of the analysis. The release
computed by closing the carbon budget, in contrast, includes all ecosystems and all
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processes, all-inclusive net terrestrial flux of C (Houghton et al. 2012) revealing
significant conceptual uncertainty: the missing sink.
This critically important difference has compromised global ability to craft, quantify, and
evaluate the success of climate mitigation and adaptation policies (Skog et al. 2014, Le
Quéré 2009).
For example, Ciais et al. (2013, p.487), writing with the authority of the IPCC, refer to
the missing sink as the ‘residual’ land sink; as “terrestrial ecosystems that have not
been affected by land use since 1750.” Such designation is arbitrary, problematic, and
incorrect. There is broad agreement that the residual land sink is largely attributable to
forests; primarily mid-latitude secondary forests in the US and Europe that are
accumulating biomass because of their ages and stages of post-disturbance
development (Birdsey and Pan 2015, Erb et al. 2013, Böttcher et al. 2007, CCSP 2007,
Nabuurs et al. 2003, Houghton 2003a,b, Caspersen et al. 2000) and because of
aggressive afforestation and reforestation programs in the U.S., Europe, and China
(Pan et al. 2011, Wang et al. 2006). For the years 1990-2007, Pan et al. (2011)
estimate an average annual persistent gross C sink of 4.0± 0.7 GtC/year for all global
established and regrowth forests whereas Ciais et al. (2013), as shown in Table 2,
estimated an average annual “residual” sink, from 1750-1979, of just 0.4 GtC/year
suggesting that historic and purportedly less disturbed forests sequestered less C than
the more disturbed forests of recent decades. As reported by Pan et al. (2011), the net
C sink in temperate forests increased by 17% from 2000-2007 as compared to 19901999. While, C uptake in ‘intact’ tropical forests, although based upon less certain data,
appears to have decreased by 23%. Estimated C emissions for boreal forests showed
little change. Subtraction of forest C releases from forest C uptakes yields an estimated
global forest C sink of 1.0± 0.8 and 1.2± 0.9 GtC/year for 1990-1999 and 2000-2007,
respectively; basically equivalent to the net land-atmosphere flux as shown in Table 1.
The large gap between estimated C releases and actual atmospheric accumulations
reveals a missing sink but it is “residual” only in the sense of a mass balance equation
remainder not as a timeless natural endowment of undisturbed forests.
Here-in lies a global carbon conundrum: attempts at separating natural from mancaused (unnatural?) appear better aligned with nineteenth century Western
romanticisms than with twenty-first century science but, as borne out by a persistent
inability to reconcile the carbon budget, a stubborn determination to keep man apart
from nature persists in contemporary analyses of the terrestrial biosphere. Yet, Uggla
(2010) suggests that, nature, as seen apart from human influence, is a social construct
whose boundaries are politically negotiated rather than arrived at through scientific
inquiry. Long a source of environmental debate, especially in regards the care of forests
(Botkin 2012, 1990), this is the paradox of the man/nature dichotomy (Caillon 2017,
Cronon 1996, Lowenthal 1990).
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Deforestation by Forest Biome Over Time

Figure 2 Estimated deforestation, by forest biome and time period, reflects different disturbance histories for Tropical and
Temperate forests

Repeated, albeit frustrated, attempts to sort and quantify discrete anthropogenic
influences from the continuum of the terrestrial C fluxes can be seen in the complicated,
and ever-evolving development of international protocols for LULCC definitions,
assessments, and accounting (Mackey et al. 2013, Birdsey et al. 2006). Although the
IPCC Special Report on Land Use, Land-Use Change and Forestry (2000, p.8-11)
concluded that the phrase ‘human-induced’ has no scientific meaning and that
distinguishing between changes resulting from human versus natural events is difficult,
the separation of anthropogenic from natural environments remains an institutionalized
but chronically uncertain paradigm in climate change analysis and policy. For instance,
the IPCC Good Practice Guidance for Land Use, Land Use Change, and Forestry
(Penman et al. 2003) excluded from C accounting the emissions from ‘natural’
disturbances, such as wildfire in unmanaged (but fire-suppressed and climate
stressed?) temperate and boreal forests or in tropical peatlands (Houghton 2012) or
emissions from thawing permafrost that may accompany anthropogenically-induced
global warming (IPCC 2014a). As another example of curious land use segregation,
temporary reductions in the C density of forested areas as a result of forest practices
have been designated terminologically in LULCC assessments as ‘degradation’
(Houghton et al. 2012, van der Werf et al. 2009). Thus, sustainable harvests are
assumed to ‘degrade’ forests even though the broader landscape may experience a
combined C gain or have risk of C loss through disturbance ameliorated. Managed
forest landscapes, harvested on regular cycles to approximate C balance, are assessed
as individual stands in which timber cutting produces a net C debit not reflective of the
actual C exchange between forest estate and atmosphere (IPCC 2000). On the other
hand, broad-brush assumption of a C-neutral steady state for ‘undisturbed’ forest
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landscapes has long contributed to the uncertainty of source versus sink C estimates in
‘natural’ forests (Houghton 1983).
In attempt to create a single omnibus anthropogenic land use grouping, the 2006 IPCC
Guidelines for National Greenhouse Gas Inventories complicated matters further by
revising the 1996 IPCC Guidelines for National Greenhouse Gas Inventories accounting
protocols such that the previously independent sectors of Agriculture (Ag) and Land
Use, Land-Use Change, and Forestry (LULUCF) were combined and reported in
aggregate as Agriculture, Forestry, and Other Land Use (AFOLU). Yet AFOLU
activities, although all terrestrial-based, function very differently as sources of global
GHGs which require disparate modeling platforms and data; all of which suffer from the
inadequacies of historical reports, land cover maps, accounting frameworks, and field
inventories different for agriculture and for forestry. Agriculture reports methane (CH4)
as its largest GHG contribution. Indeed, agriculture is considered the world’s single
largest source of CH4 emissions. IPCC assumes agriculture to be CO2 neutral. CH4 is
not included in the global carbon budget therefore neither is Agriculture (Ciais et al.
2013). Forestry emissions are dominated by CO2 assessments, forests being both the
largest terrestrial source and sink, and considered independent of Agriculture in the
global carbon budget other than an overlap with agroforestry (IPCC 2014b). A combined
AFOLU is not readily comparable to IPCC’s previous land-use groupings making any
benefit of merged Agriculture, Forestry, and Other Land Use accounting unclear.
Indeed, inconsistencies in the naming, grouping and definitions of land use and land
cover changes are common in the published literature. In addition to LULCC and
AFOLU, researchers at different times and in different publications have used “Land
Use, Land Use Change, and Forestry” (LULUCF), Forestry and Other Land Uses
(FOLU), “Indirect Land Use Change” (iLUC), and “Anthropogenic Land Cover Change”
(ALCC) (IPCC 2014c, 2006, 2000, Kaplan et al. 2011) and more. Pongratz et al. (2014)
found published studies with at least nine different definitions of net LULCC flux.
Estimating LULCC is further complicated by the fact that there are more than 90
different definitions of forest in use around the world (Lepers et al. 2005). Inconsistent
use and interpretation of terminologies has proven to be a confounding factor in global
carbon cycle analyses (Birdsey and Pan 2015, Pongratz et al. 2014). Various naming
conventions appear in this paper but are primarily limited to LULCC and LULUCF.
Data issues persist as well. For instance, the most significant LULCC CO2 emissions
are thought to occur as a result of deforestation and degradation in low-income tropical
countries; most vulnerable to climate change yet with limited abilities to conduct robust
field inventories or develop precise GHG estimates (Victor et al. 2014, Grainger 2008).
Since tree lifespans often exceed 400 years, interpretation of the sparse data available
may be flawed: anthropogenic land use changes that occurred in past centuries may
still be affecting forest patterns and processes assumed by modern ecological surveys
to be “natural” (McMichael et al. 2017). In addition to uncertain data, global-scale
terrestrial biosphere models (TBMs) vary in their underlying driving assumptions,
required inputs, and parameterizations (Bayer et al. 2017, Huntziger et al. 2017).
Consequently, different LULCC model estimates of C fluxes and pools can vary by a

24

factor of more than two (Flato et al. 2013, Henderson-Sellers et al. 2003). According to
Pongratz et al. (2014), modeled estimates of future scenarios could be even less
certain; differing by a factor of 4–10.
It has been acknowledged that scientifically accurate attribution of C fluxes has to
account for history or would otherwise disregard a physical law of the C cycle:
atmospheric CO2 excesses result from emissions accumulated over long time spans
(Neumayer 2000). However, the CO2 uncertainties and misunderstandings represented
by the missing sink, both cultural and technical, manifest as continuing disagreements
over the historic roles of forests in a world struggling to govern its carbon footprint
specifically and its environmental impacts in general.

History Matters

Humans roamed the planet for hundreds of thousands of years as hunters and
gatherers until around 12,000 years ago when early signs of farming first appeared
(Barker 2009). By 10,000 years ago, agricultural land clearings had begun in earnest
(Simmons 2007, Williams 2003). The beginning of the Neolithic or Agricultural
Revolution, around the warming time of the Pleistocene–Holocene boundary, marked a
major transition in the history of human development. Over the course of a few
thousand years numerous human cultures adopted agricultural systems that augmented
or replaced subsistence hunting and gathering. In almost every corner of the world,
farming practices made possible more reliable food supplies, permanent settlements, a
growing global population, and widespread modifications of the terrestrial biosphere
(Ellis et al. 2013, Sutton and Anderson 2004, Turner et al. 1990, Glacken 1967, Thomas
1956).
As foragers evolved to become farmers, human culture moved from being part of the
wild to controlling the wild (Barker 2009). In many areas of the world, humans
influenced the development of Holocene landscapes not only through the cultivation of
desirable plants but also through the domestication of animals such as cattle, goats,
sheep, and swine (Marshall and Hildebrand 2002) all of which in turn affected the
viability of wild counterparts over wide areas (Diamond 1999). For example, the spread
of aboriginal peoples to previously unoccupied land masses such as islands and other
ecologically isolated terrains led to introduction of exotic plants and nonhuman
predators that have been associated with extirpation of mammals and birds as well as
the alteration of the development trajectories of local flora (Simmons 1996, Bates 1956).
Early agricultural societies employed aggressive strategies such as deforestation,
irrigation, soil amendment and selective breeding to modify their environments in
accommodation of food production (Meyer 1996). Charcoal layers and successive
decreases in forest pollens, followed by increases in cereal and weed pollens in peat
deposits and lake sediments, together with remains of farming and clearing implements
have been found throughout the world by modern paleobotanists and archeologists and
attest to the diffusion of cultural landscapes (McWethy et al. 2010, Springer et al. 2010,
Heckenberger et al. 2008, Williams 2000).
25

Agriculture created local food surpluses that relieved the daily urgencies of hunting and
gathering. Surpluses became wealth which facilitated establishment; first of villages,
then cities, then states, then civilizations. Anthropogenic alterations of earthly
environments were ubiquitous (Turner et al. 1990). From tropics to tundra, on islands or
continents, few places were overlooked or remained unmodified (Denevan 2003,
Whitmore and Turner 2002, Doolittle 2001, Dickinson 2000, Vitousek et al. 1997)
resulting in long-term world-wide human influence on floral and faunal development and
diversity (Balée 2010, Heckenberger 2003, Smith 1989).
While the conversion of forests to croplands may be the most recognizable image of
contemporary land-use change, across vast terrestrial landscapes, perhaps no
anthropogenic environmental modification has had more abundant and lasting influence
than the repeated use of broadcast fire (Hamilton et al. 2018, Arroyo-Kalin 2012,
Stewart 2002, Pyne 1997, Saldarriaga and West 1986, Hallam 1975, Kozlowski and
Ahlgren 1974, Day 1953). The grasslands and savannahs in temperate and tropical
regions of the world have been linked to anthropogenic burning, either to remove
woodlands or to prevent their encroachment into relic tundra or steppe left after
Pleistocene glaciation (Denevan 1992, Anderson 1990, Johannessen et al. 1971, Sauer
1950). Studies have shown that savannah grasslands are dependent for their
maintenance, if not their initial creation, on persistent use of fire to retard forest growth
(Dickinson 2000, Miller and Rose 1999). Where there were people; there was fire. No
human society has lacked fire, and none has failed to alter the fire regimes of the lands
it encountered (Pyne 2001). Regardless of ignition source, until the twentieth century,
wildfires generally burned until the rains came, or fuels were exhausted (Williams 1989).
Throughout the course of human enterprise, numerous civilizations have developed
agriculture, transformed environments, established structures of governance, and risen
to support large and sophisticated populations that over time reached their peak and fell
into obscurity (McMichael et al. 2017, Yoffee and Cowgill 1988, Bacon 1963, Piggott
1961). While we know a great deal about some, we know relatively little about others,
however, we can say with some certainty that all have left cultural imprints upon their
respective landscapes. Indeed, with the aid of contemporary technologies such as
carbon dating, remote sensing, and other sophisticated tools of inquiry, researchers are
finding new evidence and gaining greater appreciation of the pervasiveness of historic
human influence in global environments (Clynes 2018, Slater 2017, Watling et al. 2017).

Accounting for Early Carbon

Although a continuing source of debate, evidence indicates that human land use may
have been extensive enough to affect atmospheric C concentrations long before the
beginning of the industrial period. For example, Ruddiman (2003) argued that an
anomalous increase in the atmospheric CO2 trend 8,000 years ago aligned with the
early clearing of forests for agriculture across Eurasia. Over a period of the last 5,000
years, the cumulative loss of forest land worldwide primarily for conversion to agriculture
has been estimated at 1.8 billion(B) hectares (ha) – an average net loss of 360,000 ha
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per year; accompanied by proportionate emissions and reduced uptake of CO2
(Williams, 2003). Between 7,000 to 4,000 years ago, the climate was warmer in Europe
and parts of the Americas than it is now, as was true during the Medieval Warm Period
(AD 1000–1400). On the other hand, when farmed lands are abandoned following
abrupt human population declines from epidemics, famine, and warfare, cleared
landscapes can rapidly revert to forests that at times can be of sufficient magnitude to
increase the rate of atmospheric C withdrawals and lead to global cooling.
Little Ice Age

Industrial Age

Figure 3 Change in Atmospheric CO2 content over the last millennium
Change in Atmospheric CO2 content over the last millennium as estimated from ice cores taken from three different sites in
Antarctica: WAIS Divide (red), Law Dome (blue), and Dronning Maud Land (black). Darker lines are smoothed from the data. The
Little Ice Age and the Industrial Age are superimposed (Ahn et al. 2012, MacFarling-Meure et al. 2006, Williams 2003).

For example, Pongratz et al. (2009) estimated a European forest regrowth of 18
million(M) ha as a consequence of the “Black Death” that, between 1340 and 1450, took
the lives of about one third of the European population, over 20M people (Williams
2003). The Mongol occupation of China during the fourteenth century was accompanied
by massacres, famines, and epidemics that reduced Asia’s population by tens of
millions (Durand 1977). From 1500-1700 more than 50M Amerindians died during the
pandemic population crash that followed the arrival of European diseases (Koch et al.
2019, Denevan 1976). In sum, the world’s population appears to have been reduced by
upwards of 100M or about one quarter of the total in just a couple of centuries. Some
scientists have hypothesized that these population declines caused land abandonments
followed by forest regrowth and associated C uptake that may have led to the Little Ice
Age (Koch et al. 2019, Kaplan et al. 2011, Dull et al. 2010, Nevle and Bird 2009,
Ruddiman 2003).During the Little Ice Age (1400 to 1860), Europe and North America
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experienced decadal temperature averages that were as low as 1.5°C colder than
current temperatures (Langston 2010, Fagan 2001, Mann et al. 2000).
Painter et al. (2013) observed from ice cores that, by the nineteenth century, the
presence of black carbon concentrations had increased and continued into the twentieth
century consistent with the spread of coal combustion and industrialization throughout
the Northern Hemisphere. They suggest that increases in absorbed sunlight by black
carbon in snow and snowmelt were of sufficient magnitude to cause glacial retreat and
bring an end to the Little Ice Age.
Such findings remain a source of controversy with much of the dispute centered around
the extent, timing, and spatial pattern of natural versus anthropogenic land modifications
and climate influences (Stocker et al. 2011, Strassmann et al. 2008). A common
criticism has been that too few people lived during the Neolithic Age to have altered
landscapes sufficiently to cause fluctuations of GHGs. Some studies, such as Stendel et
al. (2006), have used simplified simulations with pre-industrial land cover held fixed or,
like Brovkin et al. (1999), developed linear interpolations between potential vegetations
one thousand years ago and the hypothesized state of land cover at the beginning of
the Industrial Age. Both approaches, however, disregard the pervasive details of human
history as summarized above. Others (e.g. Pongratz et al. 2008 and Klein Goldewijk et
al. 2010) linked land cover change to population histories but employed constant ratios
of crop and pasture lands to populations prior to 1700. Not surprisingly land use
estimates based on an assumption of constant land use per capita and low estimated
pre-industrial populations inevitably show little human land use prior to the exponential
population explosion that accompanied industrialization (Kaplan et al. 2011). However,
evidence from ice-core comparisons to past interglaciations and mounting ground-truth
data from archaeology and paleoecology continue to strengthen the case that preindustrial populations and anthropogenic environmental influences have been
underestimated and misinterpreted (Hamilton et al. 2018, Ruddiman 2017).
Persistent uncertainties that challenge historical LULCC evaluations include: poorly
constrained assignments of how much C might be stored in “natural” vegetation (Olson
et al. 1983), estimates of prehistoric populations that differ between studies by as much
as a factor of ten (Klein Goldewijk et al. 2010, Lemmen 2009) and disagreements over
the extent of pre-industrial croplands and woodlands required by Neolithic farmers. For
example, Klein Goldewijk et al. (2011) modeled the land use impacts of early land
clearing to be as low as 0.52 ha per person while Gregg (1988), on the other hand,
found that a small Neolithic settlement of 30 persons in central Europe would have
required over 600 ha of crop and woodlands to survive (40 times the Klein Goldwijk et
al. estimate). Field studies have shown repeatedly that early per-capita land use was by
necessity large but then declined as increasing population densities led to more
intensive and sophisticated farming (Boserup 1965). Indeed, Ruddiman and Ellis (2009)
consistent with Lemmen (2009) found that per capita land use has decreased as much
as ten-fold since the middle of the Holocene. By 2000, the global area of cropland per
capita had decreased to just 0.16 ha per capita (Klein Goldewijk et al. 2011). Preindustrial land cover change assessments, focused on conventional agriculture, also
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understate historic land use by failing to adequately consider the impacts of shifting
agriculture, wood harvesting, pasture, and other intentional land alterations including
broadcast burning (Ciais et al. 2013, Pongratz et al. 2008). Estimates of cumulative
Holocene C emissions prior to the Industrial Age range from a low of 50 GtC (Stocker et
al. 2011) to a high of more than 350 GtC (Kaplan 2011).
IPCC (Ciais et al. 2013, p.544) report that ice core measurements from several
thousand years before the Industrial Age infer that the global carbon cycle was roughly
balanced. The riddle then becomes: if pre-industrial forests were indeed much more
extensive and less disturbed than the forests of today (as assumed in IPCC reporting)
then logically C uptake would have been proportionately as impressive suggesting that
the CO2 content of the atmosphere should have declined rather than being stable and
that the climate should have been colder. On the other hand, according to Williams
(2003), an estimated 1.8B ha of forest were cleared over the last 5,000 years implying
considerable inadvertent human-facilitated C emissions which is in agreement with the
hindcast estimates developed by Kaplan et al. (2011) and Ruddiman and Ellis (2009).
Possibly this explains why ice core samples indicate only minor fluctuations in
atmospheric C content over the several thousand years prior to the Industrial Age.
Could it be that the uptake by pre-industrial standing forests offset the significant
releases of the emissions from historic anthropogenic forest clearing and other
landscape modifications, which coincidentally, as reported by Ciais et al. (2013) and
shown in Table 1, could explain the global carbon budget over the last 250 years?

Cultural Science

There is more to scholarly debates than uncertain science. Western culture, sometimes
called Western thought or Western civilization, refers to a heritage of social norms,
traditional belief systems, political institutions, and trade arrangements that have origin
or association with Europe. With establishment of global influence, Western culture has
grown over the last five hundred years to adopt, adapt, and ultimately shape the
evolution of cultural development around the world (Mann 2011, Wolf 1997, Crosby
1986). Numerous countries in the Americas, Africa, and Australasia have been
powerfully re-cultured by European immigration. Contemporary systems of exchange,
governance, and scientific understanding around the world are dominated by the
paradigms of Western thought (Lindberg 1992, White 1967). Consider that although the
level of participation by developing countries in the IPCC assessment process has been
a source of concern since the 1990s (Hulme and Mahony 2010), decades later most
assessment authors were trained in US or European institutions (Corbera et al. 2015,
InterAcademy Council 2010) leaving climate science vulnerable to charges of
groupthink and inadequate assessment of uncertainties (Jasanoff 2010). Indeed, Fisher
et al. (2014), in a review of 75 global terrestrial biosphere models (TBMs) found that a
majority were developed in North America and Europe incorporating formulations and
parameterizations biased by Western cultural and ecological understandings. Although
there have long been references in United Nations literature to the value of indigenous
knowledge (WCED 1987 p.12), Ford et al. (2016) found little critical engagement by
IPCC with indigenous knowledge or the historical complexities of indigenous
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experiences, while Viner and Howarth (2014) report that a broader lack of IPCC
engagement with practitioners remains a key barrier to climate change adaptation.
The dominance of Western scientists in practical isolation from alternative cultural and
heuristic influences has had profound historical consequences (Williams 2008). For
instance, unlike other civilizations of the world that tend to take a more holistic view,
Western traditions have evolved a secular understanding of man as being apart from
nature; man as an oppositional force (Caillon et al. 2017, Berkes 2008, Tsuli and Ho
2002, Cajete 1994, Turner et al. 1990, Nash 1982, Thomas 1956). This dichotomy
views nature as the non-human world and culture as the human world (Cronon 1996). It
has been and continues to be a source of scientific confusion. On the one hand, some
see man as having triumphed over nature, survived and improved the quality of life.
While on the other hand, others see humans as having wrongly disrupted the “natural
order;” continuing to do so at great peril (Uggla 2010).
Adherents to the latter perspective gained sway in the United States in the nineteenth
century and have worked since to establish isolated natural areas set aside from human
development. One result was the US National Park System which became a model for
nature reserves throughout the world disrupting traditionally integrated ecosystems
through evictions of indigenous peoples so that ‘wild’ places might be free of human
intrusion (Adams and Hutton 2007, Child 2004, Colchester 2004, Keller and Turek
1998). This peculiar American invention of factitious wilderness, which Brockington
(2015) has referred to as ‘fortress conservation’, effectively born out of conquest,
attempted to erase the record of meaningful human history (Kantor 2007) causing
thousands of years of accumulated botanical understandings and adaptive strategies for
survival to be lost (Conte 2007). Synchronous with the birth of the US National Park
System was the emergence of ecology as a distinct discipline of Western science. Early
ecologists took their bearings from nineteenth century wilderness paradigms and
perpetuated the myths of undisturbed ecosystems by adopting them as baselines from
which to describe plant associations, linear successions, and departures from the
“balance of nature” (Lewis 2007, Leopold et al. 1991, Nash 1982, Clements 1916). For
example, in disregard of extensive evidence to the contrary, a sample of which has
been presented above, assumptions that Neolithic global populations were sparse and
most terrestrial ecosystems were “intact” until just 500 years ago remain imbedded in
even the most current of acclaimed anthropogenic land use models (Klein Goldewijk et
al. 2011) which not coincidentally have been primarily developed in Europe and North
America (Fisher et al. 2014) and now are formative in defining the baseline criteria (e.g.
‘historic range of variation’, ‘presettlement’ condition, ‘natural’, ‘intact’, or ‘undisturbed’
forest, etc.) used to gauge the impacts of forest management alternatives (Smith et al.
2014).
Uncertainties about the future take origin in confusion about the past. From Amazonia to
Africa, as archeological evidence mounts, forests once believed to be “untouched” are
increasingly recognized as having been shaped for millennia by indigenous peoples
who cleared, sowed, harvested, hunted and burned within the forests of the world
thereby throwing into question long-embraced myths of virgin forests (Carson et al.
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2015, Eastaugh et al. 2010, Justice et al. 2001); myths that for decades have served as
idealized baselines against which to compare natural verses human influences and to
plan forest policies suitable for mitigation, adaptation, and sustainable development
(Panko 2017, Barlow et al. 2012). Unfortunately, however, when cultural mythologies
foster misconceptions that disconnect patterns of living from practical realities (Deloria
1995), amplifying sequences of unintended consequences become the inevitable result
(Bowyer 2016). Although Western science, armed with reductionist worldview, has
enjoyed extraordinary successes in manipulating systems to optimize technical
developments, industrial production, and economic gain, as history and climate change
reveals, it has not proven so adept when confronted by the management challenges of
complex ecosystems (Chapin et al. 2010, Hildebrand et al. 2005, Wagner et al. 2000, or
global C accounting (Le Quéré et al. 2018, Ralston et al. 1979).

The Forest Through the Trees

One stated argument for separating anthropogenic environmental changes from natural
influences attributed to LULCC has been that negotiators within the United Nations
Framework Convention on Climate Change (UNFCCC) wanted to be able to reward
nations for management practices that remove carbon from the atmosphere, but not for
removals that happen naturally or because of indirect effects (IPCC 2000). However,
both the supporting assumptions and the operational mechanics of this approach to
mitigation have been called into question (Houghton 2013, Ito et al. 2008). As discussed
above, because most terrestrial ecosystems are either managed or became established
following a history of human use, there exists a continuum from barely managed to
intensively managed ecosystems from which it is difficult to differentiate natural from
anthropogenic influences (Fisher et al. 2014). For example, non-native flora can
comprise more than 10% of the vegetation in any given location (Peterson et al. 2014)
and even the most remote places in the world have been subject to changes imposed
by global warming such as shifting plant associations (Corlett and Westcott 2013) and
increases in forest pathogens and wildfires (Kurz et al. 2008). Although many
uncertainties are associated with climate change assessment and response, there is
broad agreement that unprecedented releases of CO2 emissions and atmospheric
accumulations are changing forest ecosystems world-wide (Allen et al. 2010).
Therefore, we can be confident that, no matter which management choices are
selected, the forests of the future will differ from those of today (Peterson et al. 2014).
As evidenced by the magnitude and uncertainty of the residual land sink, more accurate
prediction of the future behavior of terrestrial sinks, and thus their effects on future
concentrations of atmospheric CO2, is reliant upon improving our understanding of
carbon sink mechanisms. Mechanisms contributing to terrestrial sinks have been
generally described by Houghton (2002) as falling into two broad categories:
• The interacting physiological or metabolic factors that affect rates of
photosynthesis, respiration, growth, and decay such as elevated concentrations
of atmospheric CO2 (CO2 “fertilization”), increases in nutrient availability such
as nitrogen (N), and changes in temperature and rainfall; all of which are
associated with contemporary GHG accumulations and climate impacts.
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•

Disturbance and recovery mechanisms, including so-called ‘natural’
disturbances, land use management, and land use changes. Disturbance
regimes determine the age structure of forests and the character of non-forest
environments as well as the raw material flows available for forest products and
bioenergy.

The physical and metabolic mechanisms that contribute to the residual land sink,
despite decades of study, remain highly uncertain. For instance, it has been suggested
that tree response to rising CO2 concentrations may bring faster forest growth and
greater C uptake but results have been inconclusive (Hyvönen et al. 2007). Other
limiting factors (e.g. nutrient and water availability, temperature, genetic limitations,
forest age, air pollution, and CO2 saturation) directly and indirectly interact (Norby et al.
2010, Canadell et al. 2007). As the level of complexity and the number of interacting
processes increase, the effects of physiological and metabolic factors become more
difficult to predict and more challenging to strategic human adaptation or mitigation
(Houghton 2002). On the other hand, land use management and changes are
considered the dominant human-controlled factor governing the rate of terrestrial C
release (Caspersen et al. 2000) and, as we have shown, are under-accounted in
evaluations of the global carbon budget suggesting that considerable opportunities for
climate change adaptation and mitigation are yet to be pursued (Canadell and Raupach
2008). From a sustainability perspective, forests are relied upon to provide for many
human needs: timber, pulp, bioenergy, water, food, medicines, and other cultural
values. Indeed, engaged forest management has been identified by IPCC as an
underpinning requirement of sustainable development (Smith et al. 2014, Nabuurs et al.
2007). As repeatedly noted by Nabuurs (2013, 2004), the residual land sink is largely
dependent upon regrowth of previously disturbed forest lands that, without continuing
management, eventually reaches maturity, C saturation and decline. Add the stresses
imposed by climate change and increasing incidences and magnitudes of forest
mortality and disturbance have been the documented result (Anderegg et al. 2012, Allen
et al. 2010, van Mantgem et al. 2009, Kurz et al. 2008, Westerling et al. 2006).
Climate change is a man-made problem requiring man-made response. Success will be
determined by the ability of climate change science to transition from academic theory
to applied resource management and allocation. A well-designed carbon accounting
system should provide transparent, consistent, comparable, complete, accurate,
verifiable, and efficient recording and reporting of changes in carbon stocks and other
greenhouse gas emissions by sources and removals by sinks from applicable land use,
land-use change, and forestry activities (IPCC 2000) to inform options for adaptation,
mitigation, and sustainable development (IPCC 2013a).

Life Cycle Assessment

Life cycle assessments (LCA) were first developed to compare the “cradle-to-grave”
environmental footprints of industrial systems. “Cradle-to-grave” accounting begins with
the gathering of raw materials from the earth to create product outputs and ends when
all product materials are discarded and returned to the earth based upon detailed
accounting data of the raw material inputs and product outputs, including energy and
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releases to air, water, and land from all stages in the product life cycle, from raw
material extraction through handling, transport, storage, manufacture, product life, and
finally ultimate product disposal. Accounting for life cycle stages is called the life cycle
inventory (LCI). LCA evaluates all stages of a product’s life from the perspective that all
stages are interdependent, assuming that one operation leads to another. By including
the impacts throughout the product life cycle, LCAs are intended to provide a
comprehensive accounting of the environmental trade-offs of product and process
alternatives and improvements (ISO 2006, SAIC 2006).
For decades, LCA has been used to evaluate the environmental implications of forest
products (Klein et al. 2015). For instance, the first limited life cycle inventory of wooden
building products was conducted by the National Research Council in the 1970’s (NRC
1976). For the forest sector, LCI and LCA have more recently been used to determine
environmental and economic costs and benefits of forest products as compared to nonforest product alternatives. Glover et al. (2002) developed a life-cycle assessment of
wood verses concrete and steel in house construction and concluded that houses built
primarily with wood required lesser amounts of energy for manufacture, construction,
and use. LCI/LCA comparisons for renewable energy have proven important for
assessing net energy and emissions from conversion alternatives (Boman and Turnbull
1997). LCIs of inputs and outputs have been generated for forest and product modules
to test the environmental differences of alternative forestry practices (Oneil et al. 2010a)
and wood products streams (CORRIM 2010) including uses of residuals for energy
(Lippke et al. 2012). The storage and release of C and other GHGs have been
segregated for study into “pools” that include stems, roots, crown, litter, and dead wood
in the forest and wood chips (for paper), lumber, the avoided GHG emissions when
lumber is substituted for energy-intensive product alternatives such as steel and
concrete, and the avoided emissions through displacement of fossil fuels when wood
residuals are utilized to generate energy (Bowyer et al. 2004). Results have indicated
that forests that are periodically harvested, planted, and re-grown to produce a
continuing series of short- and long-lived products and energy feedstocks, can
sequester and offset more cumulative GHGs than forests that are left unharvested
(Oliver et al. 2014, Nabuurs et al. 2007, Perez-Garcia et al. 2005).
In regards C implications in particular, it has been shown that in sustainably managed
forests, where harvest levels are limited to growth, stored C, across the landscape,
cycles through harvest rotations around a steady state trend line, however, the C in
product pools, net of energy used in harvesting and processing, gradually increases
over time. When the avoided C emissions from the displacement of fossil fuels and
substitution for fossil fuel intensive building products are included, there is a substantial
increase in total stored and offset C that surpasses the cumulative C storage in
unharvested forests. While some suggest that C stored in the unharvested forest may
approach an extended steady state (generously assuming no disturbance such as windthrow or wildfire), the use of wood in construction displaces fossil fuel intensive
products, thereby storing C absorbed during photosynthesis while also permanently
reducing C emissions that would otherwise be released by product alternatives (Lippke
et al. 2004, Schlamadinger and Marland 1996). When dense forests are thinned, less
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stem competition relieves climatic stresses, fuels reductions reduce forest fire hazard,
and emissions benefits accrue from wood utilization (Oneil 2010b, Hurteau and North
2009). Integrated utilization of harvested wood for products and energy can provide
economic returns that promote community engagement, support investment in harvest
and process infrastructure, and underwrite the costs of stewardship (Mason et al. 2009).
Lippke et al. (2011), in review of life cycle carbon accounting of forest management and
forest product streams, developed LCI graphs, displayed above as Figures 4A, 4B, and
4C, that provide useful visual examples of Attributional LCA (ALCA) analysis. Similar
approaches to forest C accounting have been suggested by others (Jonker et al. 2014,
Cowie et al. 2013, McKinley et al. 2011, Nabuurs et al. 2007). ALCAs typically describe
the environmental flows (attributes) of an existing system that includes the processes
used to produce, consume, and dispose of a product stream - in this example, the
objective is to improve understanding of forest C flows from seedlings to landfill disposal
as well as the product stream of a Douglas-fir (Pseudotsuga menziesii) commercially
managed forest in the US Pacific Northwest (PNW).
Figure 4A reflects the cyclical growth and periodic harvests of a forest ha based upon
typical 45-year rotations on industrial forestlands in the coastal PNW. C uptake and
storage in live and dead portions of forest biomass are estimated. Approximately 50–
70% of the aboveground biomass is transported in logs to processing mills for the
manufacture of solid wood products along with paper and biofuel co-products. The
remaining 30–50% (e.g., crown, litter, and dead/breakage) is assumed left in the woods
to decompose (Lippke et al. 2011). For most softwood species, the C content of tree
biomass is equivalent to approximately half the dry weight. The “X” axis shows time in
decades and the “Y” axis shows tons C per ha. The dotted line is included to show the
average C per ha stored in the forest stand over sequential rotations but also serves to
remind observers that if the stand is part of a sustainably managed forest estate where
harvest does not exceed growth then amongst the many stands across the landscape,
the average C per ha at any time can never drop below an established level. While
individual stands in a forest may be either sources or sinks, the forest carbon balance
per ha is correctly determined by the sum of the net balance of all stands divided by all
landscape ha (Nabuurs et al. 2007). If harvested wood is replaced by new seedlings, it
is normally assumed that the amount of CO2, released by decomposition or burning is
compensated by the CO2 taken up during growth of the seedlings and, therefore, that
overtime the net atmospheric accumulation of C emissions from harvested trees is zero
or negative; when afforestation or other enduring addition of forest biomass occurs, net
C uptake can be assumed (Nakicenovic 2000).
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Figure 4: Carbon Storage per hectare – PNW forests, products, and offsets
A. Forest C pools for sustainable 45-year rotations in the US Pacific Northwest. Pools include: (1) dead-wood carbon increases at
harvest by leaving residuals when the cost of collection exceeds the market value to remove them. The dead-wood pool generally
decomposes or is burned before the next rotation. (2) Litter decomposes more rapidly. (3) The crown (branches and small diameter
tops) grows along with the stem, but becomes part of the dead-wood pool at harvest, unless the fuel value exceeds the cost of
collection. (4) Roots grow proportionally to the stem and become another dead-wood pool at harvest. (5) The removed stem makes
up 50–70% of the aboveground biomass removed, leaving a substantial amount of dead wood to decay but with the potential for
bioenergy recovery. The C pools in the sample forest stand rise during periods of regeneration and growth and fall with harvest
removals. This repeatable C cycle for a single stand results in a long-term stable average C store across rotations within the uniform
age distributions of a sustainably managed forest estate. When harvest volumes are limited to forest growth, sustainably managed
forest landscapes are generally considered to be C neutral (Nakicenovic et al. 2000).
B. Forest plus product C pools and process-energy emissions. In addition to the forest C, harvested products pools are shown
based on life cycle inventory data for the Pacific Northwest along with the total harvesting and manufacturing emissions needed to
produce them. While most products have long-lives, short-lived products are assumed to decompose rapidly. Mill residuals are used
as a biofuel to offset some of the total energy for processing. The displacement value accounts for the amount of the total
manufacturing energy that is displaced by the use of biofuel in the place of the most likely substitute fuel (in this case natural gas for
drying energy). The sum of C stored in the forest plus products net of processing emissions rises on a sustainable trend.
C. All C pools: forest, product, emissions, displacement and substitution. The substitution benefit of using long-lived wood products
provides the greatest C leverage of all pools, adding to the forest, products and displacement pools less any processing emissions
that are incurred in production. For each tC in wood products substituted in place of non-wood products, there occurs an average
GHG emission reduction of approximately 2.1 tC.(Sathre and O’Connor 2010). Soil C (not shown) would increase the total forest
contribution to this C profile, but under sustainable management regimes, shows no significant change from rotation to rotation.
f

In Figure 4B, the scope of display is expanded. C emissions per ha (accounted as
negatives in Figure 4B) that result from the energy and chemicals used in forest
management, harvesting, and log transport are shown summed in pink while wood
processing emissions are purple. Taken together management, harvest, and process
emissions reduce the preharvest C storage by approximately 6% (Lippke et al. 2011).
Accounting for the addition of the forest C stored in wood building products (shown as
blue) and the wood chips that are used for pulp and paper products (orange) as well as
the avoided fossil energy emissions (shown as yellow) that occur when mill residues
(saw dust, bark, and other unmerchantable wood waste) are combusted for process
energy to displace fossil fuels, have also been added. Building products, primarily used
in housing construction, are considered as “long-lived” with an average useful life in the
US of approximately 80 years (Skog 2008) after which they can be recycled,
combusted, or placed in landfills. In this case, the C from long-lived products is simply
assumed released to the atmosphere after 80 years to illustrate an end of first life
product use before recycling, collecting residuals for energy or landfill carbon storage
and emissions. Pulp and paper products are “short-lived” and are assumed to
decompose within a rotation although two thirds of paper consumed in the US is
recovered as recycle (AF&PA 2016) and close to half of the C in discarded paper
products remains permanently sequestered as nondegradable lignin buried at solid
waste disposal sites (Skog 2008).
Recall from the carbon cycle discussion, presented in the first pages of this narrative,
that these and other forest C exchanges cycle between uptake and release within the
“fast domain.” Avoided fossil emissions through energy displacement (yellow), however,
permanently reduce one-way fossil C releases that originate within the “slow domain.”
Substitution of wood for non-wood alternatives as well as the displacement of fossil
fuels when biomass residues are combusted for process energy, represent cumulative
and permanent net avoidances of slow domain fossil emissions since wood products
require little fossil fuel for their production (Schlamadinger and Marland 1996).
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Although the comparative environmental performances of building product alternatives
are known to vary considerably by application, (for example: roof, wall, floor, etc.) and
material (for example: wood, steel, concrete, etc.) as shown in studies such as Lippke
and Edmonds (2006), Sathre and O’Connor (2010) in an international meta-analysis of
building product alternatives found that when wood products substitute for non-wood
materials the average C displacement factor is 2.1. In other words, since wood products
manufacture requires comparatively less embodied energy and less fossil fuel than
alternatives, for every ton C of wood products used there occurs an average avoidance
of 2.1 tons of C emissions from non-wood products. Embodied energy refers to the sum
of all energy required for a production process, including gathering, transporting, and
primary manufacture of raw materials (Malmsheimer et al. 2011). Wooden building
products require relatively little energy in production because only minimal processing is
required (Milota et al. 2005) and very little of the energy used in forest product
manufacture comes from fossil fuels. The combustion of mill residues produces about
70% of the heat and power required by the US forest products industry (Bowyer et al.
2012). Based upon the findings of Sathre and O’Connor (2010), Figure 4C completes
the Lippke et al. (2011) forest assessment by adding graphically the magnitude of C
emission reductions that could occur when the wood products from the example PNW
forest substitute for more polluting non-wood alternatives. A single-family American
home stores about 10 tons of C in lumber and wood panels (Bowyer et al. 2012). Since
the 2.1 tC substitution benefit can be considered added to the corresponding 1 tC
removed from the atmosphere through photosynthesis and physically stored in wood
products, the mitigation potential of using wood instead of steel and concrete is more
than 3:1 making it clear to many authors that wood products represent an important C
mitigation component of integrated forest management (Geng et al. 2017, Gustavsson
et al. 2017, Kayo et al. 2015, Oliver et al. 2014, Malmsheimer et al. 2011, Lippke et al.
2011, CORRIM 2010,2005, Hennigar et al. 2008, Nabuurs 2007, Brown et al. 1996).
Local forest-related C flows and pools can be measured with reasonable accuracy,
especially for temperate zones where programs for the collection of growth and
inventory data are long established (Peterson et al. 2014), and, as characterized above
in the Figure 4 scenarios, the potential mitigation benefits of sustainably managed
forests may appear compelling. However, the use of forests, forest products, and forest
residues remains controversial (Malmsheimer et al. 2011, Sedjo 2011). No standard
approach has been established for evaluating forest strategies to reduce fossil fuels
reliance and CO2 emissions (Skog et al. 2014, Miner and Gaudreault 2013).
In part this is due to policy analysts that expand upon Attributional LCAs. ALCAs
typically rely upon data from actual suppliers to describe the status-quo situation of
specific production systems. Policy analysts, on the other hand, undertake more
speculative Consequential Life Cycle Assessments (CLCAs) which examine the
possible consequences of downstream environmental and economic changes
associated with real or hypothetical management alternatives. CLCAs are “what if”
studies whereas ALCAs are “as it is” studies (Brander et al. 2009, Ekvall and Weidema
2004). Analytic transitions from ALCAs to CLCAs are rarely discrete, however, as
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demonstrated by the Lippke et al. (2011) example. For instance, the decision to include
the substitution LCI within the forest LCA boundary could be considered as a “what if”
wood is chosen over non-wood building alternatives. The assumption of consumer
substitution has significant influence on the cumulative LCA outcome as shown in
Figure 4C. While the illustration uses an average product impact on fossil emission
displacement and net C stored in products there are thousands of different products
with each substitute product having a different C impact. The efficiency of wood
products or biofuels to displace C from steel, concrete products or fossil fuels per unit of
wood used ranges from as little as 0.4 for wood ethanol to displace gasoline to 0.7 for
mill residuals used instead of natural gas for kiln drying to as high as 2 to 4 for structural
wood products as compared to steel and concrete building alternatives (Lippke et al.
2012a, Lippke et al. 2012b).
The Lippke et al. (2011) example shown above also suggests other “what if” policy
questions such as whether builders could be incentivized to favor wood construction or
whether governments should encourage removals of underutilized logging residues for
biofuel feedstocks.
For more than a century there have been two fundamentally opposing schools of
Western thought relative to forests: manage them (Pinchot 1905) or leave them alone
(Muir 1911). Even today, assessment studies adopt different system boundaries
(temporal and spatial), reference conditions, accounting frameworks, model
assumptions, and functional units depending upon management sentiments (Klein et al.
2015, Helin et al. 2013). Disparate and conflicting CLCA analyses and conclusions
appear as contemporary manifestations of fundamental philosophical disagreements
about forests and people (i.e. man/nature dichotomy).

Baselines and Boundaries

The baseline, sometimes called business as usual (BAU), the reference case, or the
counterfactual, is constructed to reflect an accounting of C stocks in the forest project
area in the absence of alternative management approaches of interest but that is
consistent with and comparable to alternative approaches which are the CLCAs or
“what ifs.” The differences between the baseline and alternative simulations are the net
environmental consequences comparable amongst alternatives (McDicken 1997).
Discussions that contemplate forest-based opportunities for climate change mitigation
and/or adaptation often build upon such comparisons. Accurate agreement on a forest
baseline from which to initiate comparative C accounting is therefore a critical starting
point but has thus far proven to be challenging (Sedjo et al. 2001). A commonly-adopted
comparison is made of a C budget for an unmanaged forest stand to that of an actively
managed stand; while the former may store more C in the near-term, the latter may
have the potential for greater and more stable long-term C benefit (Gustavsson et al.
2017, Birdsey and Pan 2015, Oliver et al. 2014).
Forest growth simulations are developed to gauge the potential uptake, sequestration,
and release of C from various management modules often attempting to reflect a
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gradient from a baseline of no management (‘natural’ growth with no harvest) to
increasingly intensive management (‘plantation’ forestry) such as can be found in
Perez-Garcia et al. (2005). An estimation of beginning inventories, time to
establishment, and stem growth trajectories for unmanaged forests as compared to
managed forests, however, is complicated and therefore may sometimes be overly (and
unrealistically) simplified. Figure 5 shows a characterization of the C (cumulative metric
tons per ha over time) retained in a PNW Douglas-fir forest as a result of simulated
alternative management regimes that include 45-, 80-, and 120-year rotations with
intermittent thinnings as well as a no harvest/no management (Nh) baseline (PerezGarcia et al. 2005).
Figure 5: Forest Carbon by
Treatment Regime PNW
Managed Forests
Simulated trajectories are displayed
for 45, 80 (with interim thin), and 120
(with three thins) year PNW forest
rotations (dotted and spaced lines) as
well as a no harvest (Nh shown as
the solid line). The area under each
curve shows the hypothetical carbon
per ha retained in the forest. All
scenarios assume beginning with
afforestation. However, the authors
add the caveat that initial stocking
and the growth curve for the no
harvest scenario should not
necessarily be considered as
representative of old forests under
natural conditions (Perez-Garcia et al.
2005).

A more real world example, however, might be displayed very differently. Consider that
the growth curve in Figure 5 reflects full stocking at time of establishment for all
scenarios including the Nh alternative. Generally, disturbed forestlands without planned
future harvests do not receive stocking or other management investments and
consequently may take decades to reach ‘natural’ full stocking (Haire and McGarigal
2010, Tappeiner et al. 1997, Oliver and Larson 1996). Some disturbed forest sites left to
naturally regenerate may never achieve full stocking (Chambers et al. 2016, Sessions et
al. 2004, Hobbs et al. 1992). Such circumstances are not uncommon. For example,
Huang et al. (2004) reported that 56% of forestlands in the US South East (SE) were
poorly stocked and Hoover and Heath (2011) found similar rate of understocking (49%)
in the US North East (NE). By 2009, regeneration failures in US National Forests
amounted to nearly 400,000 ha of formerly forested land that, following disturbance, had
never recovered beyond scrublands (USDA Forest Service 2009). Sustainably
managed forests will almost always contain more C than degraded forests or
agricultural lands (Malhi et al. 2002). In 1992, Sampson estimated that an aggressive
reforestation program in the US could sequester up to 15 GtC over a 40-year period.
Indeed, ensuring successful reforestation is of sufficient global concern to have been
consistently identified over the last several decades as an important element of
international climate change mitigation and sustainable development (Griscom et al.
2017, Smith et al. 2014, Nabuurs et al. 2007, Brown et al. 1996, Kupfer and Karimanzira
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1990). FAO (2010a) estimated that in 2010 there were 850M ha of degraded forestlands
in the world that were in need of rehabilitation. Yet, FAO (2016) reported that just 27M
ha of forestland were reforested globally in 2015.
In commercial forests where investments in stand development are economically
justified, silvicultural activities generally begin with site preparation followed by fullstocking plantation of generically improved seedlings. Contemporary developments in
management of commercial forestlands in the US (and plantations around the world)
have greatly enhanced forest productivity (Miller et al. 1993), reduced the length of
rotation cycles (Fox et al. 2004), and increased C uptake and storage (Adams et al.
2005, Shan et al. 2001, Birdsey et al. 2000). Depending upon region and site
conditions, yields have increased by at least twice in the US PNW (Talbert and Marshall
2005) and as much as tenfold in the US SE (Fox et al. 2004, Figure 6) as compared to
unmanaged forests. Significant gains in forest productivity and C storage through
improved silviculture have been extended to many forested areas of the world (Pukkala
2017, Kimberley 2015, Evans and Turnbull 2004, Cossalter 1996). Which, in part,
explains why Payn et al. (2015) found that forest plantations, which comprise just 7% of
the world timber lands, produce nearly half (46%) of global industrial timber harvest.

Figure 6 Silvicultural developments over 8 decades that have led to increased pine plantation productivity, heightened C
uptake and storage, and shortened time to harvest in the US SE. Adapted from Fox et al. 2004.

A more real-world characterization of management versus no-management of PNW
forests, as adapted from Perez-Garcia et al. (2005) is shown in Figure 7.
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Figure 7: Forest Carbon
Accumulation without
Management
The field C storage of alternative
forest management scenarios as
characterized in Figure 5 but with
addition of a hypothetical
Unmanaged Forest-No Harvest
scenario shown in red to represent
delayed establishment followed by
approximately ½ of the growth
trend (as suggested by Talbert and
Marshall 2005) of a PNW Managed
Forest– No Harvest scenario shown
in black and an Understocked
Forest – No Harvest scenario
shown in gold as the approximate
average t C per ha for
understocked forestlands
(wetlands, ag lands, and
shrublands as reported for the
western US by Lui et al. 2012).
Adapted from Perez-Garcia et al.

Without silvicultural investments to enhance productivity, Nh scenarios would likely take
several decades for seedlings to become fully established and would grow and
accumulate forest C at a slower pace than managed forests. For this example,
Unmanaged Forest - No Harvest, is shown by the red line as one-half the growth
potential of a managed PNW forest as has been suggested to commonly be the case by
Talbert and Marshall (2005). A percentage of unmanaged stands, as shown for this
example in gold as Understocked Forest – No Harvest, never fully establish and
therefore would remain as understocked woodlands or conversions to brushfields,
characterized here by the approximate average tC per ha found on wetlands, ag lands,
and shrublands in the western US (Lui et al. 2012). Also, as noted by Sample et al.
(2015), climate change has a very significant potential to negatively affect ‘no
management’ scenarios and such effects may be greater than the comparable effect on
a managed forest.
Biased selection of boundary conditions, spatial, temporal, and conceptual, for LCAs
can significantly affect assessment outcomes; tipping the C calculus towards either a
source or a sink (McKinley et al. 2011, IPCC 2000). In absence of a standard
assessment protocol, system boundaries used in LCAs vary widely making it difficult to
compare study findings and thereby compromising development and implementation of
climate mitigation strategies (Millar et al. 2012). Individual stand dynamics may be
misinterpreted as surrogates for broadly applied management regimes leading to
incomplete or distorted results even though actual forested landscapes tend to buffer
micro-dynamics and therefore offer a more accurate long-term assessment of
cumulative outcomes (Bowyer et al. 2012). In similar fashion, short-term studies have
formed the basis of some CLCAs that when extrapolated can create misleading
conclusions about long-term outcomes (Vance 2018). To illustrate this point, Figure 8
characterizes the spatial and temporal dynamics of C storage for a representative PNW
forest with stands managed on 45-year sustainable rotations shown here as: the growth
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and harvest cycles of a single forest stand over four rotations (in turquoise), an average
of per ha C for 10 forest stands harvested in sequential intervals (in teal), and an
average for 100 stands harvested sustainably as part of a ‘normal’ forest landscape (in
brown).
Figure 8 Graphic
representation of the spatial
and temporal dynamics of C
storage for a typical PNW
forest managed on 45-year
rotations
Presented as: the growth and
harvest cycles of one forest stand
(in turquoise), an average per ha
for 10 forest stands harvested in
sequential intervals (in teal), and
an average for 100 stands
harvested sustainably as part of a
“normal” forest (in brown).
Adapted from McKinley et al. 2011
and Janowiak et al. 2017.

In a normal forest the total acres are divided by the rotation length to determine the
number of acres harvested each year on a sustained yield basis (IPCC 2000). For
example, in a theoretical forest of 45 ha managed on 45-year rotations, one ha would
be harvested each year resulting in an approximate carbon balance (IPCC 2000). The
basic tenet is that there are equal areas of forestland in each age class which in this
case is a 1 to 45 year distribution.
To respond to changing markets, weather and other unanticipated real-world conditions,
however, harvest schedulers may choose to cut more or less timber in any given year
while still seeking to manage the forest estate on an ‘even-flow’ of harvested timber
volumes over the longer term (Bettinger et al. 2017). As illustrated by Figure 8, the
magnitude of average C fluctuations flatten over time as the forest area considered
becomes larger and more stands of differing ages are included in the analysis. When
multiple stands are considered, the growth of many forest stands offsets the harvest of
a few (Mckinley et al. 2011) while the harvest of a few stands each year supports the
investments required to bring other stands to rotation while providing revenue, jobs,
products, and offsets. Because of the much longer crop rotation required for forestry
than for agriculture, staggered stand schedules are necessary to support cross
subsidized revenues and investments for a sustained yield across a managed forest
estate. It is because of this requisite variation in forest C stocks at small spatial scales,
that it makes more sense to quantify C dynamics at large scales when assessing the
effectiveness of C management strategies (Peterson et al. 2014).
Worthy of mention and illustrated above by the presence of residual C stores in the
troughs formed by single stand harvest cycles (Figure 8 in turquoise) is that the
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sequestered C in a forest stand, even at time of harvest, can never be reduced to zero
except perhaps in cases of forestland conversion. In part this is because, within forests
that remain forests, volumes of residues such as tops, limbs, foliage, broken logs, and
stumps remain on site following harvest. Also, important yet sometimes overlooked are
best management practices (BMPs), forest certification commitments, and forest
practice regulations that require a percentage of the trees and biomass to be left postharvest (Sikkema et al. 2014, Erixson 2001). For example, forest practice rules in
western Washington result in an average of 13-20% of the standing mature timber left
unharvested in forested buffers around riparian areas, wetlands and unstable slopes
(Ice et al. 2006, Perez-Garcia et al. 2001). In addition, for each forest ha harvested, 5-8
wildlife reserve trees, 5 green recruitment trees, and 5 down logs must be left on site
(WAC 222-30-020). Even forests that are harvested regularly, maintain stores of C in
forest biomass where there may be little, or none retained following other land uses.
Many scholars agree that, while individual forest stands may at any time fluctuate
between being sources or sinks, the forest C balance is necessarily determined by the
sum of all stands and, since both forests and GHGs have long lives and affect large
areas, meaningful assessments of net forest C stores, releases, and offsets are best
considered over large landscapes and long time frames (Pukkala 2017, Birdsey and
Pan 2015, Helin et al. 2013, Miner and Gaudreault.2013, Malmsheimer et al. 2011,
Ryan et al. 2010, Jarvis et al. 2005, Harmon 2001, Kaupi and Sedjo 2001,
Schlamadinger and Marland 1996). This is not to say that the dynamic peaks and
valleys of single stand management dynamics (Figure 8 in turquoise) are not of interest.
They provide the estimated C uptake and release as well as the material flows that form
the basis of LCAs, as shown in Figures 4A, 4B, 4C, while the sum of multiple stand
performances across landscapes informs broader forest management trends as
demonstrated in Figure 8. Single stand CLCAs when combined with questionable
baselines and short temporal windows can produce incomplete or misleading analyses
(Härtl et al. 2017, Marland and Marland 1992), become a source of academic dispute
(Sedjo 2011), and should be considered carefully (Miner and Gaudreault 2013).

Good Practice Guidance(s)

The original provisions for inclusion of land use, land-use change and forestry activities
(LULUCF) under the Kyoto Protocol (KP) were agreed upon in 1997 at the Third
Conference of the Parties (COP3) to the UNFCCC following controversial negotiations
and without fully considered scientific support (Schlamadinger et al. 2007, Fry 2002,
UNFCCC 1998). Therefore the definitions of terms, accounting rules, and reporting
protocols for LULUCF activities have evolved through use as has technical support from
the IPCC Revised 1996 Guidelines for National GHG Inventories (IPCC 1997), IPCC
Special Report on LULUCF (IPCC 2000), the IPCC Good Practice Guidance for
LULUCF (Penman et al. 2003), and the 2006 IPCC Guidelines for National Greenhouse
Gas Inventories (IPCC 2008). The net changes in GHG emissions by sources and
removals by sinks resulting from direct human-induced LULUCF activities as officially
recognized were cautiously limited to afforestation, reforestation and deforestation
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(ARD); thought at the time to be ‘no regret options’ that were ‘well-understood’ (Höhne
et al. 2007).
But world political leaders have called for broader climate change mitigation and
adaptation strategies, independent of the KP and the UNFCCC. For instance, a variety
of governmental policy mechanisms intended to support mitigation through biomass-toenergy and sustainable forestry have included investments in research and direct
capital subsidies as well as C taxing and trading schemes designed regionally,
nationally and even by individual provinces and states. In some cases, voluntary carbon
markets have been created. The UNFCCC requires the nations of the world to submit
annual accounts of GHG fluxes including LULUCF. All of these activities require record
keeping and accounting but in the absence of an accepted standardized approach and
adequate data, multiple variations on conceptual frameworks for LULUCF accounting
have emerged and interpretations continue to be strongly debated (Ellison et al. 2011).
As one consequence, some forestry assumptions, intentional or inadvertent, may seem
counter-intuitive. Many have already been discussed above in the context of the everpervasive man/nature dichotomy. There are more. For example, the IPCC Guidelines in
the Special Report on Land Use, Land-Use Change And Forestry (2000) called for
forests to be designated as managed or unmanaged, with stock changes on
unmanaged forests excluded from the accounting framework even though disturbances
from fires, pests, diseases, and weather events are known to be increasing in frequency
and magnitude driven by climate change and past management legacies.
Indeed, Nabuurs et al. (2000), in examination of the potential to broaden forest
accounting under the KP, found that more than 50% of enhanced protection of C
storage in the US and more than 80% in Canada could accrue from pest and fire
management (Figure 9). In 2010, 65M ha of forest burned worldwide, almost 20 times
the net loss of forest (3.3M ha) to land use change (FAO 2016a). Globally, wildfires
(savannah and forest fires, excluding biomass burning for fuel and land clearing) oxidize
1.7 to 4.1 Gt C/yr (Andreae and Merlet 2001, Mack et al. 1996), or about 3 to 8% of total
terrestrial net primary productivity (NPP) indicating a large potential for future alterations
in the terrestrial C balance through changes in fire regimes (Denman et al. 2007).
As further evidence of accounting anomalies: although ‘natural’ disturbances are not
considered as emissions under the KP, assisted regeneration following disturbance is
accounted as a management flux unless the ‘naturally’ disturbed landscape is left to
chancier and certainly delayed ‘natural’ regeneration as suggested above. Recently
released data on growth, harvest, and mortality from the US National Forest that was
collected in preparation for the 2020 Resources Planning Act (RPA) Assessment
(Oswalt 2018) shows that the rate of forest mortality on US National Forests (the least
managed forests in the US) has risen in 2016 to 68% of gross growth; twice that of
current net growth and close to twice the mortality reported just 20 years prior.
These figures indicate that US federal forests are dying (Figure 10), affirming as correct
the Nabuurs et al. (2000) emphasis on the importance of forest health treatments as a
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climate change mitigation strategy, and begging the question, are disturbances such as
wildfire in neglected high risk forests ‘natural’ or anthropogenically derived? By
comparison the average rate of mortality in 2016 on US private forestlands, large and
small, was about 20% of gross growth (less than one third that of federal forests), the
majority of which, unlike the mortality on National Forests, was removed by harvest and
utilized as short- and long-lived products.

Figure 9: Relative importance of each of the 10 forest management alternatives in the total potential
sequestration showing that opportunities vary among countries because of the national situation, the mix of
current forestry practices, and/or a history of management. Adapted from Nabuurs et al., 2000.
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Figure 10 Growth, Mortality, and Harvest on National Forest Timberlands 1952-2016. Data provided by Oswalt et
al. 2018.

In the first set of IPCC guidelines, the Revised 1996 Guidelines for National
Greenhouse Gas Inventories, discussion of HWPs is found in Chapter 5 (IPCC 1997).
The default assumption was that the HWP pool never changes, which means that the
inflow to the pool is the same as the outflow. Put another way, HWPs were assumed by
IPCC to be effectively oxidized at time of harvest and not counted in C reporting (IPCC
2014, Grêt-Regamey et al. 2008). IPCC did, however, offer the disclaimer that the
assumption is an artificial simplification and not ‘strictly’ accurate. In actuality, when a
tree is cut and the wood is used to make products, some C emissions occur but most C
transfers from one pool (the forest) to another (the products) (Härtl et al. 2017). Albeit
that the lives of individual wood products are ultimately transitory, the C stores in global
HWP pools are nevertheless both cycling and accumulating (Geng et al. 2017, Lauk et
al. 2012, Hashimoto et al. 2002, Skog and Nicholson 1998) with global demand for
wood products projected to increase considerably in the future (Bais et al. 2015).
Indeed, Kaupi and Sedjo (2001) in IPCC’s Third Assessment Report found from FAO
data that about 1.6B m3 of global industrial roundwood was harvested annually from
which around 0.9B m3 of final wood products were produced, representing a C flux of
0.3 Gt C/yr added to the HWP pool. The volume of global roundwood harvest has been
reported stable for the last 25 years (Payn et al. 2015) yet, due to gains in industrial
process efficiencies, the combined output of sawn wood, wood-based panels, and
paper and paperboard increased by 30% between 1990 and 2005 (FAO 2010b).
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Figure 11 The annual growth of HWP carbon pools in 2007 indicate that carbon storage is equivalent to removing
424 million tonnes of CO2 or ~0.12 Gt C from the atmosphere each year (Miner 2010). For conversion of CO2 to
C divide by 3.664.

Winjum et al. (1998) more conservatively estimated the annual global accrual of C
stored in HWP to be 0.14 Gt C/yr which is in close agreement with the 0.15 Gt C/yr
estimated by Miner and Perez-Garcia (2007) or about half that reported by Kaupi and
Sedjo (2001) possibly reflecting the inherent uncertainties of such estimates. Either
way, these numbers are clearly too significant to be ignored. As discussed above, when
HWPs substitute for non-wood building product alternatives, mitigation benefits leverage
through displacement as emissions of product alternatives are avoided. Based upon the
average displacement ratio (1:2.1) as determined by Sathre and O’Connor (2010) and
the conservative annual increases to HWP C storage as estimated by Winjum et
al.(1998), the addition of the C stored in HWPs (0.14 Gt C/yr) summed with the
associated displacement ratio of avoided C emissions from non-wood building product
alternatives (2.1 X 0.14 Gt C/yr) results in a potential of 0.43 Gt of C in extended
storage or displacement each year. For reference recall that the average annual release
of C from global land use changes over the decade of 2002-2011 (Table 1 last column,
net land use change, in pink, as reported by Ciais et al. 2013), was 0.9 ± 0.8 Gt/yr or
just twice the C emissions reductions achieved by HWPs. Consider as well that further
potential for leverage results when post-consumer wood is reused or combusted for
energy, otherwise known as cascading use (Keegan et al. 2013).
A recent study found that adoption of cascading use in the European wood sector could
increase resource efficiency by 23% to 31%, accounting for GHG emissions reductions
of up to 50% (Bais-Moleman et al. 2018). Lippke and Puettmann (2013) simulated
alternative end of first product life impacts extending the carbon accumulations beyond
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the end of product life shown in Figure 4C that included product substitution but no
cascading beyond first life. They simulated (1) collected demolition wood and reused it
directly after minimal handling, (2) recovery and reprocessing into composite products,
(3) recovery for bioenergy to displace natural gas, (4) landfills with methane gas
emissions collected for energy, and (5) landfills with gases flared. The total growth rate
of tons C per ha could be increased from the 4.6tC per ha per yr in the baseline with no
end of first product life recovery to 7.9 (+72%) where reuse was possible, 6.6 (+44%)
when reprocessed for composite products, 5.4 (+19%) when recovered to displace
natural gas, and almost as much but with much greater uncertainty from managed
landfills. Ultimately, the substitution effects of reduced GHG emissions are much more
significant than the C stores held in HWPs (Lippke et al. 2011, Sathre and O'Connor
2010).
There are two fundamental approaches for mitigating climate change: increasing the
carbon sinks and minimizing carbon emissions (IPCC 2014d). Expanding the use of
HWPs contributes to both. Accounting and reporting carbon in HWPs became
mandatory after 2011 when UNFCCC Conference of the Parties decided that the socalled Annex I countries (i.e. developed nations and nations with economies in
transition) should be obliged to account for carbon stock changes in their HWP pools for
the second commitment period of the KP (2013–2020). In 2013, IPCC, after years of
debate, finally released updated guidelines for HWPs in national greenhouse gas
inventories (IPCC 2013b). Instead of assuming zero growth in HWP C, as was the
previous default, the updated guidelines offer countries a variety of alternative
methodologies for estimating the C stored in HWPs. There are three carbon accounting
methods (Tiers) that are described in the latest Good Practice Guidance (IPCC 2013b).
Tier 1 (the default method) assumes, as had been the case in earlier versions, zero
growth of C stored in HWPs; all harvested biomass is considered oxidized in the
removal year. Tier 2 recognizes three HWP categories (sawnwood, wood-based panels,
and paper & paperboard) with default decay factors based upon half-lives of two years
for paper, 25 years for wood panels, and 35 years for sawnwood. Others, however,
suggest longer half-life estimations such as six years for paper and 80 years or more for
sawnwood (Skog 2008). Tier 3 requires country-specific data and methodologies to be
added to the Tier 2 method (Braun et al., 2016). Different and incompatible accounting
conventions allocate wood C further by assigning credits for imports or exports to
different countries. Non-Annex I countries are not required to report. IPCC approaches
include: the Stock Change Approach, the Atmospheric Flow Approach, the Production
Approach, the Simple Decay Approach and the Stock Change Approach for HWP of
Domestic Origin. Unfortunately, in most countries the data on domestic primary and,
especially, secondary wood products are sparse or do not exist (Kallio et al. 2013),
country-level discrepancies between alternative accounting methodologies have been
shown to be considerable (Grassi et al. 2017), substitution effects and cascading use of
wood are not calculated by IPCC guidelines (Jasinevičius et al. 2018) and there has
generally been a lack of policy development to encourage increased HWP use in place
of non-wood materials (Geng et al. 2017, Ingerson 2011). Such accounting oversights
seem extraordinary (Bowyer et al, 2010, Marcea and Lau 1992).
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A variety of complicated HWP accounts based upon competing boundary assumptions
(domestic, import, export) and processes (atmospheric fluxes or stock changes) with
focus on independent national flux estimations submitted on a voluntary basis by a
minority of countries has proven challenging to meaningful global summarization
(Grassi et al. 2017). A global or regional estimate of annual HWP contributions could
only be correct if all the different countries providing estimates use the same accounting
approach (Pingoud et al. 2008, Cowie et al. 2006), however, accounting for HWPs and
the allocation of GHG emissions among individual countries has long been politically
charged and remains unresolved (Grassi et al. 2017). Related accounting debates of a
shriller tone have emerged to challenge utilization of biomass for energy.

Debts and Dividends

Certainly part of the problem with land use change analyses has been a confusing
juxtaposition of agriculture and forestry which have alternately been considered at odds
or lumped together depending upon narrative and convention. They are on one hand
regarded as alternate and competing land uses while on the other hand both land uses
contribute essential provisions and can be co-contributors to biomass feedstocks sought
for global bioenergy expansion. Both are assessed based upon harvest rotations. Both
are judged against baselines of purported natural landscapes. For agriculture, however,
IPCC has opted for a relaxed default CO2 assumption: releases are considered
balanced by the annual cycles of carbon fixation and oxidation (C neutral) and therefore
are not reported in GHG inventories (IPCC 2008). On the other hand, sustainably
managed forestlands, described as ‘C neutral’ by some IPCC scientists (Nabuurs et al.
2007, Nakicenovic et al. 2000, Brown et al. 1996), have been classed as degradation
and treated as C emitters by IPCC reporting protocols (Houghton et al. 2012, van der
Werf et al. 2009). Over the long term, however, the C released during timber harvest
can be balanced by the forest regrowth since C fluxes alternate between sequestration
and respiration within the fast domain of the carbon cycle (WBCSD 2015). Some
studies, for example Lippke et al. (2011), suggest that full examination of sustainably
managed forests reveals that they can function as net sinks with significant mitigation
potential. Indeed, the ‘missing sink’ (Tables 1, 2, 3) within the global carbon budget is a
default acknowledgement that about a third of all global C emissions are being removed
from the atmosphere by a terrestrial biosphere (mainly forests) which has been
subjected to considerable anthropogenic indignities yet remains a powerful sink. In part
this is why governments and scientists around the world have identified wood energy as
an attractive alternative to fossil fuels (Nabuurs et al. 2017, FAO 2016a, Dwivedi et al.
2014, Kellomäki et al. 2013, Chum et al. 2012, EU 2009, DEFRA 2007, Bauen et al.
2009, Hoffert et al. 2002,). Nevertheless, some scientists reject the premise of C
neutrality for bioenergy from forests (Searchinger et al. 2018, Sterman et al. 2018,
Walker et al. 2013, McKechnie et al. 2011, Johnson 2009). Their arguments can be
traced in part to confusion about forests and agriculture.
Agriculture is the most significant driver of global deforestation (FAO 2016b). With this
in mind, Fargione et al. (2008) correctly observed that policy supports for agricultural
crops, such as oil palm, soybeans, sugarcane, and corn, intended for use as biofuels,
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may result in land use conversions of forests to establish biomass plantations. In some
cases, particularly former rainforests and peatlands, above- and below-ground C
emissions from land clearing can be substantial (Lamars and Junginger 2013) calling
into question whether some biofuels might actually be greater net emitters than the
fossil fuels that they are intended to replace. Fargione and his colleagues termed the
amount of CO2 released from land conversion to energy crops a ‘carbon debt’ that
should be accounted at the beginning of a biofuel LCA. Only over time might such a
debt eventually be recovered by the uptake of new biomass crops assuming that their
production and combustion have net GHG emissions that are less than the life-cycle
emissions of the fossil fuels they displace. The payback time of carbon debt is modelled
as the number of years it takes to reach parity between the cumulated emissions from
LUC, biomass harvest, and use, and the avoided emissions of extraction and
combustion of the fossil fuels displaced (Bentson 2017). For some conversions, for
example biodiesel from palm oil, it could take decades or even centuries for the ‘carbon
debt’ to be repaid. Furthermore, biofuel production could displace food crops from
current agricultural lands thereby causing ‘indirect land use change’ (iLUC) as food
production and forest conversions shift elsewhere. In contrast, however, as noted by
Fargione et al. (2008), some biofuels when derived from waste, such as forest residues,
or from biomass grown on degraded and abandoned agricultural lands incur little to no
carbon debt from LUC and therefore can offer immediate and sustained GHG mitigation
advantages when used to produce non-fossil energy.
Fargione et al. (2008) focused their concern on the consequences of LUC to facilitate
agricultural production of energy crops such as oil palm, soybeans, sugarcane, and
corn. They did not extend their investigation to the use of forest biomass-for-energy
harvested from forests staying as forests. Unlike new agricultural crops that, following C
releases from land clearing, are planted, grown, and harvested in a single year to
produce a single crop, forests do not require LUC emissions prior to establishment,
harvest cycles last decades not months, and harvests yield multiple products and C
offsets, of which only a minority low-value volume of harvest and manufacturing
residues is generally utilized for biofuels. C uptake and emissions for agriculture and
forestry occur on entirely different temporal and spatial scales (Zanchi et al. 2012).
Nevertheless, the Fargione et al. ‘carbon debt’ terminology captured significant press
attention, was quickly adopted into the climate change vernacular, and has been
extended beyond agriculture for use with evaluation of forest biomass for energy.
A customized version of ‘carbon debt’ was crafted by a team of scientists to question
the C footprint of forest biomass-to-energy as compared to fossil fuels (Manomet 2010).
Since forests don’t require C emitting LUC, a creative strategy was needed to find an
upfront carbon debt for forest bioenergy analysis. The solution was to upend the
conventional cradle-to-grave temporal sequence of life cycle investigations. Instead of
starting with establishment and growing a crop forward to harvest, utilization, and
disposal, Manomet (2010) introduced an accounting scheme that began with the
harvest of mature forests thereby setting up a front-loaded emission sequence referable
as a carbon debt. At time of harvest in the Manomet study, hardwood trees were
converted to energy under various scenarios and the resulting CO2 emissions were
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compared with fossil energy alternatives. Since fossil fuels (coal, oil and natural gas)
are more energy dense than wood, the CO2 emissions per energy unit generated are
generally less for fossil fuels than biomass. Starting from this point, the payback time of
carbon debt is modelled as the number of years to reach parity between the cumulated
emissions from biomass harvest and energy conversion less the avoided emissions
from extraction and use of displaced fossil energy alternatives (Mitchell et al. 2012).
The Manomet approach also stipulated that forest bioenergy be accounted stand by
stand rather than across multi-aged landscapes. The baseline assumed that a forest left
to grow would sequester C undisturbed. Following such assumptions, front loaded with
emissions and uncompensated by the growth and uptake of other stands across the
landscape or the substitution benefits of solid wood products which ordinarily dominate
harvest yields, a temporary ‘carbon debt’ became the simple and unavoidable outcome.
Worthy of note, for all Manomet wood to energy scenarios there is always an eventual C
payback followed at that point by an ongoing and accumulating ‘carbon dividend.’ A
characterization of carbon debt and dividend is shown in Figure 12.
Biomass burned for energy emits CO2 that was earlier sequestered from the
atmosphere and will be sequestered again if the bioenergy system is managed
sustainably (Dehue 2013). Depending upon the energy conversion type and fossil fuel
displaced, ‘carbon debt’ payback could be achieved from forest regrowth and fossil
energy displacement in as little as a few years to as great as decades (Manomet 2010).
The question becomes: Is the delay in climate mitigation benefit (the pay back) worth
the initial investment in greater emissions (the debt)?
Figure 12; Debt then dividend
Simplified conceptual illustration of the
cumulative CO2 sequestration in above
ground biomass and avoided CO2
emissions from fossil fuels for a forest
plot in two scenarios. In the reference
scenario (solid line), the forest is left
untouched and continues to sequester
C, albeit at a slowing rate as it reaches
maturity and saturation. In the
bioenergy scenario (spaced line),
biomass is harvested at regular
intervals and used to replace coal.
Following the first harvest, the
bioenergy scenario evidences a
‘carbon debt’ (red) as compared to the
reference that is equivalent to the
harvest and conversion emissions of
biomass minus coal emissions required
to produce the same energy output. As
the bioenergy forest regrows the carbon
debt is recovered at point ‘a’ after
which, as harvests are repeated,
bioenergy carbon benefits are ever
increasing (dotted line) creating a
growing ‘carbon dividend’ (green)
since CO2 avoided by repeated coal
displacement are cumulative and
permanent (adapted from Dehue 2013).
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The contribution of forest bioenergy to potentially mitigate global warming is therefore
questioned not on the eventual outcome but on the temporal arrangement of the
accounting (Bentson 2017, Lamars and Junginger 2013). Apparently lost to temporal
reference consideration are the realities of energy transitions. History suggests that
modal changes in energy systems take 50-100 years (Lebel 2004). In addition, some
authors contend that all C emissions are the same whether cycling in the fast domain or
released from 300 million years of subterranean storage (Searchinger et al. 2009). They
are not. Fast domain fluxes, unlike fossil fuels, result in both release (respiration) and
uptake (photosynthesis) (Le Quéré et al. 2009). For example, CO2 emissions from
biomass-to-energy sourced from forests remaining forests warm climate only
temporarily and may be offset or enhanced further by changes to biophysical factors,
such as reflectivity, evaporation, and surface roughness (Bright et al. 2012) whereas
CO2 emissions from fossil fuels induce a more permanent response that can warm the
global average surface temperature for millennia (Cherubini et al., 2012).
While numerous authors have built from the Manomet model to contribute to a growing
literature on forest bioenergy carbon debt, there is no universally applied definition of
the carbon debt concept. However, there are commonalities in assumptions that merit
mention. Narrowly focused stand by stand rather than landscape level analyses
exaggerate C emissions and deny fundamental constructs of sustainable management
(Sedjo 2011). Assessments are based on commercially unlikely scenarios involving
the use of whole trees for biomass that forego higher value uses for timber. Regional
market demands for wood, the economic interests of land owners, and the disturbance
risks to unmanaged forests are ignored by the counterfactual. The delayed emissions
and substitution benefits of HWPs are either underappreciated or missing from carbon
debt arguments. Typically, 30-50% of harvested timber is used as long-lived building
materials or furniture with another large proportion of the harvest provides raw materials
for the pulp and paper industry (Johnson et al. 2005). However, an assumption that the
entire harvested tree is used for energy purposes has become common in literature
critical of wood bioenergy development (Holtsmark 2015). Also common is the
assumption that logging residues, if left uncollected, decay slowly whereas in actuality
logging residues are frequently burned on site to maximize growing space for
reforestation (Sonne 2006) and open burning (slash fires or wildfires) releases far more
GHG emissions and particulate matter per unit volume of fuel than controlled
combustion of biomass within an energy generating facility (Malmsheimer et al. 2011,
Springsteen et al. 2011).
A theoretical forest stand, considered in isolation, independent of external influences
and free to be managed or not, might possibly be a hypothetically defensible
counterfactual for an evaluation of public forests in the US, but it is far less credible for
forests elsewhere where pressures posed by harvest expectations, returns on
investment, and risks of land use conversion are ever present (Nabuurs 2016). Indeed,
Fargione et al. (2008) originally coined the term ‘carbon debt’ in reference to the threat
of land conversion posed by the promise of higher financial return from biofuels
croplands as compared to forests. With some irony, we note that Manomet (2010) and
other ‘carbon debt’ proponents choose to overlook counterfactual LUC implications that
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arise when forests let to grow fail to provide economic opportunities. No harvest and
natural growth scenarios are not realistic. Without financial compensation, land owners
allocate land to alternate uses (Lubowski et al. 2008). Forest lands eventually
experience conversions to agriculture or development leaving less stored C in the
reference scenario than might have temporarily been released to the atmosphere in a
bioenergy scenario (Jonker et al. 2014). Consider as evidence of conversion pressure
that in the US more than 60% of housing units built in the 1990s were constructed in or
near wildland vegetation. Housing density increases have been projected for 18M ha of
private forest between 2000 and 2030, with the most heavily impacted watersheds in
the East. The United States population is projected to grow by more than 120M people
by 2050 and associated deforestation to exceed 20M ha (Alig et al. 2010). Presumably,
conversion pressures on forests in less wealthy countries must be at least as great as
reflected by the cautions of Fargione et al. (2008) and as found to be the case by
Morton et al. (2006). On the other hand, if expansion of bioenergy and other forest
product markets bring additional revenue to managed forests then investments in
enhanced productivity and expansion of forestlands would be the predictable and
observed outcome (Nepal 2015, Sedjo 2013, USDA 2012). Furthermore, when
investments in development of post-agricultural afforestation are justified, there are
broadly recognized immediate mitigation benefits (Mitchell et al. 2012). A greater global
demand for wood products may increase the value of productive forestland, relative to
its conversion to other uses, and thereby reduce the rate of deforestation in the tropics
(Aulisi et al. 2008) as well as the temperate zone (Stein 2005). Not coincidentally, Ince
(2010) in agreement with Smith et al. (2014) reported that the regions of the world with
highest levels of timber harvest and forest product output are also the regions with the
lowest rates of deforestation.
Various accounting schemes for C emissions and sinks from forests, forest products,
and forest bioenergy have been developed and applied, resulting in different
conclusions and a growing literature on climate impacts of forest management (Helin et
al. 2013). Differences in assumptions, modeling frameworks, and parameterizations are
the main distinctions between current forest carbon analyses (Lamars and Junginger
2013). Support can be found for almost any view on the climate impacts of forest
bioenergy, from being instantly beneficial to analyses showing that the C released from
forest-derived bioenergy might not be compensated within the next 10,000 years
(Bentsen 2017). The choice of methodological approach has a large impact on the
calculations of carbon payback period or carbon offset parity point (Jonker et al. 2014).
Therefore, when scientific consensus cannot be reached, providing a host of results
using various models has become common practice amongst some authors. Consider,
for example, the inclusion of 41 different climate models in the fifth assessment report
(AR5) of the IPCC (Flato et al., 2013). Such lack of scientific consensus leaves decision
makers struggling with contradicting technical advice (Buchholz et al. 2016). Bentson
(2017) in completing a meta-analysis of forest biomass and GHG mitigation studies
concluded that the current development of carbon debt methodologies and their
consequent lack of consensus indicates that, competing findings aside, the concept
itself is inadequate for informing and guiding policy development.
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Substitution and Leakage

Forests store C and so do wood products. In addition, both wood products and
bioenergy can be used to offset the C emissions that might otherwise occur when more
polluting alternative products are selected to provide consumers with commensurate
services. When one product displaces another, ‘substitution’ occurs. However, given the
ever-changing complex movements of products and services in the global economy,
substitution accounting can be less than clear resulting in controversies such as
evidenced by the carbon debt debates. In a C-challenged world with finite resources
and growing demand, it is important to find areas of agreement in regards material and
energy flows (Malmsheimer et al. 2011). For instance, publications regarding the forest
bioenergy carbon debt may be rife with debate but, within the turmoil, there are some
areas of general agreement where the evidence is particularly compelling. For example,
there appears to be a general consensus that 1) long-lived wood products can be
effective at reducing the C footprint of building construction and 2) biomass, if sourced
from wood waste, can effectively displace coal combusted for electrical generation
(Birdsey et al. 2018, Brack 2017, Miner et al. 2014, Oliver et al. 2014, Sathre and
Gustavsson 2011, Manomet 2010, Searchinger et al. 2009, Tilman et al. 2009, Fargione
et al. 2008). The disagreements, on the other hand, are basically about:
• whether it is wise to harvest forests at all
• and, if forests must be harvested, how to best utilize the yield of the forest to
maximize mitigation and other desired benefits.
Consider the second question first. As clearly demonstrated by Lippke et al. (2012) and
recognized by many others (Birdsey et al. 2018, Smyth 2014, Van Kooten 2015, Werner
et al. 2010, Skog and Nicholson 1998), where the choice exists, substitution of longlived HWPs for non-wood building materials creates greater and more lasting mitigation
potential than the utilization of wood as an energy feedstock. The difference is not
trivial. The substitution effect of avoiding fossil emissions through use of HWPs is more
significant and permanent than the C actually stored in the wood fiber. Lippke et al.
2012 found that the C reduction from HWPs that substitute for non-wood alternatives
may be as much as 10 times higher than the C reduction potential if the wood was used
for bioenergy. Therefore, it follows that, to the degree possible, the more forest fiber that
can be directed to the manufacture of solid long-lived wood products then the greater
the mitigation benefit. Wood waste that has no higher and better use can be relegated
to energy production. When residual biomass is used for energy there are various
conversion options and fossil fuel displacement strategies that can result in different
outcomes. For example, from GHG mitigation perspective, it is more effective to
combust biomass for combined heat and power (CHP) and displace coal than to convert
wood to gaseous or liquid fuels to displace natural gas or gasoline (Lippke et al. 2012).
Choices are also available within the universe of possible design, product, and process
changes that can improve the environmental performance of HWPs. For instance,
Lippke and Edmonds (2006) in examination of building product alternatives found that
greater emissions avoidance is realized when engineered wood floor joists substitute for
steel beams rather than when wooden wall studs substitute for steel studs. Research
from Sweden and Finland suggests that constructing apartment buildings with wooden
frames instead of concrete frames reduces lifecycle net C emissions by 110 to 470 kg
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CO2 per square meter of floor area (Gustavsson and Sathre 2006). Some choices may
be less clear, however. For example, oriented strand board (OSB) and plywood are
wood panel products used for many of the same applications. They share the same set
of performance standards and span ratings. Nevertheless, OSB sheathing substitutes
for plywood in many uses and, in recent decades, has taken market share from plywood
because it is cheaper and can be manufactured from lesser quality raw materials.
However, OSB generally uses more than twice as much energy as plywood, largely in
drying and due to the embodied energy in purchased resins. Lippke and Edmonds
(2006) suggest an integrated approach with priorities subject to local customization. As
possible, renewable wood resources should be given preference over fossil intensive
alternatives, biofuels can help to reduce the need for fossil energy in manufacturing
wood products, resource-efficient engineered wood products, such as I-joists, laminated
veneer lumber, and medium density fiberboard can provide good performance with
reduced raw material requirements, and recovered post-consumer wood waste can
augment feedstock supplies for both HWPs and bioenergy.
Return to the first question regarding debate over whether to manage forests. As
alluded to above, there is a long-established Western tradition of unresolved
disagreement over this topic, however, for purposes of this narrative the question of
whether trees will be harvested or not will be considered moot. World population
approached 7.6B in 2017, growing by 1.2% per year (World Bank 2017a). The need for
energy resources grows faster than population as emerging countries strive to establish
new infrastructure and expand access to previously underserved populations. Global
energy consumption is growing at 2% per year with parallel CO2 emissions from fossil
fuels and industry growing at a rate of 1.8% per year (2007-2016) (Le Quéré et al 2017).
Demand for energy in emerging economies is expected to rise by 71% from 2012 to
2040. While, in more mature industrialized economies such as the US and the EU,
where per capita energy consumption is currently five times that of low-income
countries (Victor et al. 2014), total energy use rises by only 18% for the period from
2012-2040 (EIA 2016). In 2012, ~3.6B m3 of timber were harvested globally
representing about 0.6% of total growing stock (Payn et al. 2015). Around half of total
global wood removals are industrial roundwood with the remainder used as fuel wood,
including charcoal. The highest usage of fuel wood is for inefficient household heating
and cooking within low income countries (FAO 2016a). FAO (2014b) has estimated that
2.4B people, about 40% of the population of less-developed countries, cook with wood
fuel. The volume of global industrial roundwood harvest has been stable for the last 25
years (Payn et al. 2015) in part facilitated by gains in process efficiencies (FAO 2010b)
but demand is expected to increase with growing population (FAO 2016a, Bais et al.
2015, EC 2013). Currently, forest products make a significant contribution to the shelter
of at least 1.3B people, or 18% of the world’s population (FAO 2014b). In 2015, the
United Nations adopted the 2030 Agenda for Sustainable Development which included
17 Sustainable Development Goals, more than half of which are closely linked to forests
or forest products. The harvesting of forests to make wood products and energy is
recognized as a key component of sustainable development (UNECE/FAO 2016). The
evidence seems conclusive: considerable global forestlands are and will be managed at
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increasing intensities to supply burgeoning consumer demands. Less clear are
questions of where and how.
When Fargione et al. (2008) gained attention by introducing the world to the notion of
‘carbon debt’, they were referring to unacknowledged impacts of converting
comparatively undisturbed and generously C endowed forestlands to biofuels
plantations. Their calculus revealed a potential for unintended C emissions (i.e. iLUC)
that, for the first decades, could be much greater than any potential mitigation benefits
provided by displacing fossil fuels. When activities to increase C storage in one place
inadvertently promote activities that either decrease or increase C storage elsewhere; it
is referred to as ‘leakage’ (Kauppi and Sedjo 2001). Leakage results from realignments
of supply and demand; the most fundamental concepts of economics. Put simply: in a
global economy, if demand is strong, supply will be found. If leakage occurs, then the
accounting system has failed to give a complete assessment of the true aggregate
changes induced by the activity (IPCC 2000).
The term ‘embodied emissions’ refers to the total amount of emissions from all
upstream processes required to deliver a certain product or service. International trade
separates flows of goods and services from countries of provision and countries of
consumption. Embodied emissions in traded goods, however, are poorly constrained in
current GHG accounting systems (IPCC 2014c) thereby masking the environmental
consequences of consumption (leakage) and otherwise adding uncertainties (Kanemoto
et al. 2012). Data collected on national emission statistics and interpreted by the Global
Carbon Project (Le Quéré et al 2017) provide visual example at the macro scale of a
growing trend (Figure 13); consumer countries such as the US and EU28 are importers
of embodied emissions, while producer countries like China and India are exporters.
Figure 13; Production and
Consumption Emissions for Major
Export/Import Regions
The solid lines track the emissions of
production, which for producing
countries such as China and India are
greater than the emissions of
consumption which are shown here by
the spaced lines. The reverse is true
for the producer countries such as the
USA and EU28. USA and EU28 are
net importers of embodied emissions,
China and India are net exporters.
When consumption-based emissions
(a country’s carbon footprint) are
reported, achievements of reduced
emissions as reported by developed
countries under the Kyoto Protocol
would be revealed instead as
embodied emissions outsourced to
developing countries. (Moran et al.
2018, Le Quéré et al. 2017, Peters et
G
C
)
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In 2016, the largest absolute contributions to global CO2 emissions were from China
(28%), the US (15%), the EU 28 member states (10%), and India (6.7%) accounting in
total for 59% of the total. Global average annual per capita CO2 emissions in 2016 were
1.1 tC as compared to 4.5 (US), 2 (China), 1.9 (EU28), and 0.5 (India) tC for the four
highest emitting countries (Le Quéré et al 2017).
Within these and other global trade relationships, there can be found massive transfers
of products which have required land use impacts and production-related GHG
emissions. Accounting C consequences of the complicated exchanges and
inducements that create global flows of imports and exports has proven problematic.
The IPCC and UNFCCC have been unable to develop an effective protocol for
assessing the magnitude and the attribution of GHGs in world trade (Peters et al. 2011).
The uncertainties associated with LUC tracking make accounting of the embodied
emissions in forest products trade particularly challenging. Under such circumstances,
as feared by Fargione et al. (2008), the environmental burdens of consumption
emissions, LUC, and iLUC, gravitate from developed to developing countries. From a C
accounting perspective, the importation of embodied consumption emissions (the
colored areas between the spaced and solid lines for the US and EU28 in Figure 13)
may be considered leakage. Peters et al. (2011) estimate that CO2 emissions
embodied in the production of internationally traded goods and services represent more
than 25% of global CO2 emissions each year. From 1990 to 2008, emissions from the
production of exported products grew 4.3% per year, faster than the growth in global
population (1.4% per year), CO2 emissions (2.0% per year), GDP (3.6% per year), but
slower than the dollar value of international trade (12.0% per year) (Peters et al. 2011).
Reducing forest harvest rates in one area without reducing market demand accordingly
will likely stimulate increased production in other areas (CCSP 2007). A welldocumented example occurred in the US PNW in the early 1990’s. Abrupt governmentimposed restrictions on the sale and harvest of federal timber reduced log supplies by
an average of 2.1 B board feet (bf) per year (an 85% reduction in regional federal
harvest equivalent to ~5 Mm3/yr) from 1990-1995. Ostensibly to protect endangered
species and old forest ecosystems, restrictions on PNW federal timber harvest created
one of the largest and most controversial public land management shifts in US history.
Wear and Murray (2004) used an econometric model of US softwood lumber and timber
markets to examine the effects of timber restrictions and estimate the extent to which
harvests were displaced to other timber producing regions (i.e. leakage). They found
that US lumber prices spiked more than 25% after the restrictions commenced in 1988–
1989 and remained high thereafter manifesting as an estimated average annual social
welfare cost of $1.2B per year. Leakage responses, estimated for induced
replacements, were found to be 43% to increased timber production from private forests
in the US west, 15% from the US South and 26% to increased timber production in
Canada, summing to a continental total harvest leakage of 84% of the volume
withdrawn or 1.75 Bbf (~4.1 Mm3) per year from 1990-1995. Although Wear and Murray
(2004) did not calculate the C consequences of PNW timber leakage, a reasonable low
bound estimator would be that a minimum of 84% of C emissions avoided by reducing
forest harvests in the PNW were displaced to other western sites, the US South, and
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Canada. This leakage estimate is confined to correlated induced harvest and production
imported from alternative North American producers and doesn’t include other
accommodations such as timber contributions from overseas sources or growth in
market share for steel and concrete building products (Taylor et al. 2000). Wear and
Murray (2004) conclude that the losses to western lumber producers, offset by the gains
of alternative suppliers in the US and Canada, were the likely cause of large and
enduring structural changes across the entire US lumber market. For instance, Wood
Markets (2016) report that Canada’s share of the U.S. softwood lumber market has
stayed at about 31% since 1995. In 2015, U.S. imports of Canadian lumber totaled 13.1
Bbf (~ 31 Mm3 or about 30% of total U.S. consumption).
Note as well that harvest restrictions beginning with federal forests in the PNW spread
to most US federal lands in the West during the 1990’s. Reduced federal timber
harvests were found to negatively correlate with increases in the incidence and
magnitude of forest mortality and wildfires (Figures 10 & 14) suggesting overstocking in
absence of management (Agee and Skinner 2005) and additional leakage of C
emissions as forests left untreated experienced increases in wildfires and other stressrelated disturbances (North and Hurteau 2011). See Figures 10 & 14.
Sohngen et al. (1999) found that for every 20 ha of forest reserved from harvest in North
America or Europe one ha of primary forest was harvested in a developing country.
Meyfroidt and Lambin (2009) found that during the 1990’s, as Vietnam imposed
restrictions on its timber harvest and underwent a massive shift from net deforestation
to net reforestation, that imports of logs from Kampuchea (Cambodia), Laos, Malaysia,
Myanmar (Burma), and Indonesia increased roughly split between illegally harvested
roundwood and legally processed sawnwood. Most (84%) of the imported timber went
to supply Vietnam with raw material from which semi-finished or finished products were
manufactured for export to developed countries. Meyfroidt and Lambin estimate that
39% of Vietnam forest growth resulting from harvest prohibitions in the 1990’s was
displaced by forests abroad.

Figure 14 The
volume of timber
sold versus acres of
reported wildfires
on US National
Forests 1990-2011.
US National Forests
evidence negative
correlation between
the volume of timber
sold and the number
of acres burned by
wildfires. Graph
provided by American
Forest Resource
Council.
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Studies have produced corroborative results from other parts of the world. For instance,
Another example is provided by the logging ban in Thailand instituted in 1989. Much of
the logging activity formerly occurring in Thailand moved to neighboring Mynamar and
Kampuchea (Leungaramsri and Malapetch 1992). Lasco et al. (2007) found similar
regional-scale leakage from forest conservation, afforestation and agroforestry activities
in the Philippines to be in the range of 19–41%. Cases such as these have been cited
as evidence that the risk of leakage is likely to be most severe when deforestation is
avoided through denying forest access to large, well-capitalized business corporations
that simply relocate raw material procurement to other countries where natural
resources are more readily accessible (Humphreys 2008). Sun and Sohngen (2009)
examined the potential mitigation consequences of forest set-asides in global C
sequestration policy and found leakage in the range of 47-52%, depending on policy
details. Gan and McCarl (2007), in analysis of global trade in forest products and forest
conservation, found that high transnational leakage rates can compromise the
contribution of local or regional C sequestration projects to global forest conservation.
Their results showed that 95% of reduction to timber harvest in Russia, 75% of reduced
timber harvest in the EU, 70% of that in Australia and New Zealand, 46% in the US, and
42% in Canada transfers to developing countries, mainly tropical forest regions.
Therefore, they conclude that reducing timber production in developed countries would
not be an effective way of offsetting global C emissions as a large percentage of the
reduced forestry production would be transferred to developing countries. Additional
emissions result from transport (Meyfroidt and Lambin 2009) and developing countries
are generally less efficient than developed countries in timber production and wood and
paper manufacturing (Enters 2001).
Nowhere in the world has there occurred a recovery of forests so swift and so huge as
in China. Most of China’s forests had experienced harvest activity by 1700, but the
extent of deforestation accelerated through the nineteenth and twentieth centuries
(Murphey 1983). China’s forest cover in 1949 had dropped as low as 8.6% of its land
area (Lang and Wan Chan 2006). In 1998, China imposed a ban on logging. More than
1M Chinese foresters lost their jobs and were reeducated and relocated (Zhang et al.
2000). Timber prices rose 20-30% and a rapid increase in imports of forest products
followed (Lang and Wan Chan 2006). Since that time, China has been aggressively
reestablishing its forests. The World Bank (2017b) reports that by 2015 forests
accounted for 22% of all Chinese lands, more than double the low point following WW
II. Hu et al. (2015) predict that, by 2050, China’s forest biomass will have increased by
an additional 55%. Wang et al. (2014) estimate that the growth of China’s forests offset
the equivalent of 21% of the country’s significant annual C emissions.
While creating one of the world’s largest forest reserves, China has also become the
world’s largest log importer (Sun et al. 2005), increasing its share of global log imports
to more than 50% of total world log trade (Cohen 2014). Including all timber products as
well as pulp and paper, China’s total forest product imports marked an all-time high in
2016 of 290 Mm3 round wood equivalent (RWE) – nearly double the volume of ten
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years prior (Forest Trends 2017). China has become the largest plywood manufacturer
in the world and the second largest producer of sawnwood products and paper and
paper board (FAO 2016c). The development of China’s trade status as well as the
regrowth of China’s forest lands has not been without global environmental impacts.
China is the world’s largest emitter of GHGs. Forest Trends (2017), consistent with
earlier assessment by Lang and Wan Chan (2006) reports that upwards of two-thirds of
China’s log imports in 2016 (~60 Mm3) may be of suspicious origin. Of every ten
tropical logs shipped worldwide, five are destined for China (Tianjie 2008). China’s evergrowing wood demand impacts the ways that forests are managed and modified around
the world (Forest Trends 2017). About a third of the volume of Chinese timber imports
are ultimately manufactured and exported (Laurence 2011). In addition to considerable
other semi-finished and finished wood exports, China is the world’s largest exporter of
furniture, plywood, and flooring (RISI 2018).
Two thirds of China’s energy consumption comes from high emissions intensity coal,
making China a high emission manufacturer (Zhang et al. 2018). The magnitude of the
embodied emissions leakage as well as induced direct and indirect land use changes
and other environmental impacts associated with China’s timber trade has not been
finely estimated but clearly must be significant (Gan and McCarl 2007). Peters et al.
(2011) estimate that the production of Chinese exports from 1990-2008 accounted for
as much as 18% of the growth in global CO2 emissions. China’s two largest export
customers for wood products are the US (#1) and the EU (#2), as they are for other
Chinese exports (Figure 13), suggesting shared responsibilities for the embodied
emissions from global timber trade.
As observed by Gan (2013), the US, over the last few decades, has increased its
imports of wood and paper products from China and Brazil. From 1990-2012, the trade
deficit in wood products with China grew more than 13-fold. Furthermore, increased
outsourcing of wood and paper products, originating in tropical forests, brings
environmental consequences. Tropical forests generally have a higher C density per ha
but a lower ratio of merchantable wood to total biomass volume as compared to
temperate forests (Ashton et al. 2012) and sawmills in tropical countries tend to be less
efficient than those in the US. A FAO study (Enters 2001) estimated that just a 10%
increase in the efficiency of tropical sawmills could reduce global demand for saw logs
by 100-200 Mm3 per year. Per unit utility, embodied emissions of tropical timber are
greater than for temperate timber.
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Figure 15 China: Softwood Log Imports from Russia, NZ,
Australia, 1995-2003 (Seneca Creek and WRI 2004).

Figure 18 . China: Softwood Lumber Imports by Source, 19952003 (Seneca Creek and WRI 2004).

Figure 16 China: Hardwood Log Imports by Source, 19952003 (Seneca Creek and WRI 2004).

Figure 17 China: Hardwood Lumber Imports by Source, 19952003 (Seneca Creek and WRI 2004).

The findings here demonstrate one recurring theme in natural resource policy: resource
restrictions in one place tend to move extractive activity to other places thereby
obscuring the net global impact (Murray et al. 2004). Mitigation attempts in developed
countries that result in closures of factories or deferrals of forest harvests without
corresponding reduction in consumer demand only serve to shift replacement provisions
to developing countries with less stringent environmental protections. When net global
GHG emissions and other environmental impacts are greater as a result, the global
outcome is considered ‘leakage’ (Peters et al. 2011). However, although leakage is in
many cases a negative effect, in some situations, such as the adoption of new
management approaches or more efficient harvest and process technologies, the
emissions reductions or removals of GHGs extend beyond the accounting system
boundaries creating positive leakage which has been referred to as ‘spillover’ (IPCC
2000). For example, a greater global demand for wood products and bioenergy may
create a spillover effect by increasing the value of productive forestland, relative to its
conversion to other uses, and thereby reducing the rate of deforestation (Aulisi et al.,
2008). Whether the effects are positive or negative, leakage can be considered an
inadvertent outcome of misunderstood supply and demand functions, otherwise
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strategies for accommodation would be better anticipated. If leakage occurs, then the
accounting system has mischaracterized the baselines and boundaries in the crafting of
its conceptual mechanics and consequently has failed in its assessment of the true
aggregate changes induced by the activity (Aukland et al. 2003).

Illegal Logging

The uncertainties that challenge accurate global assessments of forest degradation and
deforestation are known to be large but they become that much more so when market
exchanges are intentionally hidden from view. The tracking and attribution of the C
fluxes and embodied emissions associated with illicit timber trade and related LULUCF
are complicated, poorly understood, difficult to estimate, and, until recently, largely
overlooked. It has just been within the last 25 years, in part due to mounting interest in
climate change and forests, that suspect harvest and sale of timber has been accorded
status as a criminal activity worthy of attention at the highest levels of governance. It
was in 2008 when the World Bank first asked INTERPOL to look at illegal timber trade
from the perspective of international criminal justice. As recently as 2015, INTERPOL’s
entire global Environmental Crime Programme was comprised of just 40 people
(Boekhout van Solinge et al. 2016). Nevertheless, momentum for reform has been
building. In 2003, the EU passed the Forest Law Enforcement, Governance and Trade
(FLEGT) Programme with focus on reducing illegal timber harvesting and export
through bilateral Voluntary Partnership Agreements (VPAs) designed to limit access to
EU wood markets to verifiably legitimate wood exports (EC 2007, 2005, 2003). In 2008,
the US amended the Lacey Act, originally passed in 1900 to ban trafficking in
endangered wildlife, to include plants and plant products such as timber and paper. This
landmark legislation became the world's first national ban on trade in illegally sourced
forest products (USFWS 2017). In 2013, the EU Timber Regulation (EUTR) was put into
effect which makes it a criminal offense to place illegal timber on the market (EC 2016).
It has come to be labelled simply as ‘illegal logging’ (IL). Illegal logging is generally
thought to be the theft of timber in violation of national laws and most often occurring in
remote locations isolated from strict governance (Schloenhardt 2008). The very term
illegal logging conjures up National Geographic images of surly-looking individuals
felling isolated large trees deep within dense tropical forests; the pillaged logs then
taken to waiting timber buyers that slip them undercover onto grimy ships for
clandestine transport to greedy export markets in the developed world (Nelleman and
INTERPOL 2012). Certainly, such images are not without basis but, within the broad
framing of illegal logging lies a wide range of practices and market arrangements. In
truth, most illegal logging is more likely intended for domestic subsistence uses than
global intrigue (Kleinschmit et al. 2016). Commercially valuable species from tropical
forests account for less than 10% of standing timber by volume; only a small percentage
of which yield logs that are of good enough quality to be exportable (Kuofer and
Karimanzira 1990). One study found that, on average, 83% of wood removals in tropical
countries were used for fuelwood and charcoal while 17% went for industrial roundwood
of which 13% was for local use and just 4% was exported (EC 1989). Seneca Creek
and WRI (2004) concluded that the export of illegally procured roundwood is a
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comparatively small byproduct of much larger domestic forest harvesting and clearing.
In 2016, the legal volume of internationally traded roundwood accounted for just 7% of
total reported global roundwood production and about 3% of all global wood
consumption including fuel wood (FAO 2016c). Chao (2012) suggests that the number
of forest-dependent people that rely almost entirely on informal use of forests for
subsistence is in the range of 1.2–1.4B or just under 20% of the global population. Half
of all wood harvested globally, more than 1.8 Bm3, is for heating and cooking, primarily
in developing countries (FAO 2016a). It is estimated that 840M people, or 12% of the
world’s population, collect fuelwood for their own use (FAO 2014b). All totaled, 2.4B
people, or about 40% of the population of less developed countries, cook with wood fuel
and about 18% of the world population live in homes constructed with wood (FAO
2014b).
As has been the case since colonial trade was first initiated, the legitimacy of national
legal authorities may be murky (Pacheco et al. 2016, Cerutti and Tacconi 2008).
Societal groups such as indigenous peoples or frontier settlers may either question the
validity of national laws or outright reject the legal basis of unresolved forest tenures.
Lawson and MacFaul (2010) found ambiguities and incoherence common in the laws of
developing countries with high rates of illegal logging. On the other hand, rural people
living in remote locations could simply be unaware that traditional uses of forests may
no longer be ‘legal’ (Kleinschmit et al. 2016). The poor often hold no formal title to the
land on which they live and make their livelihoods (Waterloo et al. 2003). There can be
a severe disparity between customary and statutory land rights (Jindal et al. 2008,
Unruh 2008). Indeed, the Global Forest Resource Assessment 2015 (FAO 2016a,b)
found that more than three quarters of the world’s forests (76%) are in public ownership
(forests owned by the state or lower-levels of government). Somewhere between 40
and 60M people are thought to depend on ‘informal’ forest employment for their
livelihoods; working in small-scale timber harvesting, wood fuel and charcoal production
or collection of non-timber forest products that are unsanctioned and unaccounted (FAO
2014b, Agrawal et al. 2013). Wit et al. 2010 found that informal or ‘chainsaw logging’ is
widely used in tropical forests and may constitute 30-40% of total timber production in
Guyana, Republic of Congo, Democratic Republic of the Congo (DRC) and Uganda;
over 50% in Ghana, Cameroon and Peru; and almost 100% in Liberia.
At the other end of the spectrum, however, illegal logging has indeed been identified in
some countries as the theft and sale of high-value timber conducted by networks of
criminal organizations aided by corrupt governments that stretch across economic
sectors and national borders (Boekhout van Solinge et al. 2016, Interpol and The World
Bank 2009). Corruption, graft, lax enforcement, and poor social and economic
conditions are most often considered as the principal drivers of illegal logging (Seneca
Creek and WRI 2004). Some authors suggest, however, that illegal logging is simply
another form of leakage from poorer producer to richer consumer countries (Gan and
McCarl 2007). In addition, timber, as a readily exploitable and valuable commodity, has
become a useful financial resource for warring factions, criminal networks and armsdealers. The term ‘conflict timber’ has been coined by UN investigators to describe the
use of timber sales to buy weaponry. Timber revenues are known to have financed
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conflicts in Cambodia, Sierra Leone, Ivory Coast, Democratic Republic of Congo (DRC),
Cameroon, Myanmar, Zimbabwe, Liberia, Pakistan, and Afghanistan (Khan 2010,
Global Witness 2002), yet, such sales may not be technically illegal.
The largest source of illegal timber, however, is not from tropical forests. It is from the
boreal forests of Russia (Wyatt 2014). Russia has an estimated 20% of the world’s
forest area and 25% of the standing stock of timber. With the break-up of the Soviet
Union, a disorganized regulatory system combined with widespread unemployment and
a surge in demand from China created conditions for corruption and illegal harvests
(Fedorov 2017). While government officials responsible for overseeing Russia’s timber
harvest have claimed that illegal logging represents less than 1% of total harvest, most
other sources believe that between 20-30% of Russia’s timber harvest is illegal and may
be as high as 50% in some parts of the country. Russian softwood logs go primarily to
China (44% of the total volume, see Figure 15) where Russia has become the dominant
supplier, and to a lesser extent to Finland (19%) and Japan (17%). Hardwood log
exports are approximately one-third of the volume of softwood log exports, but in some
cases are much higher value. Exports to Finland (66% of the total volume) include a
large volume of pulpwood, but exports to China (19%) are mostly high value sawlogs
(Seneca Creek and WRI 2004). In Russia, the prime motive for illegal logging is the
theft and sale of timber delivered overland (Federov 2017). In the tropics, circumstances
and motives may be much more complicated.
illegal logging is considered a major source of deforestation and degradation of highquality forests (Kleinschmit et al. 2016) but, due to its secretive nature, has been difficult
to quantify. illegal logging or otherwise unrecorded industrial wood removals are not
captured in the national statistics provided to FAO (Nellemann, 2012; Meyfroidt and
Lambin, 2009). Forest resource information and monitoring systems are inadequate in
most of the countries where illegal activity is believed to be a problem (Seneca Creek
and WRI 2004). Small-scale loggers sell principally on the domestic market and their
production is not accounted for by official harvest data (Cerutti and Tacconi 2008).
Nearly 50% of world forests are in countries judged as rampantly corrupt (Irland, 2008).
Confusion about what constitutes illegal logging results in wildly conflicting
‘guesstimates’ about its size and consequences (Bisschop 2012) reflecting a poor state
of knowledge (Boekhout van Solinge et al. 2016). For example, Interpol has estimated
the value of the worldwide annual illegal logging business at somewhere between US
$30B and $100B, representing 15–30% of all timber traded globally. Furthermore, they
speculate that an area of forest the size of Austria is deforested every year as a result of
illegal logging (Nellemann and INTERPOL 2012, INTERPOL-World Bank 2009). Gan et
al. (2016) offer a considerably lower estimate of US$ 6.3B for 2014 as the trade value of
roundwood and sawnwood suspected as illegal. On the other end of the spectrum,
Federov et al. (2017) claim that illegal logging robs developing countries of an estimated
US$ 70B to US$ 213B annually. For comparison, in 2007, the total recorded value of
global wood trade was estimated at US$ 327B (Nellemann and INTERPOL 2012).
Lawson and MacFaul (2010) estimate that, worldwide, more than 100 Mm3 of timber
are illegally cut each year of which around 40 Mm3 (RWE) is exported to China. Dieter
(2009) found China to be the biggest purchaser of illegally harvested timber worldwide,
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consuming between 39-69 Mm3 (RWE) in 2008. While China is the largest importer of
illegal logging timber products, the US and EU are large importers as well and
eventually are also secondary purchasers of illegal wood in manufactured products from
China and other countries (Gan et al. 2016).
For reference, total global roundwood production in 2016 amounted to 1,874 Mm3 of
which 125 Mm3, just 7%, was officially reported as exported (FAO 2016c) but actual
(including illegal logging) export trade figures may be much higher. Wood-balance
analysis and expert surveys, conducted by Lawson and MacFaul (2010), suggest that
illegal logging represents 35–72% of logging in the Brazilian Amazon, 22–35% in
Cameroon, 59–65% in Ghana, 40–61% in Indonesia, and 14–25% in Malaysia. Analysis
by Seneca Creek and WRI (2004) concluded that between 2% and 4% of softwood
lumber and plywood traded globally, and as much as 23% to 30% of hardwood lumber
and plywood traded globally, could be of suspicious origin. In aggregate, on the order of
5-10% of the value of global wood products trade can be traced to illegal logging. The
calculus is highly uncertain, but for reference, if just 10% of roundwood export volume in
2016 was illegal and export volume in turn represented 10% of the total (domestic and
export) illegal trade in wood then the total volume from illegal logging would
approximate 125 Mm3. illegal logging numbers vary wildly, but all authors do agree, that
although precise estimates of illegal logging timber volumes and values may be
speculative, there is little doubt that illegal logging is widespread and significant.
Furthermore, since most illegally produced timber is used domestically and does not
enter international trade, export volumes and values of illegal logging represent but a
small portion of the total trade (Seneca Creek and WRI 2004).
Timber, with innumerable uses and growing demand, is an essential resource
necessary for human well-being not a niche or luxury product consumed by a small
segment of the wealthier population (Felbab-Brown 2011). Alternative products that
might be used to displace wood demand come with higher capital and environmental
costs. Demand for wood products will be better served than displaced (Persson et al.
2014). Towards that end, efforts to increase wood process efficiencies and utilize waste
streams have made progress but so far have not quelled increasing demand for timber.
From 2000 to 2014, total global trade of primary wood products (roundwood,
sawnwood, plywood and veneers) increased by 41% in quantity and doubled in value
(Gan et al. 2016). Therefore, reductions in domestic production with no corresponding
change in levels of consumption merely displace production to other parts of the globe
(Berlik et al. 2002). However, demand for wood is not the most important cause of
deforestation (Sohngen et al. 1999). Clearance of forests (legal or otherwise) for
agriculture, often to raise crops for export, accounts for an estimated 55–80% of the
total global deforestation, far more significant than timber trade (Brack and Bailey 2013).
illegal logging is often merely a precursor to significant land use conversions to
agriculture where some of the most valuable trees might be sold but a majority of the
forest biomass is burned onsite (Lawson 2014). In a number of tropical countries,
growing international competition for wood and crops, more than commercial timber
extraction in itself, has been identified as the most significant driver of deforestation
(Seneca Creek and WRI 2004). Forestland is often worth more when it has been
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cleared (Humphreys 2008). It has been estimated that as high as one-third of all tropical
timber traded globally results from illegal conversions of forests to crop lands and
pasture in South America and Southeast Asia for production of agro-commodities such
as beef, soy, cocoa, and palm oil (Lawson, 2014).
Between one-half and two-thirds of tropical deforestation that occurs for commercial
agriculture has been reported as illegal with 37%-50% of deforestation thought to be
driven by export demand for agricultural products (Lawson 2014, Persson et al. 2014,
Brack and Bailey 2013). For instance, in Indonesia, forests are cut to make way for oil
palm plantations and in Brazil deforestation is associated with soy and beef production
(Gasparri and de Waroux, 2014). In some cases, there are perverse incentives: illegal
land clearing can eventually lead to legal ownership. For instance, Brazil passed land
tenure legislation in 2009 granting some 67.4M ha of land to squatters and illegal
settlers (FAO 2014b). The Brazilian government stated in 2009 that clear ownership
records existed for less than 4% of the land in private hands in the Brazilian Amazon
(Barrioneuvo 2009). The emissions caused by illegal conversion of tropical forests for
large-scale commercial agriculture from 2000-2012 are estimated to have averaged 0.4
GtC per year of which about half was considered embodied in commodity exports
(Lawson 2014). For reference, note from Table 1 that 0.4 GtC per year amounts to 44%
of global annual emissions from LULUCF for that period. In terms of trade value, agrocommodities (beef, leather, soy, palm oil, tropical timber, pulp and paper, and plantation
wood products) produced on land illegally converted from tropical forests has been
estimated at US $61B per year (Lawson 2014). The EU, China, India, Russia, and the
US are among the largest buyers of exported agricultural commodities. Unlike illegal
forest products, there are no restrictions on trade of crops of questionable provenance.
Kuofer and Karimanzira (1990) correctly concluded in IPCC’s First Assessment Report
that deforestation will slow only when the legal management of the forest is
economically more valuable than alternative uses for the same land.

Embodied Deforestation

When production of goods and services are displaced within and across countries,
embodied emissions are transferred from producer (developing) to consumer
(developed) locations and leakage occurs (see Figure 13 for example). For example,
Kanemoto et al. (2014) reported that up to 30% of global emissions can be linked to
export trade. Although developed countries5 reported reduced territorial emissions in
2011, after assigning emissions responsibility to consumers, Kanemoto et al. (2014)
found that developing countries had transferred, through international trade, the
embodied emissions of 0.8 Gt C to developed countries in 2011; more than enough to
negate developed country reports of emissions reductions. Correspondingly, when
tropical forests are cleared to produce agricultural products consumed elsewhere,
Cuypers et al. (2013) point out that in addition to ‘embodied emissions’ there is also
‘embodied deforestation.’ The responsibility for both arguably falls to the consumer
The 39 emissions-capped industrialized countries and Economies In Transition (EIT) listed in Annex B
of the Kyoto Protocol: Australia, all members of the EU28, Belarus, Canada, Iceland, Japan, Kazakhstan,
New Zealand, US, Norway, Switzerland, and Ukraine.
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countries. When land use changes, production of goods, and import/export exchanges
of primary and secondary products are poorly accounted or in some measure outright
hidden (such as illegal logging), tracking is highly speculative contributing to the large
uncertainties associated with estimates of terrestrial sources and sinks. Once exported
commodities become processed products, they cannot be tracked any longer.
Embodied deforestation of these products is then attributed to the country where the
tracking stops.
Cuypers et al. (2013), at the request of the European Commission, examined the
available FAO data to account for world-wide gross deforestation from 1990-2008.
Gross deforestation for 1990-2008 is estimated at 239 Mha or about 13 Mha per year.
The main areas of deforestation were South America (33%), Sub-Saharan Africa (31%),
and Southeast Asia (19%). Of the 239 Mha of global gross deforestation, about 58 Mha
(24%) could not be explained. For the remaining 182 Mha of gross deforestation, 41
Mha (17%) were caused by ‘natural hazards’ (mainly fires) that did not result in
agricultural expansions. About 9 Mha (4%) were converted to built environments leaving
132 Mha (55%) of deforestation clearly attributable to the conversion of forest land to
crop production, ruminant livestock production and commercial roundwood plantations.
These products were either used in the country of origin or exported for transformation
and consumption elsewhere. Of the 132 Mha, only 4.5 Mha (2%) were attributed to
logging. The main crops that contributed to deforestation were soy (19%), maize (11%),
oil palm (8%), rice (6%), and sugar cane (5%). Two-thirds of deforestation embodied in
crops stayed in the producing country. One-third or 22.4 Mha of deforestation was
considered as embodied in crop exports (dominated by soybeans and palm oil).
Cuypers et al. (2013) found that 41% of global deforestation was either unexplained or
assigned to natural causes thereby exposing a source of the large uncertainties
surrounding the pulse and legacy, direct and indirect, of C emissions from global
deforestation as reported in the global carbon budget (Tables 1,2,3). Consider as well
that Cuypers et al. (2013) analyzed only legally sanctioned deforestation as officially
reported by countries of origin and, as pointed out by Felbab-Brown (2011), legal
deforestation can be just as damaging as illegal deforestation. It is apparent that affluent
consumer countries have long been potent drivers of both (Meyfroidt et al. 2013,
Weinzettel et al. 2013, Peters et al. 2011, Mayer et al. 2005).

Global Forest Governance

International attempts to slow deforestation in the tropics coalesced in the early 1980s.
In 1983, 36 producer and 34 consumer countries entered into the International Tropical
Timber Agreement (ITTA). The ITTA was to promote the expansion and diversification
of international trade in tropical timber, while encouraging member states to develop
and implement conservative forest management systems within tropical forests. To
facilitate implementation, the International Tropical Timber Organization (ITTO) became
operational in 1986. In 1987, the FAO, WRI, World Bank, and UNEP 6 created the
The Food and Agriculture Organization of the United Nations (FAO) is a specialized agency of the
United Nations composed of eight departments: Agriculture and Consumer Protection, Climate,
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Tropical Forestry Action Plan (TFAP - renamed the Tropical Forests Action Programme
in 1991) as an international framework to aid development of national forest programs
for developing countries on which assistance for the forest sector was contingent. While
initially successful in increasing international aid to the forest sector (Winterbottom
1990), non-governmental organizations (NGOs 7) and other stakeholders criticized TFAP
for failing to reverse trends in deforestation and for funding forest-based industrial
development (Humphreys, 2006).
The 1990s marked a turning point in the development of international environmental
governance with the launch of three new conventions at the Earth Summit in Rio: the
United Nations Framework Convention on Climate Change (UNFCCC), the Convention
on Biological Diversity (CBD) and the Convention to Combat Desertification (UNCCD).
Also at that time, a number of national governments and civil society actors from the
developed countries argued for a global convention on forests to provide a centralized,
normative authority over the global forest sector. The developing countries, however,
opposed a binding international agreement that compromised national sovereignty and
lacked financial compensation arguing that many developed countries had already
exploited their forest frontiers as part of the pathway to economic development and that
it was inequitable to ask developing countries to forego the same opportunities without
adequate compensation (McDermott 2014). Frustrations grew amongst political
operatives and intergovernmental decision-making forums proliferated, but few legally
binding commitments or decisions were generated. In 1993, a group of NGOs and
timber traders, purportedly frustrated with the lack of progress toward intergovernmental
forestry agreements, launched a forest certification scheme known as the Forest
Stewardship Council (FSC) (Pattberg 2005).
FSC was formed as the first private regulatory scheme in the forestry sector with an
explicit global focus. Standards for sustainable forest management (SFM) were
developed outside of government negotiations and used to assess the performance of
individual producers who voluntarily chose to seek certification. Implicit support came
from academics who promoted the newly coined concept of ‘ecosystem management’
as a comprehensive and globally valid belief system to integrate the social, economic
and environmental aspects of natural resource management. Certification by FSC was
intended to by-pass the need for agreement among national governments and the forest
industry (Elliot and Schlaepfer 2002). An implicit justification for FSC was and remains
that governmental controls over forest practices were/are inadequate to assure
Biodiversity, Land and Water Department, Economic and Social Development, Fisheries and
Aquaculture, Forestry, Corporate Services and Technical Cooperation and Programme Management. The
World Resources Institute (WRI) is a global research non-profit organization that was established in 1982
with funding from the MacArthur Foundation to promote environmental sustainability, economic
opportunity, and human health and well-being. The World Bank is an international financial institution that
provides loans to countries of the world for capital projects. The United Nations Environment Programme
(UNEP) is an agency of the United Nations that coordinates international environmental activities and
assists developing countries in implementing environmentally sound policies and practices.
7
Conservation International, Greenpeace, the International Institute for Environment and Development
(IIED), the World Conservation Union (IUCN), Rainforest Information Centre, the Nature Conservancy,
the World Wide Fund for Nature (WWF), and others.
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sustainability (Bass 2002). FSC was particularly attractive to environmentalists because
they saw it as a new opportunity to respond to the widely perceived problem of tropical
deforestation, however, the scope of influence was quickly extended to include
temperate and boreal forests. The FSC was designed both to develop globally
applicable forest management standards and to deploy an institutional system for
implementing those standards (Meidinger et al. 2002).
Forest certification is a fee-based auditing program operated by an independent thirdparty certifier (such as the FSC), that monitors and attests to the sustainability of the
forest management practices of a timber producing organization. In general the concept
of sustainable forestry means harvesting timber in such a way that it can be utilized as a
renewable resource while maintaining forest health and characteristics such as
biodiversity (ITS Global 2011). Certification can lead to ecolabelling of wood products,
which has been claimed to allow environmentally sensitive consumers to preferentially
purchase wood from well-managed forests (Pattberg 2005). Timber companies were
encouraged to seek certification in order to access market premiums for products
certified as environmentally acceptable. Conversely those that refused to certify their
operations would be blocked from the high volume markets of developed countries
(Pattberg 2005). At the time, influential environmental groups, particularly in the US and
the UK, staged media events to put pressure on retail chains and do-it-yourself stores
not to trade in uncertified forest products. Sales of garden furniture, flooring, and timber
suddenly became controversial. The forest industry, however, viewed FSC as
expensive, intrusive, and overly dominated by NGOs. In response, industry associations
particularly from developed temperate countries formed competing certification
schemes, such as the Sustainable Forestry Initiative (SFI) in the US, that eventually
aligned under the global umbrella of the Programme for the Endorsement of Forest
Certification (PEFC) (ITS Global 2011).
Disagreements between NGOs and the forest industry, albeit tempered by public
relations competition between certification schemes, have generally meant that
incremental improvements beyond existing government policies have been small
(McDermott et al. 2008) and that most forest certification has occurred in the temperate
zone where forest practice regulations have long emphasized SFM and deforestation is
not of great concern (Table 4) (Sikkema et al. 2014, Pattberg 2005). For northern timber
companies, compliance with relatively tight regulatory standards has been less difficult
than for those in southern developing countries because the regulatory environment is
long established in industrial nations and key concepts such as sustainability originate
with Western societies. Furthermore, the high certification costs of small-scale forestry,
especially in tropical regions, are burdensome (Bass et al. 2001, Cubbage et al. 2009,
de Camino and Alfaro 1998), the promise of market premiums for certified products
never materialized (Perera et al. 2008, Anderson and Hansen 2004), indigenous groups
viewed certification as a delegitimization of their traditional prerogatives to use and
manage resources (Griffiths 2007, Mater 2006, Colchester 2004), and northern boycotts
by NGOs of uncertified products from southern tropical forests resulted in diminished
returns to sellers which in turn created the unintended consequence of making tropical
forest conversions to agriculture that much more attractive (McDermott 2014). As a
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result, environmental NGOs lost credibility among concerned consumers and the
general public (Pattberg 2005). Gretzinger (2016) found that FSC certification in
particular had failed to meet the expectations of some tropical governments or
producers. More than twenty years after the launch of forest certification schemes, just
13.6% of the world’s forests and less than 2% of tropical forestlands are certified (Table
4) (van Kooten 2014). Northern dominance of industrial wood production parallels the
distribution of forest certification throughout the world. Consequently, certification has
fallen under increasing criticism for failing to address the primary causes of tropical
deforestation and degradation (Ebeling and Yasue´ 2009).
Table 4 Forest areas worldwide and certification of Sustainable Forest Management and Chain of Custody by the
Forest Stewardship Council (FSC) and the Program for the Endorsement of Forest Certification (PEFC). Adapted
from van Kooten 2014.

Country
or Region

Forest Area
(‘000s ha)

Canada
United
States
Europe
-EU28
-Russia
-Norway
Australia
Latin
America
Asia

310,134

World

FSC Certification
Area
%
COC
(‘000s ha)
Certified Certificates
53,605
17.3
876

PEFC Certification
Area
%
COC
(‘000s ha)
Certified Certificates
121,143
39.1
175

304,788

13,606

4.5

3,005

33,118

10.9

251

1,006,534
178,399
809,210
10,218
147,452

85,504
34,266
38,418
475
967

8.5
19.2
4.7
4.6
0.7

15,247
13,635
321
43
303

89,333
68,590
2,758
9,143
10,393

8.9
38.5
0.4
89.5
7.1

8,949
8,825
14
50
229

940,680

13,523

1.4

1,459

4,558

0.5

152

595,898

3,305,486

900

184,318

0.2

5.6

7,622

28,948

4,662

263,205

0.8

8.0

818

10,574

It is not without irony, given the attempts to bypass government oversight that premised
the certification movement, that, by 2000, accompanied by emphatic endorsement of
the sovereign right of governments to determine the ‘legal’ future of the world’s forests,
international NGOs turned from certification to join with the forest industry of the
developed world in support of a campaign based upon ending ‘illegal logging.’
Deforestation was reframed not as an undesirable pitfall of development but as a
problem of unchecked criminal activities. For the forest industry of the developed world,
already certified and in legal compliance, international tackling of ‘illegal’ forest
operations brought additional competitive advantage, for NGOs questions of illegality
brought new avenues of political influence, and for the officials of developing countries
an emphasis on law enforcement helped to legitimize state authority and support
government collection of timber taxes (McDermott 2014). This coalition was able to
create a powerful storyline that muted opposition and presented an attractive political
campaign to ensure a legal trade of timber products and the associated promise of
global sustainability and good governance (Leipold and Winkel 2016). Tanczos (2011),
recalling a caricature popularized by Yandle (1983), likened a political alliance between
environmental groups and forest companies to that of “Baptists and Bootleggers.” They
could share a common political objective but for entirely different and contradictory
purposes much as the Baptists and bootleggers of yore jointly supported Sunday
closing laws that shut down bars and liquor stores (Yandle 1983). The GHG implications
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however, as discussed above, remain highly uncertain, but the illegal logging campaign
has served to highlight yet another significant uncertainty associated with attempts at
global governance of world trade and land use.

REDD

For better or worse, attempts by the internationally powerful to alter global forest
practices and land use conversions do affect terrestrial C pools and fluxes. To be sure,
deforestation of tropical forests to establish croplands is thought second only in
magnitude to fossil fuel combustion as a cause of global C emissions (Smith et al. 2014,
van der Werf et al. 2009). With this in mind, in 1997, at the third Conference of the
Parties of the UNFCCC, the Kyoto Protocol introduced the principle of a Clean
Development Mechanism (CDM). The CDM was established and defined in Article 12 of
the Kyoto Protocol to promote sustainable development in non-Annex I countries
(mostly developing countries) and to assist Annex I Parties (developed countries) to
achieve compliance with their KP emission limitation and reduction commitments.
Plainly stated CDMs were intended to encourage developed countries to pay
developing countries to improve forest practices (add to forest C uptake) in exchange
for certified emission reductions (CERs, more generically known as carbon credits) to
be tallied as offsets for submission to UNFCCC by developed countries so as to avoid
the presumed larger costs of actually reducing fossil fuel use and emissions (Bullock et
al. 2009).
For clarification, it is generally the same collection of international organizations and
institutions that participate in the crafting of global forestry initiatives (for example:
certification or illegal logging) that are also in attendance at climate change discussions
concerning forests. Not surprisingly, forestry negotiations retain a familiar tone steeped
in special interest debate with the most influential interests ultimately the first served.
For instance, the evolution of the rules for CDMs is seen as having been a rushed and
politicized process driven by developed countries (Schlamadinger et al. 2007) which left
many stakeholders in developing countries, the politically less powerful, dissatisfied with
the structure of the mechanism (Pistorius 2012, Corbera and Brown 2008). For
instance, the Kyoto Protocol originally contained language that allowed for a full range
of land-use options to be used as credits against carbon emissions, however,
subsequent negotiations reduced these options to just afforestation and reforestation
(A/R) (Rose and Sohngen 2011). The complex structure, onerous monitoring and
reporting requirements, the prescribed omission of important carbon data (such as C
from forest management or in HWPs), and the high transaction costs combined with the
need for significant funding support from non-profit NGOs, state agencies, and
international investors (including World Bank loans) discouraged potential CDM A/R
projects (Robledo et al. 2007, Fichtner et al. 2003). Thomas et al. (2010) reported that
in 2009 (12 years after the introduction of CDMs) there were just four registered CDM
A/R projects worldwide.
Expanding upon CDMs came REDD (Reducing Emissions from Deforestation and
Forest Degradation). As with CDMs, the C credits generated from estimated emissions
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savings in developing nations could be purchased and used by developed nations to
meet their KP emissions reduction obligations. In this case, however, potential forest
activities were broadened to include reducing forest deforestation and degradation
relative to a historic baseline.
REDD was first proposed to the UNFCCC in 2005 by Costa Rica, Papua New Guinea
(PNG) and several other developing countries (UNFCCC 2005) but wasn’t officially
adopted until 2010 (UNFCCC 2011). Governments from developing countries sought
compensation for conserving their forests rather than converting them to more lucrative
land uses. REDD initially emphasized natural forest protection but evolved into REDD+
which additionally recognizes sustainable management of forests as important to
reducing global carbon emissions. Progress for REDD+ activities was contingent upon
adequate and predictable support, including financial resources and technical support.
Country participation in REDD+ was to be voluntary, progress in achieving REDD+
would be measured at the national level, and compensation would be channeled
through national governments. Avoided deforestation had been estimated to have costs
30% lower than those of reforestation (Coomes et al. 2008). REDD+ appealed to
developed countries as a comparatively low cost route to satisfying their emissions
reductions commitments, while the governments of developing countries saw REDD+
as a potential source of billions of dollars in compensation (Eliasch 2008). Some hoped
that a way to effectively slow tropical deforestation had finally been found.
The devil has proved to be in the details, however. Reducing forest C emissions
requires expensive monitoring, measuring, reporting and verifying (MRV) of changes in
forest C stocks. As discussed above, confusion over baselines is considerable and
controversial. Accounting boundaries are unclear. Basic questions remain unresolved
such as how to establish country ‘reference levels’ to determine how much forest and C
might be lost without REDD+ interventions and to tie payments to measurable
reductions in anticipated forest loss. Unfortunately, those receiving payments tend to
inflate risks of deforestation where as those making payments tend to argue the
opposite. More importantly, however, might be whether projected REDD+ CER values
based upon avoided C loss from deforestation linked to the value of tradable C credits
in regional cap and trade markets like the European emissions trading system (EU ETS)
can be economically competitive on a reliable basis with returns on investment from
agricultural land uses (Butler 2009, Rudel et al. 2009, Strassberg et al. 2009).
Compensation for REDD+ will need to consistently exceed the market fluctuations of
commodity prices even though the land use constraints imposed by REDD+ will
increase in magnitude with each REDD+ success. As climate policy is progressively
strengthened, and carbon and energy prices rise, so does the value of land (Persson
and Azar 2010). Reduced opportunities for agricultural expansions should logically raise
the market value of agricultural land uses thereby increasing potential for leakage
(Humphreys 2008). At the global scale, paying to keep forests standing does little to
address the growing demand for commodity products and hence fails to engage the
businesses and consumers who are driving the markets behind forest loss suggesting
that early estimates of the costs of reducing deforestation (Nabuurs et al. 2007, Stern
2006) may have been unrealistically low (Persson and Azar 2010). A successful
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implementation of REDD+ must recognize and overcome both direct and indirect costs
of forest conservation.
Unlike the measurement of greenhouse gas emissions as detailed in evolving IPCC
guidelines (IPCC 2014c, 2013b, 2008, 2003, 1997), performance metrics for REDD+
remain largely undefined and will need to be locally customized for each potential
project adding considerably to the cost and uncertainty of forest conservation (Duchelle
et al. 2018a). Although REDD+ was rhetorically created with a global objective of clarity
in mind, the ambiguities surrounding operationalization remain enormous. REDD
complexity, fragmented decision-making, and insufficient investment safeguards, not to
mention lack of scientific agreement, have created a political landscape into which a
wide range of world actors attempt to push their own priorities for REDD+ (McDermott
2014). Therefore, a growing number of questions remain unresolved as to how REDD+
might be able to effectively integrate sustainability goals, such as climate change
mitigation/adaptation, protections for biodiversity, sustainable use of forests, economic
development for local communities and recognitions for the rights and tenure of
indigenous peoples (Visseren-Hamakers 2012). Successfully implementing mitigation
activities to counteract the loss of tropical forests requires understanding the causes of
deforestation, which are complex, multiple, internationally influenced yet locally based;
few generalizations are possible (Chomitz et al. 2006). Lack of clarity regarding the
architecture of mitigation measures is perceived as a potential threat for long-term
planning and investments (Streck 2012).
The core idea nevertheless remains: internationally arranged compensations through
the UNFCCC to reward individuals, communities, projects, and countries that reduce
GHG emissions from forests. The promise is that REDD+ has the potential to deliver
large cuts in emissions at a low cost within a short time frame and, at the same time,
contribute to reducing poverty and sustaining development (Angelsen 2008). But some
REDD+ critics argue that the emphasis on climate change mitigation strategies could
detract attention from other environmental priorities such as protections of biodiversity
(Pistorious et al. 2011, Levin et al. 2008). In addition, the use of payments to developing
country governments to incentivize engagement in REDD+ subordinates the unresolved
tenure claims of disenfranchised indigenous peoples (Phelps et al. 2010). Adoption of
REDD+ across countries raises important questions regarding the risks of
transboundary displacement of deforestation and forest degradation (leakage), signs of
which are increasingly apparent with globalized acceleration of resource flows (Ingalls
et al. 2018, Peters et al. 2011). Trade-offs are contentious since the stakeholders
representing different worldviews value the various benefits differently, and decisions
over these tradeoffs will benefit some over others (McDermott 2014).
REDD+ was originally envisioned to play an integral role in development of an
international global cap-and-trade carbon market, which never materialized, creating
serious funding constraints. Instead, funding for REDD+ at national and subnational
levels has come through multilateral and bilateral donors in a form of results-based aid
(Angelsen 2017). As of 2018, however, 350 REDD+ projects had been implemented
globally but most projects have been ‘demonstration activities’ focused on policy
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‘readiness’ and predominantly implemented by NGOs. Just 20 projects worldwide have
progressed to measurable C credits that might legitimately qualify for results-based
payments (Duchelle et al. 2018b). REDD+ initiatives have thus far failed to address the
key drivers of land use change and consequently have had little perceivable influence
on global deforestation. An unanticipated consequence: REDD+ has the potential for
greater than 100% emissions leakage since, in addition to creating displaced demand
for land and products, dubiously estimated reduced C emissions from altered forest
practices in developing countries will be credited as offsets for undisrupted fossil fuel
emissions in developed countries (Atmadja and Verchot 2012, Michaelowa and
Dutschke 2000).

Summing Up

To call it ‘leakage’ seems a polite understatement. When the Global Carbon Budget is
reconciled, its boundary extends to encompass all the Earth and its atmosphere and its
leakage of unaccounted CO2 is of a magnitude better likened to a torrent than a trickle.
Greater than 30% of annual CO2 emissions disappear into the terrestrial biosphere; a
‘missing sink’ accompanied by shallow explanations and deep uncertainty. It is within
the Global Carbon Budget, that our review of various forest C accountings began. It is
the missing sink, a catch-all presumed within the terrestrial biosphere (primarily forests),
into which all poorly accounted C emissions are implicitly assigned. Misunderstandings
are embedded and manifold.
In much of the developing world, conservation accounting during the past century has
been largely based on the assumption that human actions negatively affect the physical
environment. For example, the common Western, urban notion of wilderness as
untouched or untamed land has been the basis upon which policies to protect the
environment have been crafted around the world. This view denies the historical
contributions of indigenous peoples and can be traced to colonial expropriations that
continue today. The attempted separation of natural from artificial is itself both artificial
and impossible. We find that the Western myth of a man/nature dichotomy is a longheld cultural bias that, in the determined embrace of international actors, has
overpowered scholarly challenge and thereby predestined error in global forest C
accounting.
Adding to the inaccuracies of C accounting schemes have been attempts to limit forest
use within the face of growing demand. Yet, it is a fundamental of economics that as
demand remains strong so then will supply be found. As with the mass balance
equation of the Global Carbon Budget, supply and demand must be reconciled. Projects
that reduce access to land, food, fiber, fuel, and timber resources (restrained supply)
without offering alternatives have been shown to result in commensurate carbon
leakage (unaffected demand). When leakage is detected, an accounting system has
failed to give a complete assessment of the true aggregate changes induced by the
activity (IPCC 2000). The proof is in the evidence: forest C accounting schemes have
repeatedly failed the test of prediction. Leakage is the tell-tale sign of incomplete or
misconceived analyses.
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As we have shown, unrealistic baselines and ill-defined boundaries have discounted or
ignored such global forest system fundamentals as:
• the dynamics of environmental disturbances and recoveries,
• the fluxes and pools that make up the fast and slow domains of the C cycle,
• the inherent imbalances of producer and consumer economies,
• the global requirements for delivery of goods, services, and energy, and
• an uninterrupted history of anthropogenic influence.
Carbon conundrums abound and accounting flaws have compromised global ability to
craft, quantify, and evaluate the utility of climate mitigation policies.

Conclusions

After 50 years of research, the uncertainties of LULUCF remain in the range ±50-100%
and source/sink discrepancies approach one third of all C emissions. It is, furthermore,
unclear why the residual land sink appears to absorb considerably more C today than it
did in preindustrial times when forests purportedly covered half again as much of the
global land surface. The outputs of climate models can vary by an order of magnitude
and veracity remains contentious, with none having been validated against empirical
data. We find dynamic human uses of forests resulting in C uptake, release, storage,
substitution and displacement that must be accurately and fully accounted but we are
also reminded of just how challenging the tracking of C in forests and forest products
can be. A variety of human appropriations of forest resources lead to international trade,
illegal harvests, deforestation, and afforestation as well as the manufacture, transport,
use, reuse, and ultimate disposal of wood products. Leakage appears at every turn. For
example, given the paucity of reliable data and the abundance of modelling
uncertainties (especially in developing countries), the ultimate volumes of forest
products traded internationally could be half again as much as are officially reported.
Worldwide domestic informal uses of wood are thought to be roughly equivalent to
industrial roundwood consumption but these estimates are highly speculative as are
conversion efficiencies and consequent C release magnitudes per unit biomass. The
largest driver of LULUCF C release is the conversion of forests (legal and otherwise) to
agricultural lands primarily in developing countries, making tracking and attribution of
resultant embodied emissions problematic.
Efforts to stop illegal logging beg a question that we found unasked. If illegal logging is
indeed as pervasive as described, then, if global governments were to succeed in
stopping illegal logging, where could a compensating volume of legal replacements be
found? Our review of disrupted harvests indicates that such displaced demand
predictably leads to leakage. Indeed, we find that illegal logging in itself presents a
leakage; a displaced demand for under-allocated crop and forest products that, as
global consumption increases, will require remedy beyond prohibition.
It has been a mistake not to regard climate change as a development problem (Banuri,
and Opshoor 2007). We find no credible economic forecast that predicts reduced global
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demand for essential goods and services including energy. In fact, consumer demand is
growing at a faster pace than population (Bais et al. 2015). The overarching objective
should not be to limit economic development. To the contrary, sustainable development
must be both facilitated and de-carbonized. Forests have an important role to play. As
articulated decades ago by theories of the Environmental Kuznet Curve (EKC) and
Forest Transitions (Mather 2007, Mather et al. 1999), increased care of forests has
historically been positively correlated with growth in national per capita income. Only
when the care and management of forests is economically more valuable than
alternative uses will deforestation slow. Not coincidentally, Ince (2010) in agreement
with Smith et al. (2014) reported that the regions of the world with highest levels of
timber harvest and forest product output are also the regions with the lowest rates of
deforestation.
Consider the international terminology of developed vs developing or emerging
economies. What is ‘development’? Development in the modern world has been
described as the transition under which “colonial or dependent states move closer to the
European model of intensive land use and control” (Richards 1990 p.165). In climate
adaptation, such transition has been termed ‘mainstreaming’ or ‘leapfrogging’. A
question for land use and climate planners then becomes, Is the development paradigm
embraced and adjusted through adaptive management in such a way as to minimize
undesirable impacts or… Is the development paradigm rejected out of hand? The notion
of Sustainable Development (also EKC) suggests the former while the notion of
preservation of unused forest landscapes such that development is differed suggests
the latter. From a land management perspective the difference is the ‘how’ verses the
‘whether’. The question appears unresolved and a source of global disagreements
which implies that strategies for mitigation and adaptation remain so as well.
However, inaction due to academic debate and political uncertainty should not be an
acceptable option. Climate change is a man-made problem requiring increasingly urgent
man-made response. In addition to a pressing need for equitable and sustainable
development of global natural resources, fossil fuel combustion for energy is steadily
increasing and the consequent elevating atmospheric content of C and other GHGs
should compel expedient attention. Forests are essential providers of goods and
services, are the largest manageable systems within the global C cycle, and are a
primary source of energy for much of the global population. The world’s forests store
more C than the entire atmosphere. It has been suggested that LULUCF mitigation,
including bioenergy, could contribute 20-60% of total cumulative C abatement by 2030,
and 15-40% to 2100 (Smith et al. 2014). If this is to be the case, adaptive management
must proceed, based upon an acknowledged combination of incomplete information and
reasoned self-interest subject to regular review and amendment. LCA comparisons can
provide insight on many possible ways to increase the efficiency of fossil C
displacement and fast domain C storage per unit of wood grown and used, but
standardized protocols for C measurement are needed. Long-held assumptions, in light
of a preponderance of critical evidence, should be reviewed through a discerning lens
and accompanying institutional arrangements and political legacies should be subject to
evaluative reassessment.
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We submit this paper in complement to such an exercise.

Recommendations – The Low Hanging Fruit

This paper has been about fossil fuels, forests, and climate change. For better or worse,
never before have science and politics been so intimately combined and yet
environmental debates so shrill. We find that lost in a flood of politicized conflicts and
uncertain science has been pragmatism. However, there are some areas of broad
agreement. For example, long-lived wood products can be effective at reducing the C
footprint of building construction and biomass, if sourced from waste streams, can
effectively displace coal combusted for electrical generation. These and other
opportunities have been underrealized. We will call them ‘low hanging fruit’ or
implementable actions to which most everyone can agree and, therefore, should be
pursued expeditiously.

Forests.

o Forests have been and will be best cared for by local peoples with
enduring commitments to specific landscapes. Distant political elites make
poor candidates for stewards. More than three quarters of the world’s
forests (76%) are in ‘public’ ownership and controlled by governments
(FAO 2016a,b). It is within these forests that many of the world’s poor
subsist. illegal logging and deforestation predominantly occur in
developing countries with extensive public forest ownership, low per capita
income, and land tenure claims of indigenous peoples and frontier settlers
that remain unresolved (Wells et al. 2006). In the US, however, 56% of
forest lands are privately owned and it is within these forests that Peterson
et al. (2014), in agreement with Batavia and Nelson (2018), find the
greatest potential for mitigating climate change. The uncertainties
associated with public forest lands discourage long-term investment. For
forestry mitigation projects to become viable on a broad scale, certainty
over future commitments is needed since forestry requires a much longer
planning horizon than other land use investments. In the US and
throughout the World, it is private forests that attract legitimate business
interest, are the most productive, and can best be protected from theft,
deforestation, and degradation (Garforth and Mayers 2005). Forest tenure
disputes in developing nations should therefore be guided toward transfer
of non-reserved public lands to private ownership with resolution of
indigenous claims given priority. Stewardship activities such as
reforestation, forest thinnings, sustainable harvests, avoided deforestation,
fire management, changes in rotation periods, salvage of dead timber,
species shifts to adapt to new climatic conditions, and maximized forest
reductions of atmospheric C can then proceed once secured by private
ownership. On lands remaining in the public domain, greater involvement
of local peoples may help to move management beyond nebulous slogans
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of ‘multiple use’ and ‘public good’ to implementable strategies for climate
change mitigation (Dilling and Failey 2013).
We note in agreement that large scale global programs for afforestation
and reforestation have been proposed as an effective and low cost
strategy for increasing C sequestration (Canadell et al. 2007, Brown et al.
1996). FAO (2010a) estimated that in 2010 there were 850M ha of
degraded forestlands in the world that were in need of rehabilitation. In
addition to obvious environmental benefits, afforestation and reforestation
create lasting opportunities for economic development as evidenced by
the successes of extensive afforestation and reforestation programs in
China (Pan et. al. 2011), New Zealand (Ministry for Primary Industries
2015), and Chile (Cabrera and Grosse 2015).
o Deforestation (notedly different from harvests of forests remaining forests)
is considered responsible for almost 90% of global estimated C emissions
due to land-use change since 1850 (Houghton 1999) yet sustainable
harvest activities have been incorrectly labeled as ‘degradation’ by IPCC
guidance. Misused terminology is not helpful. Indeed, Pearson et al.
(2014) found in a study of tropical forests that emissions from logging
were just 12% of those from deforestation. Jung (2005) estimated that
93% of the total mitigation potential in the tropics corresponds to avoided
deforestation. We repeat because of its fundamental importance: only
when the care and management of forests is economically more valuable
than alternative uses will deforestation slow. Selective harvests of tropical
timber also known as Reduced Impact Logging (RIL) have been shown to
slow deforestation while reducing harvest emissions by up to 30%.
o Biases that have evolved from the man/nature dichotomy and discount the
benefits of the sustainable use of forests and should be openly discussed.
Although certainly not always the case, with due diligence humans can
and have improved their environments. Sustainable development is about
careful use not land use abandonment especially when viewed from the
perspective of the World’s rural poor. For example, as suggested by
Cramer and Van den Daele (1985), it would be unlikely to declare an
unmanaged desert or tundra preferable to an irrigated garden or fertilized
corn field. The same might be said in the comparison of untended and
suppressed US federal forests seen alongside the hardy growth of a forest
plantation; especially in advance of a climate extended fire season.
Therefore management interventions to reduce hazardous fuel loading in
Western USA, Northern Canada or Russia, have been seen as large gains
in the conservation of existing carbon stocks while creating raw materials
for forest products and bioenergy (Sizer et al. 2005). Forest fire prevention
and suppression capacities are rudimentary in many developing countries,
but trial projects indicate that with sufficient commitment, significant
reductions in forest fires can be achieved (ITTO 1999). Fire management,
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as discussed above, has been identified as an important contributor to
climate change mitigation.

Forest products.

o No one argues that it is environmentally preferable to use wood rather
than steel or concrete for building materials. Important as well to the future
of forests and sustainable development will be the provision of wood and
non-wood products that can provide the economic returns that promote
community engagement, support investment in harvest and process
infrastructure, and otherwise underwrite the costs of stewardship. Forest
products derived from sustainably managed forests can also address the
issue of C saturation of forest carbon stocks and the impermanence C
sequestered in forests subject to disturbance. When wood building
products substitute for more energy intensive product alternatives the
avoided releases of C emissions are considerable and permanent.
Additional C is stored in short- and long-lived products and in landfills. To
use land continuously in order to maximize carbon uptake, timber should
be harvested and manufactured according to a product hierarchy that
prioritizes long-lived products. Following harvest, trees must be re-planted.
o Cascading refers to the use of the same unit of a resource in multiple
successional applications thereby improving the efficiency of resource
utilization, reducing virgin material requirement, and decreasing
environmental impacts. The optimized utilization of forest resources to
reduce GHG emissions is being discussed in accordance with the
principle of cascade use, i.e. first used for long-lived products, preferably
in structural components, then recycled and reused successively for solid
wood or paper products, and, finally when no longer suitable for solid
product use, wood waste is used as fuel. Improved landfill management
could also recover the fuel value of products and/or extend the life of C
stored in products. Use and reuse of product materials has been
successfully deployed by paper and paperboard industries with recycle of
original fiber occurring up to 8 times. In 2010, more than half the fiber
used in global paper production came from recovered paper. If the use of
long-lived wood products were to be incentivized or otherwise
encouraged, then greater reductions in polluting product alternatives could
result and the value hierarchy of long- to short-lived products could
maximize fiber allocation to product pools with greatest C storage and
offset potential. Adjustments to building codes and other government
policies could also help promote substitution of forest products for more
energy-intensive construction materials (Murray et al. 2004).
o Viable markets for wood products are important. Rather than leading to
wide-scale loss of forest lands, strong markets for tree products can
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provide incentives for maintaining or increasing forest stocks and land
covers while improving forest health through management (Smith et al.
2014). A combination of diversified markets and secure raw material
supplies will ensure investment in process capabilities that result in gains
in utilization efficiencies and reduced C emissions. For example, Miner
(2010) reported that for the mature forest industry of the US the combined
output of sawnwood, wood-based panels and paper and paperboard
increased by 30% between 1990 and 2005, while industrial roundwood
production remained essentially unchanged. Between 2002 and 2007, the
direct emissions intensity of pulp and paper mills declined by 13%, while
that from wood product facilities fell by 16%. For comparison, sawmills in
Europe and North America operate with greater than 70% efficiency,
while, a typical tropical sawmill may operate at just 50% efficiency. Enters
(2001) found that a 10% increase in the efficiency of tropical timber mills
could reduce global demand for saw logs by 100-200 Mm3 per year. Low
interest loans for improvements to milling facilities, especially in tropical
countries, could increase rates of product recovery from logs while
reducing the energy and C footprints of operations. Transfer of timber
process technologies to developing countries, otherwise known as
leapfrogging, would also enhance employment opportunities and
economic development.

Bioenergy

o While the timing of C displacement from substituting sustainably produced
forest biomass for fossil fuel energy alternatives has been a source of
debate (see carbon debt discussion), the long-term benefits are not.
However, concerns have been voiced by some that bioenergy demand
might spur unnecessary harvests of mature timber. We find such a
scenario to be economically unlikely. For instance, a number of studies
from the SE US have found that increased demand for biomass energy
could not push the price of small diameter roundwood to much more than
half of prices received for sawtimber. More typically low quality wood used
for energy brings less than 25% of sawtimber value (Abt and Abt 2013,
Timber Mart South 2013, Munsell and Fox 2010). Similar price
relationships were found in Canada (Sikkema et al. 2013). Also worthy of
note, however, is that increased demand for woody biomass for energy in
the US (largely spurred by growing EU markets for pellets) coincides with
a steady downturn of the North American pulp and paper sector and
regional oversupplies of pulp-grade round wood and process residuals.
Effective use of forests and forest products to reduce C emissions
requires viable markets for the full spectrum of the value recovery
hierarchy including low grade logs and process residuals. However, be
that as it may, there are a number of biomass feedstock options that are
uncontroversial and offer immediate net C benefits including: harvesting
and processing residues, standing deadwood and small diameter timber
from overstocked stands, afforested plantations on abandoned croplands,
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agricultural residues, and recovered paper and wood from municipal solid
waste. As stated above, a priority for conservative wood use will be to
maximize the manufacture of long-lived solid wood products such as
building materials and furniture. The remainder can be used for energy
augmented by other biomass contributions. An integrated approach to
biomass utilization represents a significant but under exploited mitigation
opportunity. For example, the US Department of Energy (2016) reported
that an integrated strategy in the US for combined use of biomass
feedstocks from wastes and residues would result in resource availability
of more than one billion tons per year or about three times the volume of
biomass currently utilized.
o Whenever possible the combustion of waste streams to provide onsite
factory energy (for example, heat and electricity) will maximize conversion
efficiencies. Although local circumstances may define other energy
priorities, we find the best general application for biomass conversion to
commercial energy, beyond onsite use of milling residuals for process
heat, can be the manufacture of pellets (Lippke et al. 2012b). Unlike other
biomass energy conversion strategies, pellets can be manufactured at
flexible scales of production from small to large that can be readily
adjusted to the volume of local biomass availability. Pellets are a uniform
and versatile fuel that can be gathered globally from multiple suppliers in
order to assemble sufficient resource scale to meet the needs of large
centrally-located electrical generation facilities or, on the other hand,
pellets can be sold in small volumes to local retail consumers and used for
home heating. A particularly effective use of pellets will be for co-firing at
coal generating facilities. Co-firing is considered as the most cost-effective
and easiest implemented use of biomass by electric utilities. Biomass cofiring requires a relatively minor investment to retro-fit fossil fuel
generating systems. However, Katers, Snippen & Puettmann (2012) found
that all pellets are not created equal. When pellet manufacturing does not
have access to low burden waste for process energy, use of fossil fuels in
pellet manufacture can reduce the efficiency of pellets to displace fossil
emission by over 60%. But since coal is, by far, the most polluting fossil
fuel and the largest source of energy-related CO2 emissions globally,
accounting for more than 70% of the total, all pellets used to displace coal
help to lower CO2 emissions. When woody biomass is used to displace
coal, C offsets are maximized as compared to the displacement of cleaner
fossil fuels such as natural gas. Nabuurs et al. (2007) estimated that
global use of forestry residues instead of coal to generate electricity could
avoid CO2e emissions of up to 4.4 Gt/yr (~1.2GtCe/yr) by 2030.

Accounting

o The sustainable growth and use of forests can provide C negative
opportunities to reduce fossil fuel reliance and mitigate climate change.
However, the development of an effective portfolio of forest mitigation
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activities requires an understanding of the magnitude and temporal
dynamics of the C benefits and the associated costs. Narrowly focused
accounting has been shown to mischaracterize raw material-to-product
relationships, overlook downstream cause and effect, and invariably
produce unanticipated, unintended, and counterproductive outcomes
(leakage). An approach of trying to measure each forest piece or stand will
be misleading and discounts the global importance of moving away from
fossil fuels and achieving sustainable development (i.e. implicitly
prioritizes saving trees over responding to climate by reducing C
emissions while providing the goods and services required by a growing
population). For example the fuel mix at a large pellet-fired generating
station will necessarily be sourced from many providers and therefore
represents a composite of various C footprints the full volume of which are
required to run the facility.
o It should also be recognized that when biomass energy products are
gleaned from process residuals that most of the process energy should be
accounted as embodied in the higher value product. It is the combined
fossil fuel offset from integrated product uses that is important. No one
disagrees that when trees are used to produce products that replace
energy intensive alternatives (steel & concrete) C emissions are reduced.
The strategic approach should then be to use as much wood for products
as possible while combining residuals from a variety of biomass sources
to produce low C energy as part of an integrated strategy that transforms
fossil fuel reliance.
o Forestry requires a long planning horizon and occurs across broad
landscapes influenced by global systems of trade. The scope of
accounting should reflect such circumstances. Forestry experiments with
narrowly focused projects such as CDMs and REDD+ have not proven
successful. Issuances of carbon credits for forest set asides to justify
unchanged or increased combustion of fossil fuels are especially suspect
and require critical accounting. The same can be said for establishments
of energy crops that may result in transfer of direct and indirect land use
changes elsewhere. LCA provides a robust platform for net C accounting
but must be extended to include examination of multiple conceivable
attributional as well as consequential considerations from local to global
and from sequestration to substitution. The C implications of cascading
products, recycle, and reuse should be taken into account. Most forest
product LCAs have been limited to temperate forest analysis. In the future
greater LCA attention should be extended to boreal and tropical forests.
o Politicized debate about C accounting has undermined process credibility
and slowed mitigation. International agreement on comprehensive
approaches to accounting protocols are sorely needed. All should agree
that strategies to mitigate the interacting uncertainties of the carbon cycle,
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climate change, and global trade require integrated approaches to
accounting unconstrained by cultural biases such as the man/nature
dichotomy.
o The existing research identifies many ways that forests sequester, store,
displace, and offset C emissions but, as we have shown, absent has been
effective agreement on accounting so that the global carbon budget might
be historically reconciled and consensus mitigation strategies might evolve
with unitintended consequences avoided and education of producers,
consumers and policy makers pursued. Effective implementation requires
a better general understanding with greater support from more informed
and less culturally prejudiced participants. The missing sink is not lost. It
has been misallocated by the man/nature dichotomy with chronic leakage
as an unavoidable result.
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Abbreviations and Acronyms
Afforestation and Reforestation - A/R
Agriculture, Forestry, and Other Land Use – AFOLU
American Forest and Paper Association - AFPA
Anthropogenic Land Cover Change – ALCC
Attributional Life Cycle Assessment – ALCA
Best Management Practices - BMPs
Billion – B
Board Feet - bf
Business As Usual - BAU
Carbon – C
Carbon equivalent - Ce
Carbon Dioxide – CO2
Carbon Dioxide equivalent – CO2e
Certified Emission Reductions - CERs
Clean Development Mechanism - CDM
Combined Heat and Power - CHP
Consequential Life Cycle Assessment – CLCA
Consortium for Research on Renewable Industrial Materials - CORRIM
Cubic Meters – m3
Democratic Republic of the Congo – DRC
Environmental Kuznet Curve – EKC
European Community - EC
European Union – EU
EU Emissions Trading System – EU ETS
EU Forest Law Enforcement, Governance and Trade Program – FLEGT
EU Timber Regulation - EUTR
EU Voluntary Partnership Agreements – VPAs
Food and Agriculture Organization of the United Nations - FAO
Forest Stewardship Council - FSC
Greenhouse Gas – GHG
Gigaton (one billion tons) – Gt
Harvested Wood Products - HWPs
Hectare - ha
Illegal Logging - IL
Indirect Land Use Change - iLUC
Intergovernmental Panel on Climate Change – IPCC
IPCC Fifth Assessment Report – AR5
International Tropical Timber Agreement – ITTA
International Tropical Timber Organization - ITTO
Kyoto Protocol – KP
Land Use Change - LUC
Land Use and Land Cover Change – LULCC
Land Use, Land-Use Change, and Forestry – LULUCF
Life Cycle Assessments – LCA
Life Cycle Inventory - LCI
Methane – CH4
Million – M
Nitrogen – N
No Harvest/No Management – Nh
Non-Governmental Organizations - NGOs
Oriented Strand Board - OSB
Parts per million – ppm
Programme for the Endorsement of Forest Certification – PEFC
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Reduced Impact Logging - RIL
Reducing Emissions from Deforestation and Forest Degradation – REDD
Reducing Emissions from Deforestation and Forest Degradation Plus – REDD+
Resources Planning Act – RPA
Scientific Applications International Corporation - SAIC
Sustainable Forest Management - SFM
Terrestrial Biosphere Model – TBM
Tropical Forestry Action Plan - TFAP
United Nations – UN
United Nations Economic Commission for Europe - UNECE
United Nations Framework Convention on Climate Change - UNFCCC
United States – US
United States Climate Change Science Program – CCSP
United States Department of Agriculture - USDA
United States Fish and Wildlife Service - USFWS
United States National Oceanographic and Atmospheric Administration – NOAA
United States North East - NE
United States Pacific Northwest – PNW
United States South East – SE
World Business Council for Sustainable Development – WBCSD
World Commission on Environment and Development - WCED
Year - yr
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