
Chapter 11
Global Forests Management for Climate
Change Mitigation

Abstract Forests are the dominant terrestrial ecosystem occupying approximately
30% of the Earth total land area. They play an important role in the global carbon
(C) cycle, and the mitigation of CO2 emission due to its large storage of soil organic
C (SOC), a large part of which is stored in soils. Due to their dominance, forests
management has gained much interest in science and policy discussions as one of the
important options to mitigate climate change. Global forests are increasingly affected
by land use change, fragmentation, changing management objectives and degrada-
tion. The area under global forests has declined by 3% from 1990 to 2015, but the
area of planted forest has increased in all regions of the world and now accounts for
nearly 7% of global forest land estimated at 3999 million hectares (Mha). The area of
primary forests which is typically defined as lacking direct human influence, is about
34% of the total forest land, based on country reports, but this area is declining,
especially in South America and Africa because of human-caused fragmentation and
degradation. About 5% of global forests are plantations generally used for com-
mercial purposes. Globally, timber production has remained stable since 1990, but
forest used for non-wood forest products indicates that harvesting is taking place on
a smaller proportion of total forest area. Based on trends in the area of managed
forest and regional studies, historical and current forest management has been a
significant determinant of current carbon stocks in forest. The established forest
currently offset 30% of global emissions of CO2 from fossil fuel combustion, and
there are mitigation opportunities involving forests that could increase the gross
terrestrial C uptake from about 4.0 to 6.2 Pg C annually. Diversifying use of forest
land may have significant consequences for maintaining or increasing the current
rate of terrestrial C sequestration. Indirect human influences such as increasing
atmospheric CO2 and climate change, along with the direct effects of land man-
agement and projected increasing demand for wood biofuel, are likely to become
increasingly important elements that influence land management strategies and the
role of forests in the global C cycle and future climate mitigation.
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11.1 Introduction

Forests, the dominant terrestrial ecosystem on Earth, are distributed across boreal,
temperate, and tropical zones and account for 80% of Earth total biomass
(Kindermann et al. 2008). They also account for 75% of the terrestrial gross pri-
mary production (GPP) (Beer et al. 2010). They are locally and globally important
ecosystems that provide habitat, timber resources, carbon (C) storage, recreational
opportunities, as well as multiple ecosystem services and cultural and spiritual
values (Hicke et al. 2007; McKinley et al. 2011; Miura et al. 2015). Forests harbor
the majority of species on Earth (Jackson et al. 2005) and contain more C in the
biomass and soils than that resides in the atmosphere (Pan et al. 2011; Bellassen and
Luyssaert 2014). In addition to providing valuable services to society, forests also
play an important role in the global C cycle. Compared to other terrestrial
ecosystems, forests store the largest quantities of C per unit land area (Poeplau et al.
2011). As a result, forests represent one of the largest, most cost-effective mitigation
for climate change solutions available currently. The C storage capacity in forests
could be improved through afforestation or decreased by deforestation (Wei et al.
2014). For example, afforestation of croplands results in soil C accumulation at a
rate of 0.38 ± 0.04 Mg ha−1 yr−1, lasting for more than 100 years (Poeplau et al.
2011). Global forests are also increasingly affected by deforestation and land use
change, fragmentation, changing management objectives, degradation, as well as
responding to changes in atmospheric composition especially increasing CO2

concentration, N deposition tropospheric O3, and climate change. The response to
these concurrent factors will determine the sustainability of many traditional ser-
vices provided by forests such as timber production, watershed protection, as well
as future C sequestration.

Forests contribute to soil formation and water regulation, and are estimated to
provide direct employment to as many as 10 million people and source of livelihood
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to millions more (FAO 2010). It is estimated that more that 200 million people from
the world’s poor communities rely directly on forests for energy, shelter, and their
livelihood (Hirsch 2010). Clean water is becoming more recognized as one of the
most important environmental services provided by forests. At least one third of the
world’s largest cities draw a significant proportion of their drinking water from
forested areas (FAO 2013). In 2015, 1002 million hectare (Mha) or 25.1% of world’s
forests were primarily designated for protection of soil and water, also an additional
25.4% is managed for ecosystem services (Miura et al. 2015; FAO 2015). In the
context of resilience to climate change, forests are also recognized to play an
important role in minimizing the risks of natural hazards such as landslides and local
floods, creating resilience as well as adaptation to climate change.

Net primary productivity (NPP), defined as the difference between accumulative
photosynthesis and accumulative autotrophic respiration by green plants per unit of
time and space, is the important parameter for quantifying the exchanges of energy
and mass by vegetation (Running and Coughlan 1988). In general, forest ecosystem
NPP accounts for 35% of global and 65% of terrestrial ecosystem NPP, respectively
(Waring and Schlesinger 1985; Gower et al. 1996). Forest ecosystems contains up
to 80% of all aboveground terrestrial biomass C and approximately 40% of all
belowground terrestrial C (Dixon et al. 1994). Compared to other terrestrial
ecosystems, forests store the largest quantities of C per unit surface area of land
(Poeplau et al. 2011), and therefore, they are the major component of Earth C
cycling. Thus, afforestation increases C storage capacity, while deforestation
decreases terrestrial C storage capacity (Poeplau et al. 2011; Wei et al. 2014).
A slight change in NPP of forests will significantly influence atmospheric CO2

concentration and, consequently, climate change. The annual CO2 exchange
between forests and atmosphere through photosynthesis and respiration is estimated
to be �50 Pg C yr−1 (Beer et al. 2010), and an increase in soil respiration would
increase the CO2 emission from forest ecosystems.

The net C accumulation in forest ecosystem over decadal time frame is more
influenced by disturbances than climate and atmospheric CO2 concentration
(Pregitzer and Euskirchen 2004). Therefore, understanding how disturbances and
stand age interact could provide fundamental knowledge of the terrestrial C cycle.
The C stored in forest ecosystems over the long term will be released rapidly and in
considerable amounts into the atmosphere following disturbances (Page et al.
2002). In forests, time since disturbances (i.e., forest age) and forest structure are
critical factors determining forest ecosystem C storage and fluxes (Song and
Woodcock 2003; Litvak et al. 2003; Kashian et al. 2006; Goulden et al. 2011).
Generally, forest C cycling is influenced by forest age—including biomass of
coarse woody debris (Bond-Lamberty et al. 2002; Li et al. 2012), forest stand water
use (Delzon and Loustau 2005), SOC (Peltoniemi et al. 2004), live biomass
increment and litter decomposition (Bradford et al. 2008), size structure, NPP, and
net ecosystem productivity (NEP)/net biome productivity (Hoshino et al. 2001;
Litvak et al. 2003; Song and Woodcock 2003), and other biophysical properties
(McMillan and Goulden 2008). Younger forests are inherently more productive
than older forests (Ryan et al. 1997) and model predictions also show that
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successional changes influence rates of NEP through time (Thornton et al. 2002).
As a result of the high variation in stand age in large forest areas, efforts to estimate
ecosystem C fluxes must take into account forest age structure (Song and
Woodcock 2003), especially the quantitative analysis of forest NPP changes with
stand age among forest types (Chen et al. 2003) to improve the reliability. In
general, quantitative research on the temporal trends of C balance related to stand
age at regional and/or global scales is rare due to lack of long-term records of
disturbances, and most process-based models ignore the effects of disturbances on
NPP and terrestrial C sequestration (e.g., Dean et al. 2004; Thornley and Cannell
2004), mainly because of the lack of spatial data on NPP and age distributions.
The C cycling and stand age relationships developed on single species have indi-
cated that biomass accumulation peaked within 40–60 years, while a meta-analysis
of published chronosequence data to explore the dependence of forest NPP on age
by age classes for tropical, temperate, and boreal forest biomes suggested that peak
NPP in boreal forest occurred in the 71–120 year age class while older forests
>120 years were generally less productive (Pregitzer and Euskirchen 2004).

Over the past 25 years, an average of 4.6 Mha yr-1 of forests are cleared and
converted for production of commodities including soy, palm oil, beef, and paper,
falling from 7.3 Mha yr−1 in the 1990s (Keenan et al. 2015). In addition, infras-
tructure, urban expansion, mining, and fuel wood also contribute to annual forest
loss. Globally, 129 Mha of natural and planted forest were deforested between 1990
and 2015, representing an annual rate of forest loss of 0.13% (FAO 2015). The net
annual rate of forest loss has slowed from 0.18% in 1990s to a net annual loss of
0.08% over the last 5 years (FAO 2015). Between 2010 and 2015, there was an
annual loss of 7.6 Mha and net gain of 4.3 Mha, resulting in net annual decrease of
3.3 Mha yr−1 occurring in every climatic domain (FAO 2015). However, the largest
area of forest converted to other land uses between 1990 and 2015 was the tropical
forests, and the continents with the greatest forest area loss are Africa and South
America, where forest land is converted to agriculture and other land uses in
response to population increase (FAO 2015).

Forestry plays central role in sustainable development, global climate change,
and mitigation. Decadal land use change emission of CO2, mainly from defor-
estation and forest degradation in tropical regions from 1990 to 2014 are estimated
at 1.2 ± 0.5 Pg C yr−1, equivalent to 16% of C emissions from fossil fuels from
1990 to 2015 (Pan et al. 2011; Le Quéré et al. 2015, 2016), which is offset by
tropical regrowth, boreal, temperate, and intact tropical forests C sink. Decadal
residual terrestrial C sink estimated as anthropogenic emissions from fossil fuel and
land use change minus ocean uptake and atmospheric growth rate for 1990–2015 is
estimated at 2.8 Pg C yr−1 (Pan et al. 2011; Le Quéré et al. 2015, 2016). Decadal
land use change emissions declined from 1.6 ± 0.5 Pg C yr−1 in 1990s to
1.0 ± 0.5 Pg C yr−1 in 2000s, while residual terrestrial C sinks increased from
2.6 ± 0.8 Pg C yr−1 in 1990s to 3.1 ± 0.8 Pg C yr−1 in 2000s (Le Quéré et al.
2015, 2016). Concerns about the role of tropical forests in global climate change
have led to the United Nations (UN) to propose a mechanism to facilitate tropical
countries participation in climate change mitigation through reducing emission
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from deforestation and degradation and the role of conservation (REDD+), sus-
tainable management of forests and enhancement of forest C stocks (UNFCCC
2007). Tropical forest growth amounts for a sink of 1.6 ± 0.8 Pg C yr−1, which
offsets significant portion of emissions (Nabuurs et al. 2007; Pan et al. 2011).
Therefore, by participation in REDD+, tropical countries could turn tropical forests
to a net C sink instead of source. Forests are also affected by climate change, and
their contribution to mitigation strategies may be influenced by stresses resulting
from climate change. Global forests also play significant roles socioeconomically
by providing important goods, services, and financial values to the societies. Other
co-benefits of forests include biodiversity and watershed conservation, provision of
timber and fiber, as well as recreational services. Forest mitigation options include
reducing emissions from deforestation and forest land degradation, enhancing
sequestration rates in existing forests, providing fuel substitute for fossil fuels, and
also providing wood products for more energy-intensive materials.

Plants take up CO2 from the atmosphere and N from soil. When they grow and
redistribute it among different pools including above and below ground biomass,
dead tissues, and soil organic matter (SOM). CO2, CH4 and N2O are in turn
released to the atmosphere through respiration and decomposition of dead plant
biomass and SOM or through combustion. Anthropogenic land use activities such
as forest logging, conversion of forest lands and deforestation and afforestation
cause changes superimposed on natural gaseous exchange fluxes. These activities
can both lead to source and sinks of CO2 in forest. Forest management activities
play key role through mitigation of climate change. However, forests are also
affected by climate change, and their contribution to mitigation strategies may be
influenced by stresses resulting from climate change. Forest mitigation options
include (i) reducing emissions from deforestation and forest degradation, enhancing
sequestration rate in existing and new forests, provisioning of wood fuel as a
substitute for fossil fuel, and providing wood products for more energy intensive
materials. There is an increased attention to reducing emissions from deforestation
as low cost mitigation option and with significant positive side effects.

Several analyses has estimated the terrestrial C sink in the range of 1.1–3.6 Pg C
yr−1 for the 1990s and 2000s on the basis of atmospheric CO2 observations and
inverse modeling as well as land observation (Canadell et al. 2007b; Khatiwala
et al. 2009; Le Quéré et al. 2009, 2015), while the budget residual, after accounting
for atmospheric growth and ocean uptake suggest the land sink ranging from 2.6 to
4.1 (Le Quéré et al. 2015). Most forests of the world are recovering from a past
disturbance, and there is a considerable uncertainty in the future trajectory and
magnitude of terrestrial C sink, as many aggrading forests approach maturity fol-
lowing clear-cut harvesting a century or more ago (Birdsey et al. 2006). With these
re-growing forests advancing beyond early aggrading phase of succession, an
ecologically important transition will occur in which structurally and biologically
simple forests dominated by short-lived early successional trees senesce and allow
more complex stands comprising of longer lived, later successional species
(Birdsey et al. 2006). Naturally regenerated mixed-deciduous forests in many
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regions especially in North America and Eurasia are leading to reemergence of later
successional forests (Luyssaert et al. 2010; Wang et al. 2011). The objectives of this
chapter is to critically assess the roles of global forest management in the global C
cycle and mitigating climate change.

11.2 The Role of Forests in the Global Carbon Cycle

Global C cycling is presented in Fig. 6.1, and an excerpt representing conceptual
global forest C cycling is presented in Fig. 11.1. Forests hold C stocks in living and
dead biomass, where living trees capture and release C through photosynthesis and
respiration, dead biomass decay and release C, and a fraction of this C eventually
ends up in soils. Using energy from the sun and water from the soil, trees and the
understory continuously cycle C through photosynthesis, growth, respiration, death,
and decay. Photosynthesis convert CO2 from the atmosphere into photosynthetic
products [i.e., sugars, water, and oxygen (O2)], which are used directly for cellular
respiration and root exudation, or stored as more complex molecules as an energy
store or for growth of leaves, stem, and roots. Overall, photosynthesis generally
exceeds respiration, making most terrestrial ecosystems net sinks of C in natural
state. When the tree growth is directed towards woody tissues—stems, branches,
and large roots, it is referred to as biomass accumulation. Contrary to old accepted
theory that old unharvested forests are in equilibrium in terms of C sink, new
observations have shown that unharvested old forests are absorbing more C than
they release (Luyssaert et al. 2008), accounting for the half of the terrestrial C sinks
estimated at 3.0 ± 0.8 Pg C yr−1 for 2005–2014 period (Ciais et al. 2013). The C
sink of the mature forests is attributed to large-scale environmental changes such as
higher atmospheric CO2 concentration and N emitted from agriculture and fossil
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fuel burning and deposited hundreds of kilometers away which is increasingly
fertilizing forests in Europe, China and eastern USA (Solberg et al. 2009), causing
violation of the steady-state conditions.

The mass of tree is composed nearly 50% C on dry mass, and natural systems
dominate global C cycle. Terrestrial vegetation alone takes up an estimated 123
Pg C yr−1 and respiring 119 Pg C yr−1 (Ciais et al. 2013), which is about 13 times
more than anthropogenic emissions from fossil fuels and cement production esti-
mated at 9.3 ± 0.5 Pg C yr−1 for 2006–2015 decade (Le Quéré et al. 2015, 2016).
These fluxes are dominated by forests, and the significance of forests to global C
cycle is demonstrated by intra-annual variation of atmospheric CO2 concentration
which is expressed in sawtooth effect showing atmospheric CO2 concentration that
corresponds to the growing season in the northern hemisphere where most of land
and forests exist (Fig. 6.2; Keeling 1960). For example, during northern hemisphere
summers, photosynthesis exceeds respiration globally, and atmospheric CO2

declines, whereas during northern hemisphere winters, respiration exceeds photo-
synthesis and atmospheric CO2 concentration increases (Fig. 6.2). Forests contain
77% of all terrestrial aboveground C (Houghton 2007).

Because of forests, atmospheric CO2 concentrations are not rising as rapidly as
they would be predicted by adding anthropogenic CO2 emissions to current levels in
the atmosphere. Oceans are also absorbing additional 2.6 ± 0.5 Pg C yr−1 during
2006–2015 decade or 2.4 ± 0.5 Pg C since 1990 (Le Quéré et al. 2015, 2016). This
phenomenon has been called a “loan from nature” and also a “buffer to climate
change” (Philips and Lewis 2014). Tropical forests are the largest, most dense, and
most diverse on Earth, but the high levels of deforestation within the tropics account
for nearly all net forest loss andGHG emissions from forest land use across the planet.
It is estimated that every year 72 Pg C cycle through tropical forests and savannahs,
representing 59% of terrestrial GPP, the total influx of C from the atmosphere to
plants per unit time (Beer et al. 2010). In addition to capturing C, forests also have
vital interactions with climate, hydrological cycle, and nutrient cycle.

11.3 Estimation of Global Forest Area Trends
and Its Carbon Pools

Climate change is predicted to create substantial shift in tree species distribution
and forest structure (Gustafson et al. 2010) and these shifts require monitoring to
understand how global forest resources are changing is important since global
forests drive policy and resource flows at global, regional, and national levels.
Assessing global forest resources and patterns of forest productivity is important for
both scientific and practical purposes. For example, forest losses due to long-term
land use change, especially land clearing in the tropics are important part of GHG
emissions (Settele et al. 2014). Forest resources data are generally used for various
purposes including estimation of global emission from land use and land use
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change, as well as climate change modeling (Petrescu et al. 2012; Smith et al.
2014). Such an assessment is necessary for the global C cycle studies as well as
producing useful information required for planning and sustainable management of
forest resources both on local and on regional scale (Corona and Marchetti 2007).
The necessity of monitoring and quantifying the amount of C accumulated within
forests has increased in view of mitigation of climate change efforts such as REDD
+ mechanisms. However, Estimates of GHG emissions from deforestation require
information on both the area of forest loss and the corresponding C stock of the land
that is cleared (Houghton 2005; Gibbs et al. 2007), which has remained a challenge
to accurately quantify, especially tropical deforestation and associated C losses
(Ramankutty et al. 2007). Knowledge of the structure, distribution and biomass of
the global forests is advancing rapidly due to improved global observation systems
and analysis techniques (Saatchi et al. 2011; Asner et al. 2012). Satellite systems,
airborne observation systems, improved land-based inventory systems and
ecosystem models are providing high resolution maps (Running et al. 2009; Shugart
et al. 2010; Masek et al. 2015). Estimates of global area under forest and global
forest C pools are generally obtained from different sources of information
including: (i) field inventories, (ii) country reports, (iii) book keeping models,
(iv) remote sensing, and (v) modeling.

11.3.1 Field Inventories

Field inventories are based on field sampling, and this approach has been used for
more than a century, mainly for assessing timber supply and monitoring forest
changes. It can be a foundation of forest C monitoring as an initial assessment of C
stocks under forest from which changes can be estimated either using remote
sensing or modeling and also as a direct estimate of stock change from repeated
inventories. One of the main aspects of forest C pool—forest biomass has tradi-
tionally been measured and monitored with field inventory method which was
developed for timber supply assessment (Birdsey and Heath 2001). Inventories are
particularly suitable for monitoring vital elements of forest dynamics such as
growth, harvest, and mortality, and also for estimating biomass, and when com-
bined with remote sensing it can provide a quantifiable error estimate about forest
inventory.

Forest inventory involves systematic or random selection of sampling locations
in large areas—as large as countries, field measurements of tree parameters such as
species, diameter, and height and the development of allometric equations esti-
mating forest variables of interest that is difficult to directly measure—such as
timber volume or biomass (Pearson et al. 2007; Birdsey et al. 2013). The inventory
sampling approach provides unbiased estimates with known sampling uncertainty,
even though uncertainty attributed to use of allometric equations or models is
infrequently estimated (Phillips et al. 2000). Monte Carlo estimation methods can
be used for estimating overall national uncertainty (Heath et al. 2011). Most of
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global forest statistics on forest biomass and other forest attributes reported by FAO
are based on forest inventories obtained at national level (FAO 2010, 2015). Global
estimate of forest area and biomass for the last two decades based primarily on
ground data are based on comprehensive statistics obtained from the inventory
approach (Pan et al. 2011). National inventories are often targeted to assess the
population of live and dead trees in forest, while other ecosystem C pools can be
estimated directly using supplemental measurements added to the inventory or
modeled using exogenous data (Woodall et al. 2012).

Typically, biomass equations are developed for population of trees by harvesting
and weighing a small sample of trees across a range of diameter and height classes
and then estimating parameters of equation relating biomass to measured variables
using regression techniques (Birdsey et al. 2013). Individual tree estimates can be
expanded to tree population if the probability of sampling each tree and area to
which sample apply is known. Also a variation of this approach has been used
(FAO 2014).

Limitation of this approach include: (1) Scarcity of representative biomass or
volume equations, since only few equations are available that represent the popu-
lation of trees that may be different from the population of interest (Zianis et al.
2005). This is particularly true for tropical regions where such work is generally
lacking (Brown 1997). Regression equations using three independent variables—
tree diameter, tree height, and wood specific gravity can be used to reduce biases in
such cases where equations are lacking (Chave et al. 2005). (2) Estimating the
change in biomass of live trees requires successive measurements of sample plots at
an interval of several years to estimate average rate of change in tree diameter and
height. Inventory estimates from USA suggests that the largest C pools is in the live
biomass and soils and contributes the most to overall estimates of forest C stocks
and stock changes (Heath and Smith 2000), and overall uncertainty of estimated
changes in forest C stocks for USA is *21% (EPA 2015).

11.3.2 Country Reports

Country reports, often based on national forest inventories have generally been used
for compilation of regional and global forest statistics. Food and Agriculture
Organization of the United Nations (FAO) in their forest resources assessment
reports and also Intergovernmental Panel on Climate Change (IPCC) have relied on
country reports (FAO 2010, 2015; Ciais et al. 2013). Centralizing forest statistical
information through country participation makes available the national statistics
which have been used in number of scientific applications (Houghton 2005;
Kindermann et al. 2008). Limitation of FAO forest resource assessment include
lack of internal consistence due to different definition of forest among countries and
also time intervals (Grainger 2008). Country reports sometimes provide incomplete
data, especially from developing countries where resources are limited. FAO
compiles two types of datasets—Forest Resources Assessment at 5-year interval
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which provides details about forest alone, while FAOSTAT datasets are more
robust, and including estimates of emissions from different land uses as well as
areas under croplands, pastures forests and other lands which is also useful for
estimating land use and land use changes (FAOSTAT 2016).

11.3.3 Bookkeeping Model

The book keeping model uses data on rate of land use change and per hectare
change in C storage that result from changes in land use and land management
(Houghton 2003, 2005). Land use change includes clearing of land for cultivation
and pasture, the abandonment of agriculture land, the harvest of wood, reforesta-
tion, afforestation, shifting cultivation, and wild fires. The book keeping model
tracks C in living vegetation, dead plant material, wood products removal, and soils
for each unit land area harvested or reforested. Rates of land use change are gen-
erally obtained from agriculture and forest statistics, historical accounts and country
reports (Houghton 2003). This approach comprises of compiling information about
changes in forest area from nationally aggregated land use statistics, satellite data on
land cover and satellite data on wild fires and vegetation response curves to define
per hectare changes in C density as a result of land management (Houghton et al.
2012). The bookkeeping model sums the observed changes in management. The
global bookkeeping estimates are good approximation of area and C changes
resulting directly from human activities.

11.3.4 Remote Sensing

Aerial photographs have been used for nearly a century in forest inventories to
estimate the proportion of land under forest in a given sampling area and as a first
phase sample in a double sampling strategy. However, in recent decades, the
Landsat satellites have provided a time series of remotely sensed digital images that
are widely used for establishing historical baselines and also for monitoring current
deforestation, forest degradation and natural disturbances (Tran et al. 2016; Cohen
and Goward 2004; Chen et al. 2016). Landsat imagery does not directly estimate
biomass, however, but spectral attributes are related to biomass and can be used
together with field data and models to provide spatially explicit biomass and other
vegetation attributes over large areas (Cohen et al. 1996; Masek et al. 2015). When
associated with field observations or models, Landsat satellites can also be used for
estimating changes in biomass and C stocks. The series of remote sensed digital
images span the last 30 year period and currently widely used for monitoring
biomass and C stocks. Landsat data are suitable for classifying vegetation and
assessing other attributes of forest such as percent forest cover, leaf area index, and
disturbances (Cohen and Goward 2004; Tran et al. 2016; Chen et al. 2016). The
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Moderate Resolution Imaging Spectroradiometer (MODIS) satellite also provides
useful information about forest biomass, productivity and disturbances over large
regions at a course spatial resolution (Running et al. 2004; Wang and D’Sa 2010;
Rossi et al. 2013).

Three-dimensional remote sensing allows researchers to estimate forest canopy
height, map the global forests, as well as estimating forest biomass and C stocks
(Lefsky 2010; Ni et al. 2015). Many other ecological parameters such as forest
succession and vegetation interactions are also assessed by three dimensional
remote sensing. New tools are also providing decision support for forest manage-
ment and ecological restoration. Remote sensing approaches are typically used to
assess land cover and land cover change. They are not suitable for detecting land
use or land use change, since it is usually difficult to separate human and natural
causes of observed changes using remote sensing images without combining
images with other information such as field inventory. It is also difficult to deter-
mine whether observed changes in land cover are permanent or temporary without
an associated change in land use such as forest clear-cutting harvest. In general,
remote sensing is combined with field sampling in national forest inventories to be
more effective in identifying causes of change and improve overall monitoring
efficiency.

11.3.5 Models

Varieties of ecosystem models have been used to quantify biomass and forest C
dynamics through integration as well as synthesis of data covering different spatial
and temporal scales ranging from detailed plot level measurement to national
remote sensing products (Kurz et al. 2009; Wulder et al. 2008). Models also enable
understanding of mechanisms controlling C exchanges between land and atmo-
sphere, identify gaps in information, and guide future research to fill these gaps
(Huntzinger et al. 2012). Models are also effective tools for predicting the future
and comparing different scenarios to examine effects of different activities such as
management or disturbance that have not been observed (Kurz et al. 2009).
Available models can be grouped into process-based and empirical models.
Process-based models uses information collected from intensive monitoring site
such as leaf area index, soil conditions and climate variability to simulate C
dynamics driven by photosynthesis processes (Running and Coughlan 1988).
Bottom-up studies using dynamic global vegetation models (DGVMs) can mech-
anistically represent many of the key land processes and investigate how changes in
the structure and function of the land ecosystems affect biogeochemical cycles and
provide comprehensive analysis of surface C and mechanisms behind regional
trends in C cycles (Sitch et al. 2015). Empirical models uses information derived
from inventories and management plans such as wood volume yield data (Kurz
et al. 2009; Masera et al. 2003).
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11.4 Forest Area, Status and Trends

Global forests are increasingly affected by land use change, land fragmentation,
changing forest management objectives, and degradation. Despite these factors,
since 1990 the biomass in forest has consistently increased in global forests, sug-
gesting that global drivers of elevated CO2 may be enhancing biomass gains (Pan
et al. 2013). In addition, all forests are responding to changes in atmospheric
composition, especially increased NOx and N deposition, increasing CO2 concen-
tration, and climate change. Sustainability of the future forests and the associated
services provided by forests such as timber production, watershed protection,
biodiversity, and the role of forests in removing anthropogenic CO2 emissions
depend on response of the global forests to these concurrent factors. Currently, the
global C sink in established forest is estimated at 28% of anthropogenic CO2

emissions (Pan et al. 2011; Le Quéré et al. 2015, 2016), and if this sink is reduced,
the global efforts to mitigate climate change will require even further emissions
reductions than currently projected (IPCC 2014). According to FAO, forest is
defined as land with tree crown cover or stocking level of more than 10% and an
area of more than 0.5 hectare (ha), with trees able to reach a minimum of 5 m at
maturity in situ (FAO 2015). It may consist of closed forest formations with various
open continuous forest vegetation cover in which tree crown exceeds 10% or
various storeys and undergrowth cover with high proportion of ground. Young
natural stands and plantations established for forest purposes which have not yet
reached a crown density of 10% or tree height of 5 m as a result of human inter-
vention causes such as clear-cutting are included under forest because these areas
are expected to revert to forest. However, land that is predominantly agricultural or
urban is not included, even if such land has some tree cover which meets the forest
definition. The global land under tree cover can be classified into primary forest,
protected forest, unmanaged natural forest, managed forest, plantation forest, and
other wooded land (Table 11.1; FAO 2010, 2015). Although not technically con-
sidered as forest based on standard forest definition, trees outside forests are
valuable source of many products and services found in forest.

Based on FAO estimate, the global forests currently covers about 3999 Mha of
Earth’s land surface equivalent to 31% of global land area in year 2015, distributed
among all six continents (Table 11.2; FAO 2015). Tropical, sub-tropical, temperate,
and boreal forests account for 44.3, 8.0, 17.1, and 30.6% of the area, respectively,
(Table 11.3; Keenan et al. 2015). The bulk of global forest is natural (comprising
the sum of primary forest and other naturally regenerated forest), amounting to 93%
or 3700 Mha in 2015 (Table 11.4; FAO 2015). A further 1204 Mha are covered by
other wooded land which does not fully meet the criteria for forest land distributed
among tropical (43%), sub-tropical (33%), temperate (14%), and boreal (10%)
regions (Table 11.3; Keenan et al. 2015). Europe (including the Russian
Federation) has the largest forest area than any other region (25%), followed by
South America (21%) and North and Central America. Three quarters of all forest is
in high-income and upper middle-income countries, with about 25% of the total

406 11 Global Forests Management for Climate Change Mitigation



Table 11.1 Forest land classifications

Class Definition

Primary forest Naturally regenerated forest of native species with no clearly visible
indication of human activities and ecological processes are not
significantly disturbed

Protected forest Forest area within formally established protected areas regardless of the
purpose for which the protected areas were established

Unmanaged natural
forest

Forest land which is not under protected status and does not have a
documented management plan. Some areas may be actively managed or
may be direct human impacts such as forest harvesting

Managed natural
forest

Forest area that has long-term documented management plans, aiming at
defined management goals, which are revisited periodically. It excludes
forest plantations and managed forests without documented plans

Plantation forest Forests which are predominantly composed of trees established through
planting and/or seeding. Plantation forests may be used for timber
production or other purposes such as erosion control

Land outside forest with trees

Other wooded land Land not classified as forest, which can span form more than 0.5 ha with
trees higher than 5 m and canopy cover of 5–10%, or trees able to reach
these thresholds in situ, or with combined cover of shrubs, bushes, and
trees above 10%. It does not include land under agricultural or urban land
use

Agroforest It is a collective name for land use systems and techniques where woody
perennials—trees, shrubs, palms, bamboos, etc. are deliberately used in
the same land management units as agricultural crops and/or animals in
some form of spatial arrangement or temporal sequence (Lundgren and
Rainee 1982)

Source FAO (2015)

Table 11.2 The trend in forest area from 1990 to 2015 by continents and sub-regions in each
continent

Continent Land area million hectare (Mha) 1990–2015
change (%)1990 2000 2005 2010 2015

Africa 705.7 670.4 654.7 638.3 624.1 −11.6

Asia 568.1 565.9 580.9 589.4 593.4 4.4

Europe 994.3 1000.3 1004.1 1013.6 1015.5 2.1

North and Central America 752.5 748.6 748.0 750.3 750.7 −0.2

South America 930.8 890.8 868.6 852.1 842.0 −9.5

Oceania 176.8 177.6 176.5 172.0 173.5 −1.9

Total/world 4128.3 4053.6 4032.7 4015.7 3999.1 −3.1

Data source FAO (2015), Keenan et al. (2015)
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forests in countries with economies classified as lower or middle income. Various
natural and anthropogenic induced disturbances exert profound impacts on global
forests. About 60% of the world’s forest land area is recovering from the past
disturbance and nearly 3% of the forest land is disturbed annually by logging, fire,
pests, or weather related catastrophes such as drought. The FAO estimates of forest
land area established from forest inventories and country reports differ from similar
estimates based on remote sensing. For example, spatially explicit estimates of
forest area based on remote sensed land cover indicated that FAO estimates based
on land use are 94% of land cover based estimates (Erb et al. 2007). FAO has also
used a satellite-based land cover approach to complement the inventory approach,
and these independent results show slightly smaller global forest area that is 96% of
the inventory approach (D’Annunzio et al. 2014). These differences are attributed to
inherent contrasts in land use versus land cover indicators. Estimates based on tree
cover may include land with trees that does not meet the inventory definition of
forest because the observed tree cover may be below the percentage threshold used
for classifying forest from inventory perspective or sometimes another land use that
has significant tree cover such as commonly observed on urban or developed land.
Land use indicators used in inventory estimates usually include land that are
temporarily without trees such as recently harvested but not regenerated as forest
land, whereas these areas can be classified as non-forest land type based
satellite-based or remote sensed land cover because they lack observable tree cover.

Overall, the global forest area decreased by 3.1% between 1990 and 2015
(Table 11.2). Agriculture expansion has been the most important cause of recent
forest loss, accounting for 80% of deforestation worldwide, and primarily during
1980s and 1990s through conversion of tropical forests (Gibbs et al. 2007;
Houghton 2007). Climate change induced by anthropogenic GHG emissions is also
becoming an important factor shaping forests globally (Walther 2010). Climate
change triggers changes in disturbance regimes such as increased frequency and
intensity of wild fires, windstorms, and insect outbreaks (Dale et al. 2001). In
addition, altered rainfall patters and increased global temperature causes drought
and heat stress around the world, resulting into increased tree mortality and
sometimes forest die-off as well as decreased forest productivity as a result of
interaction of multiple factors associated with the global climate change (Allen et al.
2010; Kurz et al. 2008; Phillips et al. 2009).

Although the total global area of forest land has declined, the category of planted
forest has been increasing (Table 11.4). The area of protected forest has also
increased, and management intensity of forest has increased significantly with
substantial gains in the area under planted forests and forests with management plan
(Keenan et al. 2015; FAO 2015). Consequently, the trends in unmanaged natural
forest have been sharply declining (Table 11.4). Therefore, human-induced defor-
estation from 1990 to 2015 was partly offset by increases in forest area that has both
natural regrowth after abandonment and human causes such as plantation forests.
The net change in forest area is a result of net effect of forest clearance and
conversion to other land uses (deforestation) and afforestation (where forest is
planted or regenerates naturally on previously cleared land) and reforestation
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(where trees are planted or regenerates naturally on lands classified as forest). The
rate of net forest loss has halved over the 25-year period, falling from 7.3 Mha yr−1

in the 1990s to 3.3 Mha yr−1 between 2010 and 2015 (Table 11.2), although this
reduction is not equivalent to the reduced rates of human-induced deforestation.
Deforestation or forest conversion is more complicated than just forest area
decrease, because globally, forest gain and losses occur continuously and new
forests of different type and environmental benefits are generally created, which are
much harder to monitor (FAO 2015). Natural forest change is a better indicator of
natural habitat and biodiversity dynamics. The primary forest is defined as: “nat-
urally regenerated forest of native species where there are no clearly visible indi-
cations of human activities and the ecological processes are not significantly
disturbed” (Morales-Hidalgo et al. 2015). Their key characteristics include:
showing natural forest dynamics, such as natural tree species composition, occur-
rence of dead wood, natural age structure, and natural regeneration processes; the
area is large enough to maintain its natural characteristics; there has been no known
significant human intervention or the last significant human intervention was long
ago enough to have allowed the natural species composition and processes to have
become re-established. Global primary forest area accounted for 35% in 2015 (FAO
2015). The global primary forest area declined by 6% between 1990 and 2015
(Table 11.4; Keenan et al. 2015), due to forest clearance followed by conversion to
other land use (i.e., deforestation) in some areas, forest fire, or drought that has led
to total deforestation. Fire is the most significant cause of forest loss in boreal
forests (Potapov et al. 2008), while deforestation is the dominant cause of forests
loss in the tropical ecozone (Hansen et al. 2013). The tropical dry forests of South
America have the highest rate of tropical forest loss due to deforestation. The
largest loss (11%) occurred in the tropics, while temperate regions gained natural
forest, mainly from regeneration in Europe and Asia (Table 11.4; FAO 2015;
Keenan et al. 2015). Primary forests are generally reclassified as other naturally
regenerated forests after the disturbance. Overall, disturbances varying in type,

Table 11.3 Trends in forest
and other wooded land in
different climatic domains
between 1990 and 2015 (FAO
2015)

Climatic
domain

Forest land area in million hectare (Mha)

1990 2000 2005 2010 2015

Forest area

Boreal/polar 1219.3 1219.8 1218.9 1224.9 1224.5

Temperate 618.0 640.9 659.2 673.4 684.5

Tropical 325.4 324.8 323.9 319.6 320.1

Sub-tropical 1965.5 1870.1 1830.8 1797.8 1770.2

Total/world 4128.3 4055.6 4032.7 4015.7 3999.1

Other wooded land area

Boreal/polar 121.2 117.7 119.6 122.0 121.2

Temperate 157.6 154.5 159.6 163.7 167.3

Tropical 150.1 149.1 151.4 150.6 399.1

Sub-tropical 549.0 533.1 523.1 537.8 516.9

Total/world 978.5 954.4 953.7 974.2 1204.5
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scale, intensity, and frequency create complex mosaic of forest distribution globally
and high landscape scale diversity, while also setting the initial conditions for
dynamics and structural development (Swanson et al. 2011).

Natural forest generally describes forest vegetation that evolved naturally in an
area, while plantation forest includes intensively managed forest plantations pur-
posely established, commonly composed of single tree species, established to give
priority to wood production. Conversion of natural forest area into an intensively
managed forest plantation of exotic tree species may increase timber production
potential but will generally reduce its biodiversity and ecosystem services. Some
plantation forests are also established for land conservation, coastal stabilization,
biodiversity conservation or other purposes. Loss of natural forest in some parts are
offset by afforestation and plantation forest elsewhere. Protective forest area
remained fairly constant over the 25-year period with a mean of 35.9% of the total
forest area. The main categories for the protective forest area in 2015 were clean
water (3.5%), coastal stabilization (0.83%), desertification control (3.6%), ava-
lanche control (3.1%), public recreation (4.5%), C storage (1.3%), cultural services
(1.9%), and other services (2.0%) (Miura et al. 2015). The land area with trees
outside forest has increased as the developed land and urban area have increased
(Table 11.3; Guo et al. 2014). Also, some of formerly dry woodlands not satisfying
the definition of forest have greened (Brandt et al. 2015; Piao et al. 2015).

In addition to both natural causes such as drought, natural fires, storms, and
diseases and pests and also anthropogenic activities such as clearance for agricul-
ture, changes in land use and land cover from forest to non-forest are also asso-
ciated with over-exploitive timber harvesting, the expansion of settlements, and
infrastructure development. Change of forest to other land uses are linked to a
complex and multifaceted set of underlying driving forces including population
growth, poverty, government policies, technological development, rural to urban
migration, changes in cultural attitudes towards forests lack of stronger incentives
for conservation.

11.5 Global Forest Biomass Accumulation
and Productivity Trends

Plants fix CO2 as organic compounds through photosynthesis, a C flux also known
at the ecosystem level as gross primary production (GPP). The terrestrial GPP is the
largest global C flux of the global C cycle in the terrestrial ecosystem, and it drives
several ecosystem functions such as respiration and growth, while impacting all of
the global C cycle (Beer et al. 2010). It also forms the basis for both human and
animal food, and also fiber and wood production. In addition, GPP together with
respiration is one of the major processes controlling land-atmosphere CO2

exchange, and accurate quantification of GPP provides a sound scientific founda-
tions for predicting future changes in atmospheric CO2 through understanding C
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sources and sinks, while also defining the management options for the global C
cycling (Yu et al. 2014). The global GPP is estimated at 122 Pg C yr−1, and 49% of
this occurs in forest (Beer et al. 2010), while other lands, including croplands,
grasslands, and savannahs also have significant rates of GPP (Table 11.5). The
global NPP is estimated to be approximately half of GPP (Table 11.5), but C use
efficiency (CUE, i.e., the ratio of NPP to GPP) describes the capacity of forests to
transfer C from the atmosphere to the tree biomass, and it varies among biomes
(DeLucia et al. 2007).

On an annual basis, the tropics have the highest biomass accumulation, followed
by temperate and the boreal (Table 11.5). Boreal forests have very high NPP in
their growing season but the growing season is very short in boreal regions. Boreal
forests occupy large areas of northern hemisphere, mainly found in Canada, Russia,
Alaska and Scandinavian region. Biodiversity is generally low in boreal forests. It is
estimated that boreal forests contain about 60–100 Mg C ha−1, of which, about
80% is in the aboveground biomass (Luyssaert et al. 2007; Malhi et al. 1999).
Decomposition of OM is generally slow due to low temperatures, and therefore,
large accumulation of C exists in soil pool, estimated at 116–343 Mg C ha−1 (Malhi
et al. 1999; Amundson 2001). Temperate forests are found in climate with distinct
seasons—a well-defined winter and regular precipitation. The overall C store has
been estimated to be between 150 and 320 Mg C ha−1, of which, plant biomass in
the form of large woody aboveground and deep coarse root system accounts for
about 60% and the soil C is about 40% (Amundson 2001). The warm and wet
tropical moist forests result in rapid plant growth and most of its C is found in the
vegetation with biomass estimates of 150–250 Mg C ha−1 (Amundson 2001; Chave
et al. 2008; Lewis et al. 2009b). On average, the tropical forests are estimated to
store 160 Mg C ha−1 in the aboveground biomass, and about 40 Mg ha−1

Table 11.4 Natural forest area trends from 1990 to 2015 by climatic regions estimated based on
total forest area and planted forest

Climatic domain Forest land area in million hectare (Mha) 1990–2015 change (%)

1990 2000 2005 2010 2015

Natural forest

Boreal/polar 1189.2 1179.0 1171.8 1170.5 1166.7 −1.9

Temperate 529.1 531.9 534.8 538.8 545.8 3.1

Tropical 307.1 303.7 301.3 295.5 295.2 −3.9

Sub-tropical 1935.2 1831.4 1785.7 1745.2 1713.3 −11.5

Total/world 3960.7 3846.0 3793.6 3750.0 3721.2 −6.0

Planted forest

Boreal/polar 30.1 40.8 47.1 54.4 57.7 91.6

Temperate 88.9 109.0 124.4 134.6 138.7 56.1

Tropical 18.3 21.0 22.6 24.1 24.7 35.1

Sub-tropical 30.3 38.8 45.1 52.5 56.8 87.5

Total/world 167.6 209.6 239.2 265.7 278.0 65.9

Data from FAO (2015)
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belowground in roots. Soil C stocks are estimated at about 90 Mg C ha−1 and
somewhat lower than biomass stock (Amundson 2001). Currently tropical forests
are considered to be a C sinks with recent research indicating an annual global
uptake of about 1.3 Pg C yr−1, Central and South America is estimated to takes
about 0.6 Pg C yr−1, African forests about 0.4 Pg C yr−1, and Asian forests about
0.25 Pg C yr−1 (Lewis et al. 2009a). Tropical forests account for two-thirds of all
terrestrial biomass, while temperate and boreal forests are each equivalent to*20%
of tropical biomass. Globally, forests account for 92% of all biomass, and therefore,
the distribution of forests is equivalent to the global distribution of biomass
(Prentice et al. 2011).

Ice core records reveal that glacial periods were associated with lower atmo-
spheric CO2 concentrations (Siegenthaler et al. 2005; Luethi et al. 2008; Higgins
et al. 2015). Although low CO2 concentrations are not the cause of glaciations, the
concentrations of 170–200 ppm were repeatedly reached during the glacial max-
ima. The last glacial maximum (LGM) from 26,500 to 19,000 years ago (Clark
et al. 2009) is the cold glacial period with the most comprehensive paleodata. The
atmospheric CO2 concentration was also *75 ppm lower than Holocene period.
Studies from paleoecology and modeling suggest that the global C storage in
vegetation and soils was smaller, with GPP and NPP estimated at approximately
86.3 and 41.0 Pg C yr−1, respectively, and the global terrestrial aboveground
biomass C of *340 Pg C (Adams et al. 1990; Prentice et al. 2011). After the LGM,
however, the global C storage almost doubled and peaked at *770 Pg C during the
pre-agricultural disturbance era *10,000 years ago (Adams et al. 1990; Prentice
et al. 2011). Based on global forest aggregation field observations, current
aboveground forest biomass estimates are 470 Pg C (Table 11.7) and the global C
of the forest living biomass is estimated at *270 Pg C (Kohl et al. 2015), sug-
gesting large potential for C sequestration in global biomass. Human utilization of
biomass products is mostly responsible for the actual and potential biomass glob-
ally. It is estimated that currently humans are removing *16.3 Pg C yr−1,

Table 11.5 Current global forest productivity and estimates of biomass productivity (Pan et al.
2013; Prentice et al. 2011)

Biome GPP
(Pg C yr−1)

NPP
(Pg C yr−1)

Current
biomass
(Pg C)

Potential
biomass
(Pg C)

Existing C relative
to potential (%)

Tropical forest 40.8 21.9 262.1 352.0 74

Temperate forest 9.9 8.1 46.6 161.0 29

Boreal forest 8.3 2.6 53.9 180.0 30

Subtotal major
forest biomes

59 32.6 362.6 690.0 53

Other lands
except cropland

47 25.9 10.8 79.0 14

Cropland 14.8 4.1 10.8 – –

Total 121.6 62.6 393.4 772.0 51
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approximately a quarter of the global NPP (Haberl et al. 2007) in the form of
biomass products such as food, fiber, wood products and bioenergy. In addition,
forest degradation which lowers biomass density has played significant role in
reducing the capacity of forests to provide the needed goods and services globally.
Human-caused reduction in forest biomass C varies across the biomes. For
example, in the tropical zones forest biomass is 74%, while in boreal zones where
forests occur naturally, the current biomass is only 30% of what the potential would
be without human use of the land for food production, fiber, and other non-forest
land uses (Table 11.5). Even as many countries in temperate zone are experiencing
transitions from net deforestation to net reforestation in terms of land area, the land
area under forest and also biomass C density still remain lower than that during the
pre-agricultural state (Table 11.5).

Based on pre-agricultural biomass content in the global biomass, it is estimated
that global forests currently contain about half of the biomass that would be present
without human use of land for food, fiber, and other non-forest uses (Table 11.5;
Prentice et al. 2011; Pan et al. 2013). However, how much of the potential increase
in C stocks could be realized as the part of mitigation programs to offset the CO2

increase will mostly depend on societal economic and social constraints.
Increasingly, C stock are not the only management goal of forests or other lands.
Nabuurs et al. (2007) conducted a comprehensive analysis and estimated that the
global forests activities have mitigation potential to sequester an additional 3.8 Pg C
yr−1 from afforestation, reduced deforestation, and improved forest management at
a cost of $50 to 100 per ton of CO2. About 1.6 Pg C yr−1 of the estimated 3.8 Pg C
yr−1 could be achieved from reduced deforestation (Nabuurs et al. 2007). This will
increase the gross C uptake by forests estimates from 4.0 Pg yr−1 (Pan et al. 2011)
to about 6.2 Pg C yr−1, a potentially maximum C sequestration by global forest
ecosystems that can be expected.

The live biomass C store of the global forest was estimated by FAO in 2015 to
be 296 Pg C in both above- and below-ground biomass, about half of total C stored
in forests. The global average C density is estimated at 74 Mg ha-1, with the highest
densities in South America and Western and Central Africa storing 120 Mg C ha-1

in living biomass (FAO 2015). Pan et al. (2011, 2013) reported live biomass C
stock densities for the tropical forests of 134 Mg C ha-1, with an estimated tropical
live biomass C of 248 Pg C (Table 11.6). In contrast, Saatchi et al. (2011) reported

Table 11.6 Forest C pool and C density by forest biome (Pan et al. 2011, 2013)

Biome Live biomass C
(Pg C)

Soil organic C
(Pg C)

Carbon density (Mg C ha−1)

Live biomass Soil organic C

Boreal 53.9 217.6 47.5 191.7

Temperate 46.6 72.0 60.7 94.0

Tropical 228.2 165.1 163.9 118.6

Tropical regrowth 33.9 43.8 60.8 78.6

Global 362.6 498.8 94.1 129.4
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live biomass C stock densities for tropical forests of 100.5 Mg C ha-1, similar to
those repoted by FAO (2010, 2015), suggesting an overestimation for both tropical
forest C stock density and biomass C by Pan et al. (2011, 2013). The FAO biomass
C stock densities for tropical forests sub-regions rang around those of Saatchi et al
(2011) estimate, with the highest being South America at 122.4 Mg C ha-1 and the
lowest being Eastern and South Africa at 69.5 Mg C ha-1 (FAO 2010,
2015). Compared to 1990, the global biomass declined by 0.52% with largest
decline occurring in subtropical forests (−8.3%). The temperate forests saw 27.1%
increase in biomass relative to 1990 (Table 11.6). Although the global forest bio-
mass has been fairly stable since 1990, the biome-specific changes reflects the status
and trends of recent human use of biomass and the environmental factors in dif-
ferent regions of the Earth. The biomass of temperate forests is increasing, probably
because of combination of factors that include continuing regrowth following
abandonment from agricultural land, logging, and environmental factors such as N
deposition, increasing atmospheric CO2 concentration and changing climate (Pan
et al. 2011). Timber production has remained relatively stable since 1990, although
areas of forest used for non-wood forest products indicate that harvesting is taking
place on smaller proportion of total forest area while harvesting for biofuel has
increased in recent days. The indirect effect of concentrating timber production on a
smaller land base and establishment of plantation forests is to reduce harvesting on
other forest areas where C stocks may increase in the absence of harvest. However,
these areas are subject to higher C losses from natural disturbances including
drought, as evidenced in Western USA and other areas (Allen et al. 2010; Hicke
et al. 2012).

11.5.1 Emission Trends and Drivers

Estimating anthropogenic component of gross and net forest land use emissions is
difficult compared to other sectors since (i) it is not always possible to separate
anthropogenic and natural GHG fluxes from forest land, (ii) the input necessary to
estimate GHG emission globally and regionally often based on country level
statistics or on remote sensing information are highly uncertain, (iii) methods for
estimating GHG emissions uses a range of approaches from simple default
methodologies such as the IPCC guidelines (IPCC 2006) to more complex esti-
mates based on the terrestrial C cycle modeling and/or remote sensing information.

Fluxes resulting directly from forest land use activities are dominated by CO2,
primarily emissions from deforestation, but also an uptake due to
reforestation/regrowth. Non-CO2 GHG emissions from forest land use are small and
mainly arise from peat degradation through drainage and biomass fires. Estimated
land use change emissions from 1750 to 2014 are 190 ± 65 Pg C, about 31% of
anthropogenic CO2 emission, and 10% of anthropogenic CO2 emission in 2004–
2015 (Houghton et al. 2012; Le Quéré et al. 2015, 2016). The declining fraction is
largely the result of the increasing fossil fuel emissions and also declining emission
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from land use change. The net flux of CO2 from the land use change is also the most
uncertain term in the C budget, accounting for emissions of 1.4 ± 0.5 Pg C yr−1 in
1980s, 1.6 ± 0.5 Pg C yr−1 in 1990s, and 1.1 ± 0.5 Pg C yr−1 in 2000s (Houghton
et al. 2012; Le Quéré et al. 2015). The terrestrial land C sink from 1750 to 2015,
mostly as a result of forest uptake, estimated as a residual C after accounting for
atmospheric CO2 concentration increase and ocean sink, is 165 ± 70 Pg C (Le
Quéré et al. 2015, 2016), suggesting a net emission of *25 Pg C from land use
change during the Industrial Era.

Human-induced global environmental changes exert complex effects on forest
productivity and C storage (Friedlingstein et al. 2006). Some of the factors driving
the environmental changes are direct and physically alter forest areas and structures
—such as tropical deforestation which destroy vegetation structures and habitat,
and immediately releases large amounts of C stored in biomass as CO2. However,
some factors operate through tree physiology and ecological processes—such as
changes in climate (temperature, precipitation, radiation) and atmospheric compo-
sition (e.g., CO2 concentration, N deposition, O3), and other pollutants (Boisvenue
and Running 2006; Lewis et al. 2009a). Further, these factors may interact (i.e.,
drought induced forest diebacks, changes in forest structure and morphology) and
interfere with C metabolism and dynamics (Walther 2010). The average global land
use emissions from 2000 to 2015 are estimated at 1.0 ± 0.5 Pg C yr−1, which is
lower than 1990s emissions estimated at 1.6 ± 0.7 Pg C yr−1 (Friedlingstein et al.
2010; Le Quéré et al. 2015, 2016).

Global forest land use CO2 fluxes estimates are based on wide range of data
sources and includes different processes, definitions, and approaches to calculating
emissions. These include CO2 fluxes from deforestation, afforestation, forest
degradation and harvesting activities (logging), regrowth of forests following wood
harvest or abandonment of agriculture. Some of these managements lead to emis-
sion of CO2 to the atmosphere, while others leads to CO2 sinks. Deforestation and
forest degradation, primarily in tropical regions accounted for 12–20% of global
anthropogenic GHG emissions in 1990s and early 2000s (van der Werf et al. 2009).
It is also expected that deforestation and forest degradation in the tropics will have
the major impact for the future potential of forests to sequester the additional
anthropogenic CO2 emissions (Chave et al. 2008; Lewis et al. 2009b; Field et al.
1998). Over the period 1750–2014, forest was a net source of CO2 and the land as a
whole was a net sink of CO2 since 1950s as confirmed by inventory measurements
in managed forests in temperate and tropical regions (Phillips et al. 1998; Luyssaert
et al. 2008; Pan et al. 2011). A sink is due to indirect effects of human activity on
ecosystems, i.e., environmental change effects such as the fertilizing effects of
increased levels of CO2 and N in the atmosphere and the effects of on C storage (Le
Quéré et al. 2009; Canadell et al. 2007a). However, some of it may be due to direct
forest management change activities and not accounted for in the current estimates
(Erb et al. 2013). A substantial fraction of current C sink is currently incorrectly
attributed to environmental change, when it is a result of changes in management
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practices (Erb et al. 2013). This sink capacity is relevant to forest mitigation through
forest protection. There has been a decline in forest land use emissions over the
most recent years largely due to a decrease in the rate of deforestation (FAO 2015;
FAOSTAT 2016). Forest land use emissions peaked in the 1980s in Asia and Latin
America regions and declined thereafter, consistent with reduced rate of defor-
estation, notably in Brazil and some areas of afforestation in China, Vietnam, and
India (FAOSTAT 2016). In the Middle East and Africa, the bookkeeping model
showed continuing emissions from 1970 to 2000 (Houghton et al. 2012), while
models show continuing increase from 1970 to 2000 and a small sink in the 2000s
(Kato et al. 2013). The general picture in temperate and boreal regions is of
declining emissions and/or increasing sinks. The temperate regions include a large
areas of managed forests subjected to harvest and regrowth and areas of refor-
estation e.g., following cropland abandonment in USA and Europe.

The bookkeeping estimate (Houghton 2003, 2012) uses regional biomass growth
and decay rates from the country inventories that are generally not adjusted for
changes in climate or CO2 concentration (i.e. CO2 fertilization). It takes into
account the forest management associated with shifting cultivation in tropical forest
regions and also global wood harvest and regrowth cycles. The primary source of
data for bookkeeping model is FAO forest area data and wood harvest (FAO 2015).
The quality and reliability of the country inventory data varies considerably because
not all countries have well-established forest inventory and monitoring programs.
The FAO estimate of CO2 emission with reference to 2001–2010 decade indicated
that forest emissions were 0.9 Pg C yr−1, of which, deforestation was 1.04 Pg C
yr−1, forest degradation and management was −0.5 Pg C yr−1, biomass fires
emissions were 0.1 Pg C yr−1 and drained peatlands contributed 0.25 Pg C yr−1

(FAOSTAT 2016). The FAO estimated that decadal net forest emissions decreased
from 1.1 Pg C yr−1 in 1991–2000 to 0.9 Pg C yr−1 in 2001–2010 (FAOSTAT
2016). Using forest inventory data and long-term C studies, Pan et al. (2011)
estimated a total global forest C sink of 2.4 ± 0.4 Pg C yr−1 for 1990–2007. The
emission source from tropical land use change was also estimated at 1.3 ± 0.7 Pg C
yr−1 of which tropical deforestation emissions of 2.9 ± 0.5 Pg C yr−1 is partially
offset by C forest regrowth of 1.6 ± 0.5 Pg C yr−1 (Pan et al. 2011). The global
forest C fluxes therefore, comprised of a net global sink of 1.1 ± 0.8 Pg C yr−1,
however, tropical estimates have the highest uncertainties. The FAO global forest
resources assessment data show that the growing forest biomass volume has
increased in East Asia, western and Central Asia, North America, Europe,
Caribbean, and Oceania, while Africa and South America observed significant
decrease in C pools between 1990 and 2015 (Table 11.7, FAO 2015). Overall, FAO
reported decrease in global forest C pools between 1990 and 2015 (Table 11.8),
mainly driven by decrease in South America and Africa.
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Table 11.7 Biomass trends in the global forest of the major biomes (FAO 2015)

Biome Year Change 1990 and 2015 (%)

1990 2000 2005 2010 2015

Aboveground biomass in living forest (Pg)

Boreal 78.17 77.80 77.66 77.97 78.45 0.35

Temperate 47.53 52.90 55.69 58.86 60.40 27.07

Subtropical 27.30 27.58 27.50 27.93 25.02 −8.33

Tropical 317.65 321.71 314.45 308.21 304.35 −4.19

Global total 470.65 479.99 475.30 472.97 468.22 −0.52

Belowground biomass in living forest (Pg)

Boreal 19.52 19.55 19.52 19.66 19.88

Temperate 11.01 12.30 12.97 13.97 14.13

Subtropical 9.15 9.20 9.23 9.28 8.50

Tropical 77.58 78.01 76.15 74.43 73.17

Global total 117.27 119.06 117.87 117.11 115.68

Table 11.8 Estimated forest carbon pools in different biome and year (FAO 2015; Pan et al.
2011, 2013)

Biome Year Change 1990 and 2015

1990 2000 2005 2010 2015

Boreal

Aboveground 39.09 38.90 38.83 38.99 39.22

Belowground 9.76 9.78 9.76 9.83 9.94

Live biomass 48.85 48.67 48.59 48.82 49.16 0.65

Deadwood and litter 34.30 34.06 34.20 34.54 34.64 0.99

Soil 103.55 103.06 103.20 103.69 103.71 0.15

Temperate

Aboveground 23.34 25.97 27.32 28.87 29.62

Belowground 5.38 6.01 6.33 6.70 7.19

Live biomass 28.73 31.98 33.65 35.55 36.50 27.05

Deadwood and litter 9.09 9.44 9.64 9.96 9.93 9.25

Soil 25.20 25.12 25.38 27.12 24.27 −3.70

Sub-tropical

Aboveground 13.36 13.54 13.51 13.72 12.29

Belowground 4.52 4.58 4.59 4.59 4.23

Live biomass 17.83 18.07 18.15 18.26 16.28 −7.61

Deadwood and litter 1.52 1.54 1.55 1.56 1.57 3.09

Soil 6.73 6.73 6.70 7.27 7.25 7.82

Topical

Aboveground 154.45 156.17 152.71 149.71 136.83

Belowground 37.45 37.62 36.73 35.92 32.64
(continued)
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11.6 Climate Change Mitigation Options Under Forest

Forests and climate change are intrinsically linked beyond C sequestration. Climate
change and global warming could change forest landscape worldwide. Higher mean
annual global temperatures, altered precipitation patterns, and more frequent
extreme weather events may have adverse effects on forests, including stress,
compositional and fractional changes and changes in the capacity of forests to
provide products and services, and these effects are poorly understood. Since forest
ecosystems capture and store CO2 and make major contribution in the mitigation of
climate change, when forests are destroyed through over-harvesting or burning they
become a major source of CO2 emissions. Conversion of forests to agricultural land
also leads to the loss of soil organic C (SOC). The largest loss in SOC stock was
reported when temperate (52%) followed by tropical forests (41%) and boreal
forests (31%) were cleared (Wei et al. 2014). Due to the observed large losses of
SOC resulting from conversion of forests to agricultural land, C storage capacity of
the land will be increased through afforestation or decreasing deforestation (Poeplau
et al. 2011; Wei et al. 2014). Afforestation of temperate croplands creates C sink of
about 116% higher than cropland for the period of 100 years, and no new equi-
librium was reached within 120 years (Poeplau et al. 2011).

Concerns about the role of forests in global climate have led to creation of
collaborative mechanism for reducing emissions from deforestation and forest
degradation under the United Nations Framework Convention on Climate Change
(UNFCCC) with the goal of significantly reducing emissions from deforestation
and forest degradation (REDD+) global partnership and collaboration (UN-REDD
2010). The UNFCCC has outlined two major goals with respect to forests: (i) using
forests for biological C capture and storage, thus reducing the emissions of GHGs,
and therefore, forests becomes part of mitigation strategy for climate change,
(ii) using forests and tree biomass as part of strategy to cope with impacts of climate

Table 11.8 (continued)

Biome Year Change 1990 and 2015

1990 2000 2005 2010 2015

Live biomass 191.92 193.93 189.72 185.85 168.12 −12.40

Deadwood and litter 7.47 7.16 6.98 6.93 6.44 −13.80

Soil 73.48 70.78 69.31 68.20 59.57 −18.94

Global total

Aboveground 230.24 234.57 232.37 231.29 217.96

Belowground 57.12 57.98 57.42 57.06 54.01

Live biomass 287.33 292.67 290.12 288.48 270.26 −5.94

Deadwood and litter 52.38 52.19 52.37 52.99 52.58 0.38

Soil 208.97 206.26 205.07 206.28 194.81 −6.78

Total forest C 548.68 551.12 547.56 547.75 517.65 −5.66
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change, therefore forests become part of a climate strategy for adaptation (Van
Bodegom et al. 2009). Forest-based climate change mitigation measures are
low-cost and effective in short to medium term. Mitigation activities in forest can
reduce climate forcing through: (i) conservation of existing C pools in forest (i.e.,
conservation of forest biomass, peatlands and soil C that could otherwise be min-
eralized, (ii) reduction of C losses from biota and soils through management
changes within the same land use type (e.g., reducing deforestation, recreating
wetlands and peat lands), (iii) enhancement of soil C sequestration, increasing C
uptake by biota and long-lived products through tree planting—reforestation and/or
afforestation, (iv) increasing C storage per unit area such as increasing stocking
density in forests and wood use in construction, (v) changes in albedo resulting
from land cover change that result in increased reflection of visible light, and
(vi) use of forest products to replace high emission products such as replacing
concrete and steel in construction with wood and also use of forest byproducts for
bioenergy to replace fossil fuels. Summarized mitigation options associated with
forest land use are presented in Table 11.9.

Summary of option for mitigation under forests are presented in Table 11.9.
Forest ecosystems contain up to 80% of all aboveground terrestrial C (Dixon et al.
1994). Forests stores vast pools of C globally and even small shifts in the balance
between photosynthesis and ecosystem respiration result in a large change in the
uptake or emission of CO2 from forests to the atmosphere. Processes that increase
terrestrial C sequestration include land and soil management practices that enhance
the storage of C, or reduce CO2 emissions. Photosynthesis process can be enhanced
by the processes that deliberately augment natural C uptake in plants. The rate of
net CO2 uptake by forests varies in a predictable way as forests grow from
establishment or recover from the past disturbances (Pregitzer and Euskirchen
2004). Productivity in forest is generally a function of light and N supply
(Hardiman et al. 2013). Investigations of forest NPP over the course of ecological
succession support a general trend of declining production with forest age, but with
knowledge gaps for late successional, mixed forests (Gough et al. 2008).
Quantitative syntheses reports lower NPP in old-growth rather than young
aggrading forests (Pregitzer and Euskirchen 2004; Luyssaert et al. 2008).
Understanding factors that influence the rate of CO2 uptake by vegetation is the
basis for improving the forest management (Birdsey et al. 2006).

Forest C storage can be increased by planting of new forests on previously
unforested lands (i.e., afforestation) or on previously forested lands (i.e., refor-
estation, for example, on lands that were previously cleared for agriculture)
(Sochacki et al. 2012; Bustamante et al. 2014). This can include mixed species or
monocultures. Afforestation and reforestation also provides social, economic, and
other environmental benefits. Forest restoration in the degraded forests and pro-
tecting secondary forests with low C densities while allowing them to sequester C
either by natural or artificial regeneration and long term fallows will also increase C
sequestration in forest (Reyer et al. 2009). Other activities that promote C storage in
forests include improved forest management and reducing deforestation or defor-
estation avoidance (van Bodegom et al. 2009). Improved management to enhance
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productivity, controlling diseases and fire management during the forest lifecycle,
extending rotation cycles, and reducing logging waste also increases C sequestra-
tion (DeFries and Rosenzweig 2010). Protecting forests form wild fires increases C
stocks. However, with climate change effects, it may also increase a risk of larger
releases of stored C (Westerling et al. 2006). Afforestation of abandoned

Table 11.9 Summary of forest land use greenhouse gases and climate change mitigation
strategies

Category Practices Reference

Reducing deforestation Conservation of existing C pools in
forest vegetation and soil by controlling
deforestation, protection of forest
reserves and controlling/minimizing
other anthropogenic disturbances such
as fires and pest outbreak. Reducing
slash and burn agriculture, reducing
forest fires. Protection of peatland
forests, reduction of wild fires

Van Bodegom et al.
(2009), Thorburn
(2013)

Afforestation Improved biomass by planting trees on
non-forested agricultural lands. This
includes both monoculture and mixed
species planting

Sochacki et al. (2012),
Bustamante et al.
(2014)

Reforestation Restoration of forests to the lands
originally under forest but forests were
lost by either natural or anthropogenic
land degradation

Bustamante et al.
(2014)

Forest management Management of forests for sustainable
timber production including extending
rotation cycles, reducing damage to
remaining trees, reducing logging
waste, implementing soil conservation
practices, forest fertilization, and using
wood judiciously and more efficient
way, sustainable extortion of wood
energy. Wild fire control and behavior
modification

DeFries and
Rosenzweig (2010)

Forest restoration Protecting secondary and tertiary
forests and other degraded forest whose
biomass and soil C densities are less
than their maximum value and allowing
them to sequester more C by natural or
artificial regeneration and rehabilitation
of degraded lands, long-term fallows.
Wildlife behavior modification

Reyer et al. (2009)

Agroforestry,
agropastoral and
agrosilvopastoral
systems

Mixed production systems increases
productivity and efficiency in water and
other resources and also protect against
soil erosion as well as serve the C
sequestration objective

Luedeling and Neufeldt
(2012), Sinare and
Gordon (2015)
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agricultural land and degraded land generally increases soil C in addition to pro-
ducing wood biomass (Guo and Gifford 2002). Avoiding deforestation and forest
degradation preserves existing C stock that would otherwise be lost to the atmo-
sphere. C storage in managed forests can also be enhanced by timber harvest and
tree planting practices that increase C density (i.e., OC per unit area) and reduce
forest degradation. The C sequestration can also be enhanced through management
of forest stands on farms (agroforestry) and in urban and suburban settings (urban
forestry). However, full accounting for different management action requires
knowledge of changes in ecosystem C pools (Echeverria et al. 2004), harvesting
wood products (Schlamadinger and Marland 1996) and fossil fuel emission asso-
ciated with growing harvesting, and manufacturing (Schlamadinger et al. 1997).

One of the climate mitigation potential of forest which has not received enough
attention is the biophysical effects of land management on climate which goes
beyond C storage to account for surface albedo and evapotranspiration which have
direct effects on climate. Some aspects of this have been evaluated with respect to
land use change. However, Luyssaert et al. (2014) noted that biophysical changes
within land class may have an effect of similar magnitude to that of changes in land
class.

11.7 Conclusions

Forests, climate, climate change, and climate change mitigation are intricately
linked. Forests cycle large amounts of C and, with proper management they could
be utilized to remove anthropogenic CO2 emissions from the atmosphere. Annual
land CO2 fluxes are dominated by forests, and it could become a large source of
CO2 emissions or substantial part of the mitigation depending on how they are
treated internationally and managed locally. Terrestrial ecosystems, dominantly
forests, have so far played an important role in controlling the increase in atmo-
spheric CO2 concentrations by removing about one third of the anthropogenic CO2

emissions each year. However, the historical consequence of increasing intensity of
global land management has been the long-term reduction of terrestrial C stocks as
land has been converted to crops, pasture, and settlement for human life support. As
a result, climate mitigation policies of potential to increase C stocks on lands with
lower C stocks than expected compared with lands such as highly stocked old
growth forests that have experienced relatively less disturbance is high. Generally,
much of the world’s forest land has been permanently converted to other uses such
as food production and urban settlement, and therefore, are not likely to revert back
to forest. Also, other areas of forest are needed for fiber production and other social
and societal use, and increasing tree stocking and C density in this category can
occur without negative effects on provision of other services. Currently, tropical
forests are subjected to highest level of deforestation, and therefore, account for
nearly all net emissions from forests. Large quantities of C are released when forests
are cleared and burnt, and more GHGs are emitted from subsequent land uses after
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conversion from forest to the land uses such as agriculture. Industrial agriculture
and commercial logging are the main drivers of deforestation and degradation,
especially in tropical South America and Southeast Asia, the hotspots for
forest-related CO2 emissions. Emissions from land use change have been declining
since 1990. However, this trend is misleading, because emission from other have
been increasing at higher rates. Although several attempts have been made to
estimate the forest potential mitigation, important C accounting considerations
regarding forests is still lacking. This include C that is removed from forest in
harvest operation and retained in wood products pools or discarded in landfills,
which is not immediately returned to the atmosphere. Another C pool which is not
fully accounted for is the substitution for using wood instead of other materials for
construction which is not generally documented. These limits the ability of con-
ducting lifecycle analysis to determine the energy consumption, emissions and
sequestration throughout the full cycle of growing, harvesting, and processing wood
compared to other materials. Compared to other mitigation strategies, forest-related
activities, especially reducing emissions from tropical deforestation are among the
most economically feasible and cost-effective options and the most viable strategy
in the land sector. Reducing CO2 emissions from forestry plays a relatively large
role in reducing total CO2 emissions in the short term and buy time to develop other
mitigation and adaptation strategies. Forests are already removing significant
quantities of CO2 from the atmosphere naturally, which, coupled with other miti-
gation strategies remains essential for meeting long-term climate targets.
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