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Abstract

Soil erosion is the most widespread form of soil degradation. Land area globally affected by erosion is 1094 million ha (Mha) by water
erosion, of which 751 Mha is severely affected, and 549 Mha by wind erosion, of which 296 Mha is severely affected. Whereas the effects of
erosion on productivity and non-point source pollution are widely recognized, those on the C dynamics and attendant emission of greenhouse
gases (GHGs) are not. Despite its global significance, erosion-induced carbon (C) emission into the atmosphere remains misunderstood and
an unquantified component of the global carbon budget. Soil erosion is a four-stage process involving detachment, breakdown, transport/
redistribution and deposition of sediments. The soil organic carbon (SOC) pool is influenced during all four stages. Being a selective process,
erosion preferentially removes the light organic fraction of a low density of < 1.8 Mg/m>. A combination of mineralization and C export by
erosion causes a severe depletion of the SOC pool on eroded compared with uneroded or slightly eroded soils. In addition, the SOC
redistributed over the landscape or deposited in depressional sites may be prone to mineralization because of breakdown of aggregates
leading to exposure of hitherto encapsulated C to microbial processes among other reasons. Depending on the delivery ratio or the fraction of
the sediment delivered to the river system, gross erosion by water may be 75 billion Mg, of which 15—20 billion Mg are transported by the
rivers into the aquatic ecosystems and eventually into the ocean. The amount of total C displaced by erosion on the earth, assuming a delivery
ratio of 10% and SOC content of 2—3%, may be 4.0—-6.0 Pg/year. With 20% emission due to mineralization of the displaced C, erosion-
induced emission may be 0.8—1.2 Pg C/year on the earth. Thus, soil erosion has a strong impact on the global C cycle and this component
must be considered while assessing the global C budget. Adoption of conservation-effective measures may reduce the risks of C emission and

sequester C in soil and biota.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Soil erosion, displacement of soil from the place of its
formation by causative agents (e.g., raindrop, runoff, wind,
gravity, etc.) and its deposition at a depressional and/or
protected site, is a natural geologic phenomenon. The slow
geologic erosion is a constructive process, which has created
vast tracts of fertile soils of alluvial flood plains and loess
plateaus around the world. These soils, with built-in soil
fertility renewal mechanisms, have supported ancient civi-
lizations (e.g., in the valleys of the Nile, Euphrates, Indus,
Yangtze) and thriving cultures for millennia. In contrast, the
accelerated soil erosion, exacerbated by anthropogenic per-
turbations, is a destructive process. It depletes soil fertility,
degrades soil structure, reduces the effective rooting depth
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and destroys the most basic of all natural resources. Numer-
ous, once-thriving civilizations have vanished because of
the degradation of the resource base on which they arose
(Lowdermilk, 1953; Eckholm, 1976; Olson, 1981; Brown,
1981, 1984; Dregne, 1982).

The importance of protecting and restoring the soil
resource is increasingly been recognized by the world
community (Lal, 1998; Barford et al., 2001; Lal, 2001).
Sustainable management of soil received strong support at
the Rio summit in 1992 and its Agenda 21 (UNCED, 1992),
UN Framework Convention on Climate Change (UNFCCC,
1992) and Articles 3.3 and 3.4 of the Kyoto Protocol
(UNFCC, 1997), the 1994 UN Framework Convention to
Combat Desertification (UNFCD, 1996). These conventions
are indicative of the recognition by the world community of
strong linkages between soil degradation and desertification
on the one hand and loss of biodiversity, threat to food
security, increase in poverty and risks of accelerated green-
house effect and climate change on the other.
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Whereas the adverse impacts of accelerated soil erosion
on soil degradation (Bennett, 1939; Jacks and Whyte, 1939;
UNEP, 1992) food security (Oldeman, 1998; Scherr, 1999)
and water quality/sedimentation, etc. (Lal, 1998) have long
been recognized, its effects on carbon (C) dynamics and
emission of carbon dioxide (CO,) and other greenhouse
gases (GHGs) into the atmosphere have not been given the
emphasis they deserve. Although transfer and redistribution
of soil organic carbon (SOC) by erosion is evident and
widely known, its impact on the global C budget is neither
understood nor accounted for. Therefore, this manuscript
reviews the state of the knowledge about the extent and
severity of soil erosion, impact of erosion on soil C
dynamics, fate of eroded soil C and the potential of erosion
management and desertification control to sequester C and
mitigate the accelerated greenhouse effect.

2. Global extent and severity of soil erosion

Accelerated soil erosion has plagued mankind ever since
the dawn of settled agriculture, and the literature is replete
with gloomy and catastrophic effects. UNEP (1986) esti-
mated that 2 billion ha of land that was once biologically
productive has been irreversibly degraded since 1000 AD.
Rozanov et al. (1990) reported that more productive soil
may have been irreversibly lost in the past 10,000 years
than is currently under agricultural production [estimated at
about 1500 million ha (Mha)]. Yet most available statistics
on the extent and severity of soil erosion is subjective,
qualitative, obsolete, crude and unreliable. There are sev-
eral uncertainties in these available statistics on the extent
and severity of soil erosion. The most widely used sta-
tistics on soil erosion is that by Oldeman (1994) (Table 1).
Total land area affected by water erosion is 1094 Mha, of
which 751 Mha is severely affected, and that by wind
erosion is 549 Mha, of which 296 Mha is severely
affected. There are also regional hot spots of erosion
including the Himalayan—Tibetan ecosystem in South

Table 1
Global extent of severe (moderate + level) water and wind erosion (adapted
from Oldeman, 1994; Scherr, 1999)

Region Land area affected by severe Total as a
erosion (moderate +level) (Mha) percent of total
Water Wind Total land used
erosion erosion

Africa 169 98 267 16

Asia 317 90 407 15

South America 77 16 93 6

Central America 45 5 50 25

North America 46 32 78 7

Europe 93 39 132 17

Oceania 4 16 20 3

World 751 296 1047 12

Table 2

The global pattern of suspended yield and estimates of gross erosion on
continental scale (the data on suspended load is recalculated from Walling
and Webb, 1983)

Region Land area Sediment Gross erosion Mean
(% 10° ha) load assuming delivery erosion rate

(x 10° ratio of 10% (Mg/ha/year)
Mg/year) (X 10° Mg/year)

Africa 3.01 3891.3 389 12.9

Asia 4.46 7401.3  74.0 16.6

South America  1.78 3942.6 394 22.1

North America  2.28 2808.6  28.1 12.3

Europe 0.98 1312.7  13.1 134

Oceania 0.80 763.8 7.6 9.5

Total 13.26 20,120.3 201.1 15.2

Asia, the Loess Plateau in China, the sub-humid and
semiarid regions of sub-Saharan Africa, highlands of
Central America, the Andean region, Haiti and the Car-
ibbean (Scherr and Yadav, 1996).

Similar to the land area affected, there are also uncer-
tainties about the extent of sediment transported into the
oceans. Estimates of global rates of soil erosion have been
made at 75 billion Mg/year by Pimentel et al. (1995),
assuming an average erosion rate of 100 Mg/ha on 751
Mha of area affected by severe erosion (Table 1). The first
attempt at estimating the sediment transport by rivers was
that by Fournier (1960). The next attempt by Strakhov
(1967) differed from that by Fournier both in trends and
sediment yield by several orders of magnitude. Since then,
several attempts at estimating sediment transport have been
made including those by Jansson (1982, 1988), Milliman
and Meade (1983), Walling (1983, 1996, 1997), and Wall-
ing and Webb (1983, 1985, 1987, 1988, 1996). Milliman
and Syvitski (1992) estimated that the annual sediment
transport to the ocean is about 20 billion Mg, but the mass
of sediment in motion is about 30 billion Mg/year. Most
available literature shows that the annual sediment transport
into the ocean by the world’s rivers is 15—20 billion Mg
(Walling and Webb, 1996).

Global maps of suspended sediment yield on continental
basis have been compiled by Walling and Webb (1983)
and Lvovich et al. (1991). Estimating the actual soil
erosion using the sediment yield data requires information
on the delivery ratio. It is defined as the fraction of the
sediment originating over the land delivered to the major
drainage or river system (Walling, 1983). Assuming a
delivery ratio of 13-20%, estimates of gross erosion on
continental scale are shown in Tables 2 and 3. The data in
Table 2 is based on the suspended sediment map prepared
by Walling and Webb and that in Table 3 by Lvovich et al.
The data in Table 2 indicating global suspended sediment
load of 20 billion Mg/year and global erosion rate of 7—11
Mg/ha/year seem more realistic than about twice the rates
shown in Table 3. The global erosion rate of 197—303
billion Mg is about 2.6—4.0 times that reported by Pimen-
tel et al. (1995). For further analyses, therefore, the
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Table 3

The global pattern of suspended sediment yield and estimates of gross
erosion rate at continental scale (the data on suspended load is recalculated
from Lvovich et al., 1991)

Region Land area Suspended Gross erosion Mean
(% 10° ha) load assuming delivery erosion rate
(X 10° Mg) ratio of 13-20% (Mg/ha/year)
(X 10° Mg/year)
Africa 3.01 2342.1 234 7.8
Asia 4.46 22,088.3 220.9 49.5
South America 1.78 5599.7 56.0 31.5
North America 2.28 4534.2 453 19.9
Europe 0.98 3288.2 329 33.6
Oceania 0.80 1525.5 15.3 19.1
Total 13.26 39,378.0  393.8 26.7

calculations presented in Table 2 will be used in this
manuscript.

3. The global carbon budget and erosional processes

There has been a rapid increase in the atmospheric
concentration of CO, and other greenhouse gases (GHGs)
into the atmosphere. For example, the concentration of CO,
has increased by 31% from 280 ppmv in 1750 to 367 ppmv
in 1999, and is increasing at an average rate of 1.5 ppmv/
year or 0.4%/year. This and similar increases in concen-
trations of CHy, N,O and other GHGs (Table 4) have raised
concerns regarding the identification of sources and sinks of
these gases. Attempts have also been made to prepare a
global budget of C (Table 5), albeit with numerous uncer-
tainties in the sources and sinks. While the emissions from
fossil fuel combustion and cement manufacturing are reli-
able, those from land use change amount to sophisticated
educated guesses even under the best case scenarios. Being
non-point or diffused sources, it is difficult to precisely
estimate local, regional and global emissions of CO, and
other GHGs due to deforestation, biomass burning, soil
cultivation, use of fertilizers and manures and other activ-
ities related to land use conversion. Because the C budget
cannot be balanced, the so-called “missing sink™ (Tans et
al., 1990) or the “‘unknown residual sink” (Schimel et al.,
2001) lumps all the uncertainties. In fact, the global C
budget presented in Table 5 is grossly inadequate because
all sources and sinks of CO, due to land use change and soil
erosion are not accounted for. There has been a considerable
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Table 5
The global C budget in 1990s (adapted from Schimel et al., 2001)

Activity Flux (Pg C/year)
1. Sources
1. Fossil fuel combustion and cement production 63+04
2. Land use change 1.6 0.8
1I. Sinks
1. Atmospheric increase 32+0.1
2. Ocean uptake 1.7£0.5
3. Terrestrial uptake 14+0.7
III. Unknown residual sink 2-4

interest in the land-based C sinks (Pacala et al., 2002; Hurtt
et al., 2002; Myneni et al., 2001a,b). The unknown sinks are
estimated at 2—4 Pg C/year (Schimel et al., 2001; Table 5).
Identification of unknown sinks is important in developing
strategies for mitigating potential climate change or at least
reducing the rate of enrichment of GHGs in the atmosphere.
The main challenge is to identify all the different pathways
in the terrestrial and marine sub-cycles, and quantify and
balance different fluxes to determine both the nature and
magnitude of sources and sinks. Thus, credible sinks can be
identified only if all sources (e.g., terrestrial including soils
and vegetation, industrial, aquatic, biotic) of C are also
known. It is in this connection that impact of soil erosion on
C dynamics needs to be assessed objectively and quantita-
tively. Being located in the vicinity of the soil surface and of
low density, soil organic carbon (SOC) is drastically
impacted by erosional processes. Thus, importance of soil
degradation in general and that of soil erosion in particular
on C dynamics and possible emissions of GHGs cannot be
overemphasized. Redistribution of eroded C over the land-
scape and its transport into aquatic ecosystems and oceans is
an important process (Meybeck, 1993a; Hedges et al., 1997)
that cannot be ignored in the context of the global C cycle.

4. Global carbon pools

There are five principal global C pools. The oceanic pool
is the largest at 38,000 Pg (Pg = petagram=10"> g =1 billion
metric ton), followed by the geologic pool at 5000 Pg
comprising 4000 Pg of coal and 500 Pg each of oil and
gas. The geologic pool as reported herein does not include
carbonates in sedimentary rocks. The terrestrial C pool is the
third largest pool comprising soil and the vegetation com-

Table 4
Anthropogenic increase in atmospheric concentration of several greenhouse gases (adapted from IPCC, 2001)
Gas Change in concentration Increase in concentration Radiative
. . : 2
from pre-industrial to 1999 % Current rate forcing (W/m®)
CO, 280-367 ppm 31 1.5 ppm/year or 0.4%/year 1.46
CH,y 700—-1760 ppb 151 7.0 ppb/year or 0.4/year 0.48
N,O 270-314 ppm 16 0.8 ppb/year or 0.25%/year 0.15
CRC and others 0-268 ppt ? — 1.4 ppt/year or — 0.5/year 0.34
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ponents. The soil C pool comprises two components: the
SOC pool estimated at 1550 Pg and the soil inorganic carbon
(SIC) pool estimated at 750 Pg (Batjes, 1996; Eswaran et al.,
1995), with a total soil C pool of about 2300 Pg to 1-m
depth. The vegetation pool is estimated at 560 Pg, making
the terrestrial C pool at about 2860 Pg. The atmospheric
pool is 760 Pg and is increasing at the rate of 3.2 Pg C/year.
Thus, the soil C pool of 2300 Pg is about 4.1 times the
biotic/vegetational pool and about 3 times the atmospheric
pool. In comparison, the terrestrial C pool of 2860 Pg is
about 57% of the geologic pool and about 4 times the
atmospheric pool. All these pools are interconnected. For
example, 60 Pg C is exchanged in each direction between
biota/vegetation and the atmosphere each year. Similarly, 90
Pg is emitted and 92 Pg is absorbed by the ocean each year
(Schimel, 1995; Raich and Schlesinger, 1992). In compar-
ison, only 6.3 Pg/year is emitted by fossil fuel combustion
and 1.6—2.0 Pg/year by land use change (Table 5). Thus,
enhancing photosynthetic fixation and sequestering even 5%
of the photosynthetic C into the terrestrial ecosystems can
drastically offset the industrial emissions.

Additional issues at hand are: which of the four pools is
contributing to the increase of CO, concentration in the
atmosphere, and which pool is a potential sink of atmos-
pheric CO,? Fossil fuel combustion or the geologic pool is
an obvious and quantifiable source. Another obvious but not
easily quantifiable source is tropical deforestation and the
attendant biomass burning. Yet emission of CO, and other
GHGs by soil degradation is an important but neither an
obvious nor an easily quantifiable source. Each year, world
soils release about 4% of their pool (60 Pg) into the
atmosphere, which is 10 times the fossil fuel combustion.
The exact magnitude of the loss is not known, and may in
fact be much greater because of anthropogenic perturba-
tions, and soil and ecosystem degradation. On the other
hand, the so-called “missing C” may also be absorbed by
soils and other terrestrial ecosystems. These issues need to
be resolved.

5. Soil erosion and the global C cycle

Gaseous emissions from terrestrial ecosystems are exa-
cerbated by soil degradation, of which accelerated soil
erosion is the most predominant and widespread form.
The economic and agronomic impacts of accelerated erosion
are widely recognized (Pimentel et al., 1995; Lal, 1998; den
Biggelaar et al., 2001). There has also been considerable
research on the impact of erosion on water quality and non-
point source pollution (Burwell et al., 1975; Owens et al.,
1984; Sharpley et al., 1983; Zhu et al., 1989; Owens, 1994).
Yet the research information is extremely scarce on soil C
dynamics in relation to soil degradation in general and soil
erosion in particular.

The steady state equilibrium of the SOC pool in undis-
turbed ecosystems is drastically disturbed by anthropogenic

activities attendant upon conversion of natural to agricul-
tural ecosystems. These activities often lead to a reduction
in the amount of root and litter biomass returned to the soil,
distribution in cycles of elements and water and change in
the energy balance. Consequently, the SOC pool is dimin-
ished by an increase in the oxidation rate and losses due to
erosion and leaching. The magnitude of depletion is exa-
cerbated by ploughing, drainage and other drastic distur-
bances. Most soils may lose one-half to two-thirds of their
SOC pool within 5 years in the tropics and 50 years in
temperate regions. The new equilibrium may be attained
after losing 20—50 Mg C/ha. There are several estimates of
the historic loss of SOC pool at global scale due to land use
change. The global loss has been estimated at 40 Pg by
Houghton (1995), 55 Pg by IPCC (1995) and Schimel
(1995), 66—90 Pg by Lal (1999), 150 Pg by Bohn (1978),
500 Pg by Wallace (1994) and 537 Pg by Buringh (1984).
Rozanov et al. (1993) observed that world soils have lost
humus (58% C) at a rate of 25.3 Tg/year ever since
agriculture began 10,000 years ago, 300 million tons/year
in the past 300 years and 760 million tons per year in the last
50 years. They estimated that nearly 16% of the original
SOC pool may have been lost.

Soil erosion by water and wind, from detachment of
particles to eventual deposition in depressional sites and
aquatic/oceanic ecosystems, is a four-stage process. It
involves (i) detachment of particles, (ii) breakdown of
aggregates, (iii) transport and redistribution of sediments
over the landscape and (iv) deposition in protected/depres-
sional sites or aquatic ecosystems. Soil C is influenced
during each of these four stages, often differently because
of wide variations in soil moisture and temperature
regimes, differences in quality of soil organic matter con-
tent (e.g., C/N ratio, lignin content), variation in soil
properties (e.g., degree and strength of aggregation, clay
content and mineralogy, differences in SOC concentration
and relative extent of labile, intermediate and passive
fractions), and changes in hydrodynamics at different land-
scape positions.

Soil erosion affects SOC dynamics through its impact on
the following processes: (i) slaking or disruption of aggre-
gates, (ii) preferential removal of C in runoff water or dust
storms, (iii) mineralization of soil organic matter on-site,
(iv) mineralization of SOC displaced and redistribution over
the landscape and transported in rivers and dust storms, (v)
reaggregation of soil through formation of organo-mineral
complexes at the depositional/protected sites and (vi) deep
burial of C-enriched sediments in depositional sites, flood
plains and reservoirs and ocean floor (Fig. 1). A brief
description of each of these processes follows.

5.1. On-site depletion of soil organic carbon pool
Land use change from natural to agricultural ecosystems,

ploughing and other soil disturbances deplete SOC pool on-
site (De Jong et al., 1983; Janzen et al., 1997; Lal, 2000).
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Fig. 1. Erosion impact on processes that impact the global C cycle.

The change in SOC due to change in land use can be
represented by a mass-balance equation (Eq. 1):

ASOC = (SOC, + 4) — (E + L + M) (1)

Where ASOC is the change in pool, SOC, is the antecedent
pool, 4 is accretion or input of C through biosolids, and
losses due to erosion (E), leaching (L) and mineralization
(M) are accentuated by anthropogenic perturbations. The
process leads to increase in SOC pool if the magnitude of the
terms (SOC, +A)>(E+ L+ M), or profile truncation leads to
high exposure of a buried 4 horizon with SOC concentration
and depletion in SOC pool if (SOC,+4)<(E+L+M).

Conversion of natural to managed ecosystems depletes
SOC pool because C inputs in agricultural ecosystems are
generally lower than in natural ecosystems (Voroney et al.,
1981) and decomposition rates are higher (Gregorich and
Anderson, 1985) due to differences in soil moisture and
temperature regimes caused by ploughing, drainage, bio-
mass burning or residue removal (Gregorich et al., 1998;
Lal, 2000). The loss of SOC may be 20—50 Mg C/ha, which
may occur within 5—50 years following conversion (David-
son and Ackerman, 1993), with the exact magnitude of loss
depending on climate, soil, drainage, crop sequences, tillage
methods and residue management (Lal, 2000). The magni-
tude of depletion is exacerbated by soil erosion and the
attendant decline in soil quality.

Translocation and redistribution of sediments and SOC
by erosional processes is a pedogenic process, because
eroded and depositional soils differ from the original soils

(Blume, 1986; Beyer et al., 1993). The SOC is easily
transported by runoff water or wind because it is of
relatively low density (<1.8 Mg/m®) and is concentrated
in the vicinity of the soil surface. A study on wind erosion in
southwest Niger showed that wind-borne material trapped at
2-m height contained 32 times more SOC relative to the
antecedent topsoil (Sterk et al., 1996). Wind-borne sedi-
ments can differ in chemical characteristics compared to soil
from which these are derived (Warn and Cox, 1951;
Laprade, 1957; Cihacek et al., 1993). A high SOC enrich-
ment ratio is also observed in water-borne sediments (Lal,
1976). In general, the magnitude of SOC transport in runoff
water is more from bare fallow plots than those with vegetal
cover (Lal, 1976; Lowrance and Williams, 1988). Soil
erosion by water and wind depletes the SOC pool, and
losses of SOC due to erosion on sloping land may be several
times more than due to mineralization (Daniel and Lang-
ham, 1936; Slater and Carleton, 1938; Webber, 1964), but
not so on flat terrain without wind or water erosion hazard
soon after conversion from natural to agricultural ecosys-
tems (Gregorich and Anderson, 1985). Consequently, the
SOC pool in eroded soils is much lower than that on
uneroded phases (Rhoton and Tyler, 1990; Fahnstock et
al., 1996; Oskarsson et al., in press). On a chernozemic soil
in Saskatchewan, Canada, Anderson et al. (1986) reported
depletion of SOC pool by 70% on convex eroded slopes
compared to 40% depletion on slightly eroded sites. De
Jong and Kachanoski (1988) reported that about 50% of the
total SOC loss occurred due to soil erosion. Pennock et al.
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(1994) also reported high losses due to net soil export by
erosion. In Iceland, Oskarsson et al. (in press) reported that
120-500 Tg SOC may have been lost due to accumulative
historic soil erosion. The current rate of loss of SOC by
erosion is estimated at 0.052—0.104 Tg C/year. Soils with-
out erosional losses may attain stable level of SOC, while
SOC content in those susceptible to erosion may continue to
decrease over a long time (Voroney et al., 1981; Gregorich
et al., 1998). Tiessen et al. (1982) observed that SOC losses
due to erosion on a conventionally ploughed soil were
evident for up to 90 years.

Over and above the lateral transport of light fraction,
there are three other factors which exacerbate the depletion
of SOC pool. One, the rate of on-site mineralization of the
remaining SOC may increase due to changes in soil mois-
ture and temperature regimes. For example, soil reflectance
properties are influenced by erosion (Wagner-Ridle et al.,
1996) which alter soil temperature regime. Two, erosion
decreases soil productivity by reducing available water
capacity, decreasing effective rooting depth, and reducing
water and nutrient use efficiencies (Lal, 1998). Decline in
productivity reduces the amount of plant residues (both
shoot and root) returnable to the soil. Significant reductions
in crop yields also occur in depressional sites (Monreal et
al., 1997) with progressive decrease in amount of root and
shoot biomass returned to the soil. Three, severe soil erosion
by water or wind also leads to truncation of the soil profile
by removal of the surface layer and exposure of the
carbonate-rich sub-soil. Carbonates thus exposed may react
with acidiferous material and release CO, to the atmosphere.
In contrast, burial of the carbonaceous layer at depositional
sites may reduce the risks of emission from the SIC pool.

5.2. Slaking and disruption of aggregates

Being a work function, erosion causes slaking, disruption
and breakdown of aggregates. The latter may happen by
slaking caused by a quick immersion in water, disruption
following the escape of compressed or entrapped air, impact
of the raindrop related to its kinetic energy or momentum,
shearing force of runoff or wind, or collision of aggregates
against one another. Whereas the process of aggregation
sequesters C, breakdown or dispersion of aggregates into
soil separates releases hitherto encapsulated C and makes it
vulnerable to decomposition by microbial processes. Based
on the hierarchy model (Tisdall and Oades, 1982; Oades and
Waters, 1991; Tisdall, 1996), processes of aggregation and
slaking may be represented by the following schematics.

In addition to exposure to microbial processes, the C thus
released by slaking is also preferentially removed by water
runoff or wind, redistributed over the landscape or is carried
into depositional/protected sites.

5.3. Redistribution of sediments and carbon over the
landscape

It is generally postulated that SOC transported with
eroded sediment may be: (i) deposited into nearby intact
soil, (ii) deposited into previously eroded and barren areas,
(iii) carried into the fresh water bodies and (iv) oxidized and
released into the atmosphere (Oskarsson et al., in press).
Indeed, some of the SOC displaced is merely redistributed
over the landscape, and may never reach a stream, reservoir
or an aquatic ecosystem (Gregorich and Anderson, 1985).
The distance to which particles are transported depends on
the density/weight of the particles and velocity or carrying
capacity of the fluid (wind or water). The light fractions
(density of <1.8 Mg/m®) are carried longer distances than
heavier particles and may enrich the depositional sites. The
redistribution of SOC is enhanced over an eroded landscape,
and the SOC thus translocated is highly susceptible to
microbial processes and climatic elements. The net effect
of the erosional process is to deplete the SOC pool on
eroded sites and enhance it on depositional sites.

5.4. Mineralization of soil organic carbon redistributed
over the landscape

The redistributed SOC is generally a light or labile
fraction comprising particulate organic carbon (POC). This
fraction is easily mineralized (Schlesinger, 1995), and the
process is accentuated by changes in soil temperature and
moisture regimes. Excessive runoff leads to the landscape
becoming more arid, decreasing soil wetness and increasing
soil temperature. The rate of mineralization increases with
increase in soil temperature.

5.5. Fate of carbon in depressional sites

There are a series of complex and interacting processes
involved in depressional sites: (i) deposition may bury the
calciferous layer enriched in SIC content, (ii) deep burial of
SOC/POC may decrease risks of mineralization, (iii) reag-
gregation of the dispersed clay and silt with POC/SOC
transported into the depressional sites may also decrease
mineralization (Gregorich et al., 1998) and (iv) the depres-
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Table 6
Carbon contents of sediments in major rivers
River Country Carbon type Concentration/flux Reference
Amazon Brazil POC 1-2% of bed load (0.5-5.0 mg/l) Richey et al. (1986, 1991)
DOC 50% of TOC (2.7—4.7 mg/l)
DIC 4851228 umol/l
TSS 93-600 mg/l
TOC 30.9 Tg Clyear (62% DOC) or
3.6—12.6 g/m*/year (8.5 g/m*/year)
Mackenzie Canada POC 1.8 Tg Clyear Telang et al. (1991)
DOC 1.3 Tg Clyear
TOC 3.1 Tg Clyear
TC 8.0 Tg Clyear
St. Lawrence Canada POC 0.3 Tg Clyear Telang et al. (1991)
DOC 1.6 Tg Clyear
TOC 1.9 Tg Clyear
TC 8.9 Tg Clyear
Mississippi USA POC 0.9 Tg Clyear Telang et al. (1991)
DOC 3.5 Tg Clyear
TOC 3.6 Tg Clyear
Yukan Mexico POC 0.4 Tg Clyear Telang et al. (1991)
DOC 2.4 Tg Clyear
TOC 3.0 Tg Clyear
Orinoco Venezuela POC 1.9 Tg Clyear Depetris and Paolini (1991)
DOC 3.2 Tg Clyear
TOC 5.1 Tg Clyear
TC 7.7 Tg Clyear
Zaire Congo DOC 1.02 Tg Clyear Martins and Probst (1991)
POC 0.30 Tg C/year
TOC 1.30 Tg Cl/year
Niger Nigeria DOC 48 Tg Clyear Martins and Probst (1991)
POC 60 Tg Cl/year
TOC 108 Tg Clyear
Orange South Africa DOC 3 Tg Clyear Martins and Probst (1991)
POC 1 Tg Cl/year
TOC 4 Tg Clyear
Indus Pakistan DOC 8.5 ppm Subramanian and Ittekkot (1991)
POC 2.2%
Ganges India/Bangladesh DOC 2.8 ppm Subramanian and Ittekkot (1991)
POC 2.3%
Brahmaputra Bangladesh DOC 2.5 ppm Subramanian and Ittekkot (1991)
POC 1.0 ppm

sional sites may also have a high rate of mineralization
(Bajracharya et al., 2000) because of a high fraction of the
microbial biomass carbon (Beyer et al., 1993). Under
anaerobic conditions, the SOC in depressional sites may
also undergo methanogenesis (and release CH, with global
warming potential of 21) and denitrification (and release
N>O and NO, with global warming potential of 310).

5.6. Fate of carbon transported into rivers, coastal
ecosystems and oceans

Sedimentologists argue that the so-called “missing sink”
or “fugitive carbon dioxide” (Tans et al., 1990) is seques-
tered in aquatic ecosystems (Stallard, 1998; Smith et al.,
2001). These claims of C sequestration are based on two

Table 7
Transport of carbon in world rivers (adapted from Degens et al., 1991)
Continent DOC POC TOC DIC TC

(Tg Clyear) (Tg Clyear) (Tg Clyear) (Tg Clyear) (Tg Clyear)
South America 44.2 24.1 66.9 58.9 125.8
North America 33.8 14.6 41.8 120.9 162.7
Africa 24.7 8.3 33.1 9.1 42.2
Asia 94.0 128.1 169.1 158.1 327.2
Europe - - 23.6 0.4 24.0
World total (excluding Australia) - - 334.5 407.4 741.9
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Table 8
In situ oxidation of labile POC in rivers and coastal regions
River % oxidizable or labile C in Reference
the POC
Amazon 0 Richey et al. (1991)
Parana Decomposition and Depetris and Paolini
remineralization in the (1991)
flood plains
Global 30-75% of POC in rivers Ittekkot and Arain (1986);
Laane et al. (1987)
Global 20% in the tropics and 40% Ittekot and Laane (1991)

in temperate regions of POC
in rivers and coastal

assumptions: (i) there is no mineralization of C en route
from eroded sites to aquatic ecosystems, and (ii) all terres-
trial C transported into aquatic ecosystems is buried with
sediments. However, the fact remains that C being trans-
ported over the landscape and eventually carried into the
marine ecosystems is subject to numerous processes, and its
fate depends on climate, soil/sediment properties and nature
of the carbon.

6. Flux of organic carbon in world rivers

The river water contains three types of C: (i) particulate
organic carbon (POC) whose concentration decreases with
increase in sediment load, (ii) dissolved organic carbon
(DOC) whose concentration depends on photosynthetic
activity in the riverine ecosystem and (iii) dissolved inor-
ganic carbon (DIC). The combined POC and DOC is called
total organic carbon (TOC). Meybeck (1982) reported most

Table 9
Estimates of transport of terrestrial organic carbon to the oceans by world
rivers

Reference Organic carbon transport
(Tg Clyear)

Schliinz and Schneider (2000) 430

Smith et al. (2001) 400

Lal (1995) 570

Meybeck (1982)
Lal (2002) present study

378 (179 is POC)
400-600

rivers carry TOC content of 1.6—6% of the suspended load,
and that sediment transport in rivers is about 20 mg/l, and
2-3% of it may be POC (Meybeck, 1982). Miltner and
Emeis (2000) estimated that concentration of TOC in sedi-
ments was 13 mg/g. Estimates of transport of TOC by rivers
to the oceans range widely from 0.19 Pg/year by Kempe
(1989), 0.03 Pg/year by Williams (1971) and Schlesinger
and Melack (1981), 0.28 Pg/year by SCOPE (Degens et al.,
1985), 0.33 Pg/year (Degens et al., 1991), 0.53 Pg/year
(Stallard, 1998), 0.57 Pg/year (Lal, 1995) and 1.0 Pg/year
by Richey et al. (1980). The data in Table 6 show transport
of different forms of C for some rivers of the world.
Transport of C by the world’s rivers on continental scale
is detailed by Degens et al. (1991) and is summarized in
Table 7 and may exceed 0.75 Pg/year.

Similar to the data on transport of sediments, there are
also numerous uncertainties about the quantity of TOC
transported to the coastal ecosystems and oceans. In most
cases, the critical background information is lacking, and
most published data are tentative at best (Degens et al.,
1991). There are some important episodic events (floods

Total carbon in rivers
(TC)

|

Total organic
carbon (TOC)

A A

v

Total inorganic
carbon (TIC)

Particulate Dissolved

organic carbon
(POC) >0.45 um

organic carbon
(DOC) <0.45 um

!

!

!

Stable fraction
(aquatic humus)

Labile fraction

(hydrocarbon, fatty
acids, amino acids etc.)

Photoreactive
chromophores

(This is a link between land
and sea reactive pools.)

Fig. 2. Components of total C pool in rivers.
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Eroded sites /T'

Depositional sites

stream

Fig. 3. Transport, redistribution and deposition of soil organic carbon on an eroded landscape.

with long return periods) which are often not monitored, and
monitoring procedures used are not standardized and uni-
form across different gauging stations.

In addition to the uncertainties about the quantity, the fate
of TOC transported in rivers is also speculative. Rivers may
be a source or sink of atmospheric CO, depending on the
P92 which in turn depends on the concentration of
mineralizable C and temperature. In addition to CO,
evolved within the river ecosystem, terrestrial soil CO,
may also be prevalent during some seasons. In most cases,
PC©: rises above the ambient due to prevailing respiration
with attendant emission of CO, into the atmosphere, and
making rivers as a source of atmospheric CO,. Respiration
is high when POC concentration and prevailing temper-
atures are high (e.g., summer and spring). The partial
pressure of CO, in rivers can be as much as 2400 ppmv
compared to 370 ppmv in the atmosphere, and there exists a
strong correlation between P°°> and DOC concentration
(Martins and Probst, 1991). The P2 in some rivers may be
20 times that in the atmosphere (Degens et al., 1991). The
reverse of respiration or photosynthesis is also an important
factor in riverine ecosystems which determines the concen-
tration of DOC. Rivers receiving large volumes of agricul-
tural and urban effluent may have a high concentration of
DOC. The global DOC transport may be as much as 0.3 Pg
Clyear. The data in Table 8 show estimates of the oxidizable
C in some rivers of the world, and the value range from 0%
to 75%. While the exact value may differ among climates
and watershed characteristics, it is apparent that some of the

Table 10

Fraction of the soil organic carbon oxidized during the erosional process
Fraction oxidized (%) Reference

0 Smith et al. (2001)

20 Lal (1995)

25-30 Jacinthe and Lal (2001)
50 Oskarsson et al. (in press)
70 Beyer et al. (1993)

100 Schlesinger (1995)

C transported into rivers is oxidized and emitted into the
atmosphere as CO,.

Organic matter in rivers is highly diverse and covers a
spectrum of molecular scale to large mass of detritus or
animal remains. Components of total C pool are outlined in
Fig. 2 and have been described by Thurman (1985), Zafiriou
(1985) and Spitzy and Leenheer (1991). The labile fraction
is easily mineralized within the riverine environment and is
responsible for a higher partial pressure of CO, than
ambient atmosphere. As much as 75% of the POC in some
rivers may be mineralizable (Table 8). The median DOC
concentration in world rivers is 5 mg/l with a range of 2—20
mg/l. The DOC is mostly leached out of the soil profile and
is carried into the aquatic ecosystems. The POC concen-
tration is between 1% and 10% of the total suspended
sediments (TSS). In addition, black C (charcoal) may also
be a major component of riverine C exported to the ocean.
The annual flux of black C from the Mississippi River is
estimated at 5 x 10~ * Pg, 27% of which was derived from
fossil fuel combustion (Mitra et al., 2002).

Then, there is a question of SOC transported and even-
tually buried in marine sediments. On a global scale, the
organic carbon content in coastal ocean sediments is not
solely of terrestrial origin but a mixture of nearly equal
amounts of marine and terrestrial organic carbon (Schliinz
and Schneider, 2000). In addition, estimates of C trans-
ported into the ocean also vary widely, <0.5 Pg C/year by

Table 11
Estimate of erosion-induced carbon emission on continental basis
Continent Gross erosion SOC displaced ~ Emission
(% 10° Mg/year) by erosion (20% of the
(2—3% of the SOC displaced)
sediment) (Pg Clyear)
Africa 389 0.8-1.2 0.16—-0.24
Asia 74.0 1.5-2.2 0.30-0.44
South America 39.4 0.8-1.2 0.16-0.24
North America 28.1 0.6-0.8 0.12-0.16
Europe 13.1 0.2-0.4 0.04-0.08
Oceania 7.6 0.1-0.2 0.02-0.04
Total 201.1 4.0-6.0 0.8—-1.2
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Oceania
3%

South
America
20%

Total emission = 0.8-1.2 Pg C/yr

Fig. 4. Relative emission of erosion-induced carbon on continental basis.
Erosion management and restoration of eroded soils is to be high priority in
Asia, South America and Africa.

Ritchie (1989), Dean and Gorham (1998) and Mullholland
and Elwood (1982); 0.57 Pg C/year by Lal (1995); 0.1 Pg C/
year by Schliinz and Schneider (2000); 0.334 Pg C/year by
Degens et al. (1991); 0.368 Pg C/year by Meybeck (1993b);
0.38 Pg C/year by Ludwig et al. (1996); 0.6—1.5 Pg C/year
by Stallard (1998); 0.4 Pg C/year by Smith et al. (2001)
(Table 9). Lyons et al. (2002) estimated the POC flux from
high-standing islands in the southwest Pacific to be 48 Tg
Clyear. Schliiter et al. (2000) argue that 2—4% of the organic
C produced in the photic zone may be transported to the sea
floor in the northern North Atlantic. This may, however, be
an overestimate at the global scale. In comparison, Meybeck
(1982) reported that the TOC transport by rivers is 1 -2% of

the net primary production of the terrestrial ecosystem for
any kind of environment.

The fate of C transported into the ocean and coastal
ecosystems is also not known. Some of the organic C in
these ecosystems may be labile, and others recalcitrant. The
charcoal C transported in rivers may be an important part of
the recalcitrant component (Mitra et al., 2002). Schliinz and
Schneider (2000) estimated that a major part of the terres-
trial C that enters the oceans by rivers (0.4 Pg) may be
oxidized, and some of it may be dispersed throughout the
oceans and accumulates in pelagic sediments. The present
study estimates that C transported as marine sediments at
0.4—0.6 Pg Cl/year (Table 9); however, the fate of this C is
not known. In fact, terrestrially derived C is not a strong
component of the seawater or marine sediments (Meyer-
Schultz and Hedges, 1986; Opshal and Benner, 1997).
Therefore, a large proportion of terrestrially derived C
may have been mineralized (Durrieu de Madron et al.,
2000; Gorii et al., 1998). In addition to the nature of the
organic material, the degree of decomposition also depends
on climatic factors (Romankevich et al., 1999; Raymond
and Bauer, 2001).

7. The fate of carbon translocated by erosion

The fate of C translocated by erosional processes is
determined by a series of complex and interacting processes.
It is difficult to model and generalize the impact of all
processes involved. Being a dynamic process, it is difficult
to assess the impact through a “snap-shot” approach. A
simplified approach to assess the SOC budget over a water-
shed is shown in Eq. 2.

SOCt = (SOC,) — (0i + 01+ O4 + O;) + (Dy + By)  (2)

Where SOCy is final SOC pool in the watershed, SOC, is the
antecedent pool, O; is oxidation in situ, O is oxidation of the

Mineralization and emission into the atmosphere (0.8-1.2 Pg C/yr)

A

Inputor | Photosynthetic R soc

Erosion

A A

Redistribution of SOC

accretion products d pool

(1550 Pg)

Leaching of
DOC
4

Precipitation

4.0-6.0 Pg Clyr >

Transportby

over the landscape
(2.8-4.2 Pg Clyr)

0.4 to 0.6 | Burial of
PgClyr | SOC
A

of DOC

seepage water

P! « Deposition in depressional sites/aquatic
ecosystems

* Re-aggregation and stabilization of SOC

« Increase in mean residence time of
buried SOC

Fig. 5. Erosion-induced changes in SOC budget at the global scale (DOC is dissolved organic carbon).
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displaced C over the landscape, O4 is oxidation (and
methanogenesis) in depositional sites, O, is oxidation in
river and water bodies, Dy, is deep burial in protected and
depressional sites and B, is transport and eventual burial
into the aquatic ecosystems.

A principal question is “what fraction of the erosion-
transported SOC is oxidized” en route to deep burial with
aquatic or marine sediments. Published estimates of oxidiz-
able fraction range from 0% to 100%. Schlesinger (1995)
argues that SOC transported during erosion is largely
oxidized. In contrast, Smith et al. (2001) assumed that the
oxidation flux of C in eroded material is insignificant.
Oskarsson et al. (in press) estimated that about 50% of the
SOC eroded is mineralized. The fact remains that SOC and
riverine C are subject to mineralization at all stages of the
transport (Fig. 3). The magnitude of oxidizable material
depends on the stability and relative proportion of the humic
substances being eroded (labile, intermediate, passive or
recalcitrant) (Table 10).

Assuming delivery ratio of 10% and sediment load of
20 billion Mg (Table 2), and SOC content of 2—3%, total
SOC displaced by erosion is 4.0-6.0 Pg C (Table 11).
Assuming 20% is emitted into the atmosphere (as O;, Ok,
Oq4 and O, in Eq. 2 above), erosion-induced emission is
0.8—1.2 Pg C/year. Relative emissions at the continental
scale are outlined in Fig. 4. Evidently, the largest contri-
bution from Asia (37%) and the lowest from Oceania (3%)
are proportional to the severity of soil erosion in the Asian
continent (Fig. 4).

A schematic of the erosion-induced changes in SOC at
the global scale are outlined in Fig. 5. Of the 4.0—6.0 Pg C/
year translocated by water erosion, 2.8—4.2 Pg Clyear is
redistributed over the landscape and transferred to depres-
sional sites, 0.4—0.6 Pg C/year is transported into the ocean
and may be mineralized or buried with marine sediments
and coastal ecosystems and 0.8—1.2 Pg C/year is emitted
into the atmosphere. Lal (1995) estimated that 1.14 Pg C/
year is emitted into the atmosphere by water erosion.
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