Chapter 4
Historic Changes in Terrestrial Carbon Storage

R.A. Houghton

Abstract Human use of land has reduced the amount of carbon (C) in terrestrial
ecosystems, probably since the first use of fire as a tool for clearing land thousands
of years ago. Because variations in climate have also affected C storage over this
period, it is difficult to attribute long-term changes in terrestrial C to direct human
activity. Over the last 150-300 years, however, reconstructions of land use and
land-use change suggest that between ~100 and ~200 Pg (1 Pg=10" g) C were lost
from land, largely from the conversion of forests to agricultural lands. This loss of
C over the past century or so is greater than the loss attributable to human activity for
all of time before 1850. Most of the loss since 1850 has been from forest biomass,
while the loss of C from soil organic matter (SOM) as a result of cultivation is
estimated to have contributed ~25% of the net loss. The restoration of forests on
cleared lands could, in theory, re-carbonize the biosphere with 100-200 Pg C; but
most of these lands are currently in use and unlikely to be returned to forests.
Management practices would have to reverse the centuries-long loss of C.

For most of the last 300 years, the net annual loss of C from land use seems to
explain (i.e., is roughly equivalent to) the net terrestrial flux of C to the atmosphere.
Starting near the middle of the twentieth century, however, the annual net emissions
of C from land use appear to have been offset by a terrestrial C sink not directly
related to land use. The explanations for this residual terrestrial sink include carbon
dioxide (CO,) fertilization, nitrogen (N) deposition, variations in climate, and,
possibly, a centuries-long reduction of natural disturbances. Much of the offsetting
C sink is thought to be in forests. The residual C sink indicates that terrestrial
ecosystems, despite land use, have removed C from the atmosphere over the last
decades. The magnitude of this sink is large relative to the effect human management
could have, but recent evidence suggests that the sink may be beginning to saturate.
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If the residual terrestrial sink were to disappear or become an additional source of
C as a result of climate change, managing the global C cycle would be much more
difficult than envisioned today.
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Abbreviations

C carbon
SOC  soil organic carbon
SOM  soil organic matter

4.1 Introduction

The global carbon (C) cycle is not in equilibrium. The C accumulated in fossil
reservoirs over millions of years is being mobilized into the atmosphere over a few
centuries and is being redistributed into the oceans and land (Fig. 4.1). Human
management of land has offset to a large extent the terrestrial uptake of fossil C,
but the net terrestrial sink of recent decades may be changing. This chapter reviews
historical changes in the global C cycle, with an emphasis on changes in terrestrial
C storage 1850-2005.

The three major drivers of changes in terrestrial C storage are: (1) natural pro-
cesses, (2) direct effects of human management, and (3) indirect effects of human
activity. Regarding the natural processes of de- and re-carbonization, the highest
C densities on land appear in forests, wetlands, tundra, and prairies, as a result of
natural processes. Two aspects of these processes are important here. First, most of
these high C densities accumulated over centuries or millennia, and the accumulation
rates today are generally low. Nevertheless, large areas of low accumulation rates
can add up to be globally significant.

Second, these C-rich ecosystems have been sinks in the past and may be sinks
today where they still exist (Luyssaert et al. 2008; Dommain et al. 2011; Donato
et al. 2011). However, the direct effects of management, such as draining and
mining of wetlands for crops, forestry, and fuel, have released to the atmosphere
much of the C built-up in these ecosystems over centuries. More than that, the loss
of these ecosystems has eliminated the potential C sink that might otherwise have
persisted (Gitz and Ciais 2003; Bridgham et al. 2006; Strassmann et al. 2008).

The third driver of changes in terrestrial C storage is the indirect effect of human
activity, such as increasing concentrations of carbon dioxide (CO,) in the atmosphere,
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Fig. 4.1 Annual sources and sinks in the global C balance, 1850-2008 (From Houghton, this
study; Canadell et al. 2007; Le Quéré et al. 2009). Total annual emissions from fossil fuels and
land-use change equal the sum of the annual increase in the atmosphere plus annual uptake by
oceans and land (residual)

increased rates of deposition of reactive nitrogen (N), and changes in climate.
These environmental factors may affect the rates of photosynthesis and respiration,
thereby potentially changing the storage of C on land. The factors are the indirect
effects of human activity, in contrast to the direct effects of land management.

This chapter considers all three effects, but focuses on the direct effects of human
management; i.e., land use and land-use change. In contrast to most of the following
chapters, which consider the potential for re-carbonization of the biosphere, this
chapter deals largely with de-carbonization because the net effect of land manage-
ment over millennia has been to reduce the amount of C in terrestrial ecosystems
(Kaplan et al. 2009; Ellis 2011; Pinter et al. 2011). Furthermore, the rate of loss has
accelerated over the last ~150 years, although not equally in all regions (Fig. 4.2).
On the contrary, the gradual loss, globally, is composed of recent, accelerated losses
in tropical countries and little change or re-carbonization in developed countries of
the temperate zone and boreal regions.

4.1.1 The Global Carbon Budget 1850-2005

With the start of the industrial revolution in the eighteenth century, fossil C began
being increasingly added to the atmosphere. Carbon was already being emitted from
the expansion of agricultural lands, and not until half way through the twentieth
century did the annual emissions of C from fossil fuels exceed the annual net
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Fig. 4.2 Annual net loss of carbon from land use in global, tropical, and temperate & boreal lands
(Houghton, this study)

Table 4.1 Sources (+) and sinks (-) of carbon over the period 1850-2005
(Updated from Houghton 2007) and 2000-2008 (From Le Quéré et al. 2009)

Carbon sources/sinks 1850 Pg C 2000-2008 Pg/year
Emissions from fossil fuels 320 7.7
Emissions from land-use change 156 1.4
Atmospheric increase -198 —4.1
Oceanic uptake —-155 23
Residual terrestrial sink -123 -2.7

emissions from land-use change (Fig. 4.1). Between 1850 and 2005 the emissions
from fossil fuels (and cement production) were 320 Pg C, while the emissions from
land-use change were 156 Pg C. Total anthropogenic emissions of C were, thus, 476
Pg C. The amount of C in the atmosphere increased by 198 Pg C (~33%) during this
155-year period, from ~280 ppm (595 Pg C) to ~374 ppm (793 Pg C) (Table 4.1).
The accumulation of C in the atmosphere was ~42% of total emissions; land and
oceans accumulated 28% and 30%, respectively. The fraction remaining in the
atmosphere has increased slightly, averaging 37% between 1850 and 1955, and 45%
between 1956 and 2005.

One interesting feature of Fig. 4.1 is that the terrestrial component of the budget
appears twice. It appears as a net source of C from land use and land-use change.
Before ~1950 the net emissions from land management were larger than global
emissions of C from fossil fuels. Obviously, the proportion of emissions from fossil
fuels has grown dramatically since then, and the proportion of total emissions from
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land use has declined from ~30% over the period 1850-2005 to 20% for the 1990s
to 15% in 2008.

But the land has also been a net sink for C, at least for the last several decades,
for reasons that are not well understood. This ‘residual terrestrial sink’, unlike the
other terms, is not independently determined. Rather, it is determined from the other
terms in the global C budget and the requirement that sources and sinks must
balance (Table 4.1 and Fig. 4.1). The residual terrestrial sink does not include those
C sinks that result from management; e.g., regrowth following wood harvest or
agricultural abandonment. The latter sinks are the result of direct human activity
and are included in the net land use term. The residual terrestrial sink is the result of
indirect and/or natural effects. It is worth noting that before ~1900 the annual residual
terrestrial sink was close to zero. This implies that the net loss of C from direct
human management was nearly equivalent to the net terrestrial flux. A natural or
indirect effect is not apparent until after 1900.

Possible explanations for the residual terrestrial C sink include errors or omissions
in the estimated net flux from land-use change or errors in the other terms of the
global C balance (fossil fuels, atmosphere, oceans).

On the other hand, the residual terrestrial C sink may be explained by terrestrial
processes not included in analyses of land use and land-use change. There are three
general processes potentially responsible. First, many management practices are not
included in analyses of land use and land-use change, although the major practices are
described in the following chapters. Second, natural disturbance regimes (including
recovery) may act independently of land use and land-use change, and may themselves
be changing, causing C to accumulate (Marlon et al. 2008; Wang et al. 2010). It must
be noted, however, that in many regions the effects of climate change (droughts and
fires) appear over the last decades to be causing additional C to be lost rather than
accumulated (Gillett et al. 2004; Westerling et al. 2006; Kurz et al. 2008). Finally, C
stocks may be influenced by environmental changes in climate, CO,, or biologically
available N. For the last few decades the net effects of these three processes has been
to sequester C on land, but their relative contributions are unknown.

The important questions for the residual terrestrial sink, globally or locally, are:

When did it become significant in the net balance?
How large is it now?

Where is it?

What are its causes?

Will it persist?

A recent analysis of forest inventories suggests that at least a portion of the residual
sink is in forests, worldwide (Pan et al. 2011). Regarding the sink’s persistence, the
thawing of permafrost in response to the current and committed global warming is
likely to expose labile organic C to decomposition and may increase the loss of
C from land. This positive feedback to the warming is an example of a process that
would reduce the residual sink.

The interactions of direct human effects, indirect effects, and natural effects on
terrestrial C emissions are complex. The component measured most directly seems
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to be the direct effects; i.e., the changes in C due to land use and land-use change.
Estimates of this change are important for both political and scientific reasons.
The political reasons relate to assigning C credits and debits as incentives to
reduce emissions of C through management (e.g., REDD, Reduced Emissions from
Deforestation and forest Degradation). The scientific reasons relate to understanding
the global C cycle and, in particular, the rate and extent of feedbacks between
climate change and the C cycle. Arguably the most important feedback is the effect
of climate change on terrestrial and oceanic C sinks. Over the last several decades,
those sinks have been responsible for removing about ~55% of anthropogenic C
emissions (Le Quéré et al. 2009) (Table 4.1). Remarkably, these sinks have increased
in proportion to emissions. The single best indicator of whether the sinks are
continuing to grow is the airborne fraction, the ratio of growth in atmospheric C to
total emissions (land use and fossil fuel). Of the three terms needed to evaluate the
airborne fraction, the net emissions from land use and land-use change are the most
uncertain. The trend of annual emissions over the last three decades is known barely
well enough to suggest that the airborne fraction is increasing (Canadell et al. 2007,
Le Quéré et al. 2009), but that conclusion has been challenged (Knorr 2009; Gloor
et al. 2010). Reducing the uncertainty in the land-use flux would enable a more
precise measure of trend in the airborne fraction.

The calculation of a residual terrestrial sink for the globe suggests that residual
sinks (and sources) exist at other scales as well; that is, the changes in C contributed
by land use and land-use change in individual regions or sites may be different from
the sources and sinks actually measured with forest inventories or fluxes of CO,.
Measured changes include natural or indirect effects as well as the direct effects of
land management. For example, the net sink of C in Europe’s terrestrial ecosystems
(Janssens et al. 2003) is not necessarily attributable to management.

Most ecosystems where C is accumulating are recovering from an earlier dis-
turbance, either shortterm (e.g., fire) or long term (climatic variations). “Disturbance”
is perhaps not the appropriate term to describe climatic variations, but terrestrial C
storage varies significantly over glacial cycles. The warming that followed the
last glacial maximum increased terrestrial C storage by 550-694 Pg C (Prentice
et al. 2011). This increased storage associated with warming is larger than total
anthropogenic emissions (fossil and land use) since ~1850 (476 Pg C) (Table 4.1).
The magnitude of this change, attributable to natural processes, illustrates the
difficulty of separating climatic from land-use effects in pre-historic times (Pinter
et al. 2011; Reick et al. 2011). It also reminds us that management effects may
be overwhelmed by natural processes. Today natural processes on land and in the
oceans are removing about 55% of anthropogenic emissions, but in past warming
periods land and ocean have been additional sources of C.

4.2 Direct Human Effects on De- and Re-carbonization

Direct human effects on terrestrial C storage from land use, land-use change, or
management, are divided here into changes before 1850 and changes since 1850.
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Table 4.2 Net loss of carbon (Pg C) from global changes in land use (From Pongratz et al. 2009;
Houghton 2010)

Reference Preindustrial Industrial Until present
DeFries et al. (1999)  48-57 (until 1850) 125-151 (1850-1990) 182-199 (until 1987)
Houghton (2003) - 155 (1850-2000) -
Houghton this study — — 156 (1850-2005) -
Strassmann 45 (until 1700) 188 (1700-1999) 233 (until 1999)
et al. (2008)
Olofsson and Hickler 114 (4000 BC to 1850) 148 (1850-1990) 262 (4000 BC to 1990)
(2008)
Pongratz 63 (until 1850) 108 (1850-2000) 171 (until 2000)
et al. (2009)
Shevliakova - 164—-188 (1850-2000) -
et al. (2009)

4.2.1 Losses Before 1850

Estimates of the amount of terrestrial C lost before 1850 (Table 4.2) are based
on a combination of three sets of data: estimates of natural vegetation cover, the
associated C densities (in vegetation and soil), and the conversion of those natural
covers to croplands and pastures, the latter based on a combination of agricultural
maps and population density. Four estimates of pre-historic C loss range between
45 and 114 Pg C (Table 4.2).

4.2.2 Losses Between 1850 and 2005

Two approaches have been used to calculate the more recent losses of C from land
use and land-use change. One approach uses process-based ecosystem models to
estimate biomass density (e.g., Le Quéré et al. 2009 for some contemporary models).
These models simulate spatial and temporal variations in ecosystem structure and
physiology. They differ in detail with respect to number of plant functional types
and number of C pools. To simulate the correct biomass density, however, the
models account for disturbances and recovery, whether natural or anthropogenic.
A second approach uses empirically-based response curves to define annual per
hectare changes in C density (Mg Cha™! year™') as a result of management (Houghton
1999, 2003). Carbon density declines with management as a result of burning and
decays; it increases as a result of forest growth (recovery) and some forms of land
management. Rates of decay and regrowth vary by geographic region, ecosystem
type, and type of land use. Changes are defined for living vegetation (above- and
belowground), coarse woody debris, wood products, and soil organic matter (SOM).
The per hectare changes are initiated each year by the areas affected by land use
or land-use change; that is, by the areas logged or the areas converted from one
ecosystem to another. A C-tracking model sums the changes per hectare over all of
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Fig. 4.3 Recent estimates of the annual net loss of carbon from land, globally, as a direct result of
land use. FRA2005 refers to the Houghton’s analysis in Le Quéré et al. (2009) (Also Houghton,
this study). FRA2010 prelim refers to Houghton’s analysis in Friedlingstein et al. (2010)

the hectares affected by management. Hectares unaffected by management are
assumed to be unchanged with respect to C density.

This second approach was used in the analyses reported by Canadell et al. (2007)
and Le Quéré et al. (2009), which extended Houghton’s (2003) earlier work to 2005
using rates of deforestation from the U.N. Food and Agriculture Organization (FAO)
(FAO 2006) and rates of wood harvest from FAOSTAT (FAO 2009). Many of the
results presented here have not previously been published and are cited here as
Houghton, this study. Preliminary estimates of C emissions based on the most recent
Forest Resources Assessment (FRA) from FAO extended Houghton’s analysis to
2010 (Friedlingstein et al. 2010), but those preliminary estimates are not included
here. They have only a small effect on the long-term fluxes (1850-2005).

The total net loss of C from land as a result of land use and land-use change over
the period 1850-2005 is estimated, using both methods, to have been 108-188 Pg C
(Table 4.2). Annual rates of net C loss increased from ~0.5 Pg C year™' in 1850
to ~1.5 Pg C year~! in 2005 (Fig. 4.3), but the regional contributions to this global
trend have varied. Until the mid-twentieth century, the major losses of C were from
non-tropical regions (North America, Europe, Russia, Australia) as a result of wood
harvests and agricultural expansion. After ~1950 deforestation for agricultural expan-
sion was predominantly in tropical regions. The emphasis in this chapter on global,
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Fig. 4.4 Annual net losses of carbon from world regions (Houghton, this study)

tropical, and non-tropical regions hides the fact that many sub-regions may have
been sinks for C as a result of forest growth (Kauppi et al. 2006; Pan et al. 2011).
In fact, most regions include both sources and sinks of C as a result of past and
present management practices. Figure 4.4 shows the net source/sink history of
individual regions.

4.2.2.1 Deforestation

The amount of C lost from land or sequestered as a result of land-use change and
management practices depends on two factors: the total areas affected by any
particular land use or land-use change and the per hectare changes in C density
associated with a management practice. These two factors are described below for
the human activities believed to be responsible for the largest changes in C storage:
deforestation, degradation, reforestation, and other management activities.

Croplands. Globally, the conversion of lands to croplands has been responsible for
the greatest loss of C from land-use change (91 Pg C over the period 1850-2005)
(Houghton, this study). The emissions are large because the global area of croplands
has grown substantially in the last one and a half centuries and because the changes
in C stocks per hectare are large when lands, especially forests, are converted to
croplands. The estimated net release may be an overestimate, however, because it is
based on an estimate of change that is larger than other estimates (Table 4.3).
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Table 4.3 Estimates of global cropland and pasture areas (10° ha)

Land use/cover Area in 1850 Area in 2000 Net change Reference

Croplands 376 1,414 1,035 This study
515 1,390 875 Hyde
824 1,750 926 Sage
- 1,550 - Ramankutty et al. (2008)
Pastures 1,559 2,755 1,196 This study
1,550 2,650 1,500 Hyde
1,250 3,025 1,775 Sage
- 2,800 - Ramankutty et al. (2008)

Permanent croplands in 2000 are estimated to have covered 1,414-1,750x 10° ha
(Table 4.3), or between 10% and 12% of the Earth’s total land surface (12—-15%
of the productive land surface — rock, sand, snow, ice, and water bodies excluded).
Estimates of the increase over the last 150 years (1850-2000) vary from 875 to
1,035 % 10° ha, a doubling or tripling, depending on the estimates. The three different
estimates of global cropland area are based on data initially published by Ramankutty
and Foley (1999) (SAGE), Klein Goldewijk (2001) (HYDE), and Houghton (this
study). Ramankutty and Foley (1999) estimated changes in croplands from 1700 to
1992 from historical cropland inventories. Klein Goldewijk (2001) used population
density to estimate the spatial and temporal distribution of croplands from 1700 to
1990. The original SAGE and HYDE data sets have been compared (Klein Goldewijk
and Ramankutty 2004), revised (Klein Goldewijk and van Drecht 2006), and used
by others (Hurtt et al. 2006; Pongratz et al. 2008; Strassmann et al. 2008).

The changes in vegetation and soil, at least in the top meter, that result from
clearing and cultivation are among the changes in terrestrial C stocks best docu-
mented. Essentially all of the initial vegetation is replaced by crops, so if the initial
vegetation and its biomass are known, it is, in principle, straightforward to calculate
the net loss of C associated with clearing. Because forests hold so much more C
per unit area than grasslands, the loss of C associated with cropland expansion
depends primarily on whether the croplands were claimed from forests or open
lands. The variation in C stocks of different crop types is relatively small as long as
tree (permanent) crops are differentiated from herbaceous crops. Some uncertainty
results from estimating the time it takes for the release or uptake of C to occur. How
much of the biomass is burned at the time of clearing? How much woody material
is removed from site (wood products) and not decayed immediately? Answers vary
across regions and through time (e.g., Morton et al. 2008). Estimates of annual
sources and sinks depend on the answers, yet site-specific data are generally lacking.
A few case studies usually provide the values used in calculation of C emissions and
uptake over large regions.

On average, soil organic carbon (SOC) in the upper meter of soil is reduced by
25-30% as a result of cultivation, and this average has been documented in a large
number of reviews (Mann 1985, 1986; Detwiler 1986; Schlesinger 1986; Johnson
1992; Davidson and Ackerman 1993; Post and Kwon 2000; Guo and Gifford 2002;
Murty et al. 2002). There is some variation about this average, but the loss is broadly
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robust across all ecosystems, despite the variety of soil types, cultivation practices,
and decomposition processes. Below a meter SOC seems to be more dynamic than
previously thought (Schipper et al. 2007), and these dynamics add uncertainty to the
estimated change.

The remaining uncertainty with respect to changes in SOC in response to
cultivation concerns the fate of C lost from soil. Is all of it, in fact, released to the
atmosphere, as most analyses assume, or is some of it eroded and moved to a
different location, perhaps buried in anoxic environments and thereby sequestered?
Comparison of erosion rates with the amount of organic C in freshwater sediments
suggests that some of the C lost through erosion may accumulate in riverbeds, lakes,
and reservoirs (Stallard 1998; Smith et al. 2001; Berhe et al. 2007). To the extent
that this is so, the calculated loss of C from cropland expansion are overestimated.

When croplands are abandoned, C re-accumulates in vegetation as the land reverts
to the natural ecosystem. The greater the biomass of the returning ecosystem, the
greater the long-term C sink associated with recovery. In the short term, however,
the magnitude of the annual sink for a particular parcel of land will vary with rate
of recovery, which may be affected by the intensity of previous land use or by
biophysical factors, such as distance from seed source, herbivory, soil fertility, or
climatology (Uhl et al. 1988; Kozlowski 2002). The rate of recovery of vegetation
can also depend on both climate conditions (growing season length) and soil type
(Johnson et al. 2000). Soil organic C may also re-accumulate after abandonment of
cultivation, although the rates of C accumulation in mineral soil are generally modest,
albeit less well known (Post and Kwon 2000), especially when compared to the
much faster rates of C accumulation in vegetation, surface litter, or woody debris
(e.g., Harrison et al. 1995; Huntington 1995; Barford et al. 2001; Hooker and
Compton 2003). Globally, C accumulation in mineral soils recovering from past
cultivation is likely to amount to less than 0.1 Pg C year™! (Post and Kwon 2000),
although this estimate could change as deeper soil profiles are investigated further.

Pastures. The global expansion of pastures over the last 150 years is estimated to
have caused a de-carbonization of 24 Pg C, the second largest loss from land-use
change (Houghton, this study). The estimate is probably low because it is based on
a low estimate of pasture expansion (67% and 80% lower than the estimates from
the HYDE and SAGE data sets). The original SAGE data set (Ramankutty and
Foley 1999) did not consider pastures. Changes in pastures attributed to SAGE were
generated by merging the HYDE data on pastures with the cropland data from
Ramankutty and Foley (1999) (Hurtt et al. 2006; Shevliakova et al. 2009).

In the year 2000, pastures covered between 2,650 and 3,378 x 10° ha, or 18-23%
of the Earth’s land surface (Table 4.3). Pastures and croplands, together, covered
4,040-4,775x% 10° ha, or 28-33% of total land area.

The net loss of C from changes in pasture area has been less than the loss from
cropland expansion, despite the larger growth in pasture area, because many pastures
expanded into natural grasslands rather than forests (thus changing aboveground
C stocks little) and because pastures are generally not cultivated, and thus lose little
C from soils. The primary exception to this grassland origin of pastures has been in
Latin America where cattle pasture is still the main driver of deforestation.
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The changes in SOC resulting from the conversion of forests to pastures are highly
variable, however, with both increases and decreases observed (Post and Kwon
2000; Guo and Gifford 2002; Osher et al. 2003; Parfitt et al. 2003). For example,
pasture soils cleared from forests in the Brazilian Amazon have been shown to
lose C in some cases and gain it in others (Neill and Davidson 2000). The direction
of change may be related to rainfall, site fertility, fertilizer practices, species of
grass planted, or other factors that govern site productivity. In a meta-analysis
of 170 studies, Guo and Gifford (2002) observed a modest mean increase in SOC
(about 10%) in upper soil layers (<100 cm) when forests were converted to pastures;
however, some sites had large C gains and others had large losses. When pastures
are converted to croplands, SOC is lost as a result of cultivation. It should also be
noted that overgrazing, particularly in dry lands, often leads to a loss of C from soil
(Lal 2001).

Shifting cultivation. Shifting cultivation is a rotational form of agriculture, where
crops alternate with periods of forest recovery (fallow). The initial clearing for
shifting cultivation requires land conversion, most often forest or savanna. In terms
of historical de-carbonization, shifting cultivation is fifth in importance, releasing
~9 Pg C over the last 150 years.

The areas in shifting cultivation and fallow are not well documented. The FAO
includes the cropping portion of shifting cultivation in “arable and permanent crops”
and excludes the fallow areas if they are older than 5 years, but these definitions may
not be applied consistently by all countries reporting.

Houghton and Hackler (2006) estimated the areas annually deforested for shifting
cultivation in Africa when the loss of forests reported by the FAO (2006) was
greater than the increase in permanent croplands and pastures (FAOSTAT 2009).
The assumption that the difference was explained by shifting cultivation seemed
consistent with the definitions used by the two sources within the FAO. Subsequent
revisions to FAOSTAT (2009) suggest the differences were more likely due to
uncertainties than to real changes in agricultural area. However, errors in assigning
deforestation to shifting cultivation, as opposed to permanent cropland, affect
the attribution of C fluxes from one land use to another, but they do not have a
large effect on the calculated net flux of C, which is determined more by the rate of
deforestation than by the end land use.

According to the data and assumptions used to characterize the areas and changes
in shifting cultivation, the practice is estimated to have occupied 411x 10° ha in
2000, about 3% of the Earth’s land surface. The increase in shifting cultivation
(1850-2005) was 161 x 10° ha, only 10% of the increase in croplands or pastures.
Neither Ramankutty and Foley (1999) nor Klein Goldewijk (2001) included fallow
areas in their estimates of croplands and pastures, but shifting cultivation is included
in the data set assembled by Hurtt et al. (2006). Fallow periods can be long or short,
and generally the stocks of C in fallow forests re-cleared for cultivation are less
than the stocks in undisturbed forests. Because the cultivation does not involve
tillage, the loss of C from soil is less than the loss under cultivation of “permanent”
croplands. Thus, the net per hectare changes in C stocks (both biomass and soil) are
smaller under shifting cultivation than under permanent cultivation.
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In many areas of tropical Asia and Africa, the fallow periods are being reduced
as land becomes scarce (Myers 1980; Uhlig et al. 1994). Often the shortened fallow
does not allow the recovery of nutrients necessary for crop production, and this
intensification may lead to an increase in degraded lands that support neither crops
nor forests, and a gradual reduction in C stocks. Some of these degraded lands
gradually return to forest, but the changes are not systematically documented either
on the ground or with satellites (Grainger 2008, 2009).

Settled lands. Because the area of urban ecosystems is small, globally, <0.5%
(Schneider et al. 2009) to 2.4% (Potere and Schneider 2007) of the land surface,
urban areas have been ignored in most estimates of C emissions from land use and
land-use change. However, exurban areas were nearly 15 times greater than urban
areas in the U.S. in 2000 (Brown et al. 2005). Furthermore, much of the deforesta-
tion in developed countries and China is currently for residential, industrial, and
commercial use rather than for agriculture (Jeon 2011). The magnitude of net C
emissions from the expansion of settled lands is uncertain. Newly established areas
may be net sources initially but may become net sinks as trees are re-established.
In arid areas settlements may become sinks if irrigation is used to expand the areas
vegetated or to increase the C density of existing vegetation and soil.

4.2.2.2 Degradation

Degradation is defined here as a reduction in C density within a land cover.

Wood harvest. The harvest of wood from forests can increase the amount of C on land
if the wood products have a long residence time and, thereby, accumulate enough
mass to offset the reductions in forest biomass. In practice, however, little of the C
initially held in the forest ends up in long-term products, especially because half of
global harvests are for fuelwood (FAOSTAT 2009). Furthermore, although a constant
rate of logging would eventually yield a net flux nearly zero, as decay and regrowth
offset each other, as long as rates of harvest are increasing, the losses in biomass
will be greater than the accumulations in wood products, yielding a net overall loss
of C from land. Such has been the case globally over the last 150 years or more.

Estimates of the effects of harvest on vegetation C stocks are based on infor-
mation on preharvest biomass and the fractions of this biomass harvested,
damaged, and left living. Wood removed from the forest enters the forest products
stream, whereas wood left behind enters the harvest residue pool. Woody debris
provides a large source of C to the atmosphere as the dead wood decomposes,
with the rate and duration of this source dependent on the amount and condition
of wood left on-site. The amount of C in the dead wood pool is large during the
years after harvest, decreases as the slash pool decomposes, and then increases
again later in succession as dead wood accumulates (e.g., Harmon et al. 1990;
Idol et al. 2001). The rate of C accumulation in vegetation during forest recovery
after harvest, as after other disturbances, varies with climate and soil conditions
(Johnson et al. 2000).
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Table 414 Terrestrial carbon C storage 1850 2005 Change
zltiorfjﬁel—}gulgghst ?)::niizsogi dy) Living vegetation 623 482 -141
’ Soils 1,738 1,697 —41
Slash 7.7 14.4 7
Wood products 7.4 26.5 19
Total 2,376 2,220 -156

At the global level, approximately the same volumes of wood are harvested for
industrial wood (timber, pulp) and fuelwood, although most of the wood harvested
in developed countries is for industrial wood, while most harvests in developing
countries are for fuelwood (FAOSTAT 2009). Fuelwood use is probably minor in
affecting C stocks except in those regions where the supply of wood is less than
the demand. Particularly around urban centers, demand often exceeds supply, and
C stocks are reduced (Ahrends et al. 2010). Such degradation, and its effects on
C stocks, are not well documented, globally.

Illegal logging makes estimates of industrial logging uncertain, and fuelwood
use is also difficult to assess. Nevertheless, the cumulative area harvested for
industrial wood (~1,500 % 10°¢ ha according to the analysis by Houghton (this study))
is larger than the cumulative area of forest cleared for croplands (875-1,035 x 10° ha)
(Table 4.3). The total area harvested is also nearly twice the area computed to be in
secondary forest, indicating that many forests were harvested more than once or
converted to other uses. Despite the large area logged, even the gross emissions of
C from wood harvest are smaller than from deforestation for crops because harvests
may have little effect on the C content of mineral soil (Johnson 1992; Johnson and
Curtis 2001; Nave et al. 2010) (e.g., Zummo and Friedland (2011) for an exception).
The forest floor often loses C after harvest, due largely to reduced C inputs and to
the mechanical transfer of forest floor material to deeper soil layers (Currie et al.
2002; Yanai et al. 2003; Nave et al. 2010). Because forest harvest usually causes little
loss of SOM, little additional accumulation of SOC occurs with forest recovery.

The net loss of C from industrial wood harvest (including losses from wood
products and gains in regrowing forests) over the last 155 years was 17 Pg C
according to the analysis by Houghton (this study). At the same time, 19 Pg C accu-
mulated in wood products (Table 4.4). That accumulation accounts for ~40% of the
industrial wood harvested over the period. The fraction is consistent with efficiencies
reported for harvests in the U.S., taking into account that the fraction of harvested
products going to long-term storage (>5 years) has increased over recent decades
from ~20% to 30-40% (Harmon et al. 1990; Smith et al. 2006). On the other hand,
the fraction of the original forest biomass held in wood products 100 years after
harvest may be only 1%, with another 13% in landfills (Ingerson 2010).

Other. Most forms of management other than wood harvest have received little
attention in global estimates of C flux from land use and land-use change. An
exception is the net release of C estimated to have occurred in China between
1900 and 1980 (Houghton and Hackler 2003). During this interval, the net loss of
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forest area was more than three times greater than the net increase in croplands and
pastures. The loss may have resulted from unsustainable harvests, from deliberate
removal of forest cover (for protection from tigers or bandits), and from the deleterious
effects of long-term intensive agriculture on soil fertility. Unlike croplands, pastures,
and forests, the area in degraded lands is rarely enumerated (Oldeman 1994), yet
the losses of C may be equivalent to the losses resulting from cultivation, especially
if the degradation results from worn-out cultivated lands, abandoned but not returning
to forest.

4.2.2.3 Reforestation and Management

Reforestation, afforestation, and other types of land management have run counter to
the global trend of de-carbonization. Some of these activities are described below.

At the national level, forest area may be related to the country’s stage of
development — the “forest transition” (Mather 1992). Frontier lands may have large
forests areas, which are used to fuel economic growth. The result is a loss of forest
area. With development, however, forest areas expand again. Examples include
China, India, Europe, and the northeastern and mid-western regions of the U.S.
The trends are broadly consistent with the emissions from tropical and non-tropical
regions (Fig. 4.2). The developed countries lost C in the past, but many are now
sequestering C. In contrast, the losses of C from tropical countries are still high.
There are exceptions, however. Forests are being lost, again, in New England
(US) — this time for residential and commercial uses rather than for agriculture
(Jeon 2011). As many of these residences are second homes, they suggest a new
wrinkle to the forest transition paradigm.

Plantations. Plantations, globally, have not been a large net sink for C, as might be
expected, because plantations are often established on forest lands, and the accu-
mulation of C in growing plantations is offset by the emissions of C from defor-
estation. Further, many plantations are timber or fuelwood plantations, periodically
harvested and thus have an average biomass less than the forests from which they
were derived. The conversion of native forests to plantations normally leads to a net
reduction in C stocks.

Although the rate of plantation establishment has recently increased, especially
in China, Russia, and Vietnam, the area annually planted globally was ~25% of the
area deforested (FAO 2006). This estimate does not include changes in the areas
of orchards or oil palm plantations, which are “permanent crops” according to the
FAO. The rate of accumulation of C aboveground is well documented for plantations,
but the spatial heterogeneity (which types of plantation, planted where?) is not readily
available for large regions. For example, plantations may be established for timber,
shelter belts, or fuel, and the stocks of C in biomass vary considerably. Whether
plantations are established on non-forest lands or on recently cleared forests also
affects the net changes in biomass and SOC that result. Reviewing more than 100
observations, Guo and Gifford (2002) found that the establishment of plantations
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on forest lands or pastures generally decreased SOC stocks, while establishment on
croplands increased them. This finding is consistent with the observations, above,
that cultivation causes a 25-30% decline in the top meter, while pastures, often not
cultivated, lose considerably less or even gain C. In another review Paul et al. (2002)
found that plantations established on agricultural lands (both croplands and pastures)
lost SOC during the first 5—10 years but gained it over periods longer than 30 years.
The length of time land has been cultivated before being converted to a plantation
may explain some of this variability. Overall, the changes in SOC were small relative
to the gains in biomass.

Agricultural management. The changes in SOC that result from the conversion of
natural ecosystems to croplands and their subsequent cultivation are addressed
above (Sect. 4.2.1), but changes in C stocks result from cropland management,
including cropping practices, irrigation, use of fertilizers, different types of tillage,
changes in crop density, and changes in crop varieties. Many studies have addressed
the potential for management to sequester C. Fewer studies have tried to estimate
past or current C sinks. Recent analyses for the U.S. suggest a current sink of 0.015
Pg C year™ in croplands (Eve et al. 2002), while a recent assessment for Europe
suggests a net source of 0.300 Pg C year™!, perhaps because of reduced application
of manure to cropland (Janssens et al. 2003). In Canada, the flux of C from cropland
management is thought to be changing from a net source to a net sink, with a current
flux near zero (Smith et al. 2000). Globally, the current flux is uncertain but probably
not far from zero.

Aside from the losses of C resulting from cultivation of native soils and the
re-accumulation of C in abandoned croplands soils, changes in agricultural manage-
ment have not generally been included in global analyses of land use and land-use
change although they have been included in regional analyses at high spatial resolution
(e.g., Kutsch et al. 2010; West et al. 2010). The effects of erosion and redeposition
of organic C, discussed above under croplands, pertain here as well.

Fire management. The emissions of C from fires associated with the conversion of
forests to croplands and pastures are included in analyses of land-use change, but
fire management has largely been ignored despite the fact that fire exclusion, fire
suppression, and controlled burning are practiced in many parts of the world. In many
regions, fire management may cause a terrestrial sink (Houghton et al. 1999; Marlon
et al. 2008). In other regions it increases the net source. In particular, the draining
and burning of peatlands in Southeast Asia are thought to add another 0.3 Pg C
year™ to the net emissions from land-use change (not included in the estimates
reported here) (Hooijer et al. 2009).

Woody encroachment. The expansion of trees and woody shrubs into herbaceous
lands, although it cannot be attributed definitively to natural, indirect (climate, CO,),
or direct effects (fire suppression, grazing), is, nevertheless, re-carbonizing land in
many regions. Scaling it up to a global estimate is problematical, however (Scholes
and Archer 1997; Archer et al. 2001), in part because the areal extent of woody
encroachment is unknown and difficult to measure (e.g., Asner et al. 2003). Also, the
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increase in vegetation C stocks observed with woody encroachment is in some cases
offset by losses of soil C (Jackson et al. 2002). In other cases the soils may gain C
(e.g., Hibbard et al. 2001) or show no discernable change (Smith and Johnson 2003).
Finally, woody encroachment may be offset by its reverse process, woody elimination,
an example of which is the fire-induced spread of cheatgrass (Bromus tectorum)
into the native woody shrublands of the Great Basin in the western U.S. (Bradley
et al. 2006).

The net effect of woody encroachment and woody elimination is, thus, uncertain,
not only with respect to net change in C storage, but also with respect to attribution.
It may be an unintended effect of management, or it may be a response to indirect
or natural effects of environmental change.

4.3 Summary and Conclusions

4.3.1 The Past

The amount of C lost from terrestrial ecosystems over the last ~150 years is 1-3
times greater than the losses before 1850 (Table 4.2). Since 1850, most of the loss
has been from biomass; soils contributed only about 25% of this net release
(Table 4.4), although the proportion varies by ecosystem type. The amount of C in
slash and wood products is small, but the increases over 155 years are significant
relative to the changes in living biomass and soil (Table 4.4)

More than one third of the total land surface of the Earth has been altered directly
by human activity (nearly half of the productive land surface — rock, sand, snow, ice,
and water bodies excluded). Croplands and pastures, together, occupy a quarter to a
third of the land surface, and secondary forests recovering from some form of
management account for ~30% of the world’s forests. All of the lands that are
known to have been managed in 2000 account for 37% of total land area, or 46% of
the productive land surface. Hurtt et al. (2006) estimated that 42-68% of the land
surface had been affected by land-use activities, but even those estimates are
probably conservative. It seems likely that most of the productive land surface has
been used in one way or another over the last 150 years, but many uses are never
reported or recorded.

Direct human activity has caused a total net decarbonization of 170-260 Pg C
from the world’s terrestrial ecosystems (Table 4.2). As discussed in Sect. 4.1, this
decarbonization in recent years has been offset to a large extent by natural or indirect
human effects that have led to an accumulation of C on land. Nevertheless, the net
effect of management, to date, has been to decarbonize rather than recarbonize the
land surface. Most (60-70%) of this long-term decarbonization occurred over
the last 155 years (108-188 Pg C). According to the analysis reported here,
about 90% of this more recent decarbonization has resulted from the clearing
and management of forests; cultivation of prairie soils account for the other 10%.
Estimates are that 30—40% of the world’s forests have been lost (Pongratz et al.
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Fig. 4.5 The area and average carbon density of the world’s forests before human activity, in
1850, and in 2005 (Houghton, this study)

2008; World Commission on Forests and Sustainable Development 1999). The loss
of ~1,074x 10° ha of forest over the last 155 years has had the greatest effect on
decarbonization, ~110 Pg C, but widespread harvest of wood and other processes
degrading forests have contributed ~40 Pg C (~25%). This degradation has reduced
the carbon density of forest biomass from a global average of 103 Mg C/ha to
101 Mg C/ha by 1850 to 91 Mg C/ha by 2005 (Fig. 4.5).

The rate of these transformations over the surface of the Earth has been accel-
erating, globally, although not equally in all regions. In the northern mid-latitudes
(largely developed countries) the area in agriculture has been nearly constant over
the last decades, while in the tropics agricultural lands have been expanding.

4.3.2 The Future

This short review has sketched broad global trends. It has not done justice to the
numerous management practices that counter these trends in decarbonization.
Indeed, the larger the decarbonization in the past, the greater the opportunity
for recarbonization in the future. Most of the activities that have released C to the
atmosphere might, with appropriate incentives, store it again on land. Examples
include the management of forests and use of wood (Kohlmaier et al. 1998) and the
management of agriculture (Smith et al. 2007).

Two activities have the potential to affect terrestrial C sinks at scales large and
rapid enough to stabilize the concentration of CO, quickly: massive reforestation
and a halt to deforestation. On the order of 200-300 x 10° ha of new forest would be
required to remove 1-1.5 Pg C year™ from the atmosphere, and that uptake would
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decline after several decades. The area is large, but not in comparison to current
areas in croplands and pastures. The magnitude of 1-1.5 Pg C year™! assumes,
optimistically, an average sequestration rate in wood and soils of 5 Mg (1 Mg=10° g)
C ha'year™!, while the lands available for such afforestation are unlikely to be the
most fertile and productive.

Deforestation is responsible at present for annual emissions of 1-1.5 Pg C. A halt
to deforestation, combined with a massive program of reforestation, could thus
reduce C emissions by 2.5-3 Pg C year~!. The reduction is more than half the rate at
which C is accumulating in the atmosphere at present (~4 Pg C year™) (Table 4.1).
Similar reductions of 1-1.5 Pg C year~! in the emissions of C from fossil fuels, which
are now nearly 9 Pg C year™! (Friedlingstein et al. 2010), would stabilize the concen-
tration of CO, in the atmosphere immediately. Additional reductions would be
required over time to bring the concentration of CO, in the atmosphere back to
350 ppm, but the management of C on land offers a short-term solution to stabilization
of atmospheric CO, concentrations. It has the advantage of being technically achievable
and cheap relative to other emissions reductions.

The emphasis in this chapter on net losses of C from land hides the much larger
gross sources and sinks of C associated with land use and land-use change. The gross
loss of C from land management, for example, was more than 4 Pg C year™!, while
the net loss was only 1-1.5 Pg C year™' (Richter and Houghton 2011). These gross
fluxes indicate a much larger potential than the global net flux for reducing current
losses and for re-carbonizing terrestrial ecosystems through management.

Stopping deforestation and establishing 200-300x 10° ha of new forest would
require a reversal of the global trends in land use and land-use change that have
accelerated over the last 300+ years. Such reversals have already happened in many
nations, as suggested by the forest transition (see Sect. 4.2.2.3). Can they become
global? And can they become global when the demands for food are growing, as
well as the demands for meat, and bioenergy? The competition for land looms as a
particularly important issue over the next century.
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