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Abstract The effects of swidden cultivation on carbon
storage and soil quality are outlined and compared to the
effects of the intensified production systems that swidden
systems of Southeast Asia transform into. Time-averaged
aboveground carbon stocks decline by about 90% if the
long fallow periods of traditional swidden cultivation are
reduced to 4 years and by about 60% if swidden cultivation
is converted to oil palm plantations. Stocks of soil organic
carbon (SOC) in tree plantations are 0–40% lower than
stocks in swidden cultivation, with the largest losses found
in mechanically established oil palm plantations. Impacts of
tree plantations on soil quality are to a large extent
determined by management. Conversion of swiddening to
continuous annual cropping systems brings about substan-
tial losses of time-averaged aboveground carbon stocks,
reductions of SOC stocks and generally leads to declining
soil quality. Knowledge of carbon storage in belowground

biomass of tree based systems of the tropics is sparse but
failure to include this pool in carbon inventories may
significantly underestimate the total biomass of the systems.
Moreover, studies that consider the ecological reasons
behind farmers’ land use decisions as well as spatial
variability in biogeophysical and edaphological parameters
are needed to evaluate the effects of the ongoing land use
transitions in Southeast Asia.
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Introduction

The last few decades have seen a rapid transformation of
swidden cultivation throughout Southeast Asia (Padoch et
al. 2007). The scale and nature of these changes are still not
well understood, but a recent review of 151 studies of
swidden cultivation across Southeast Asia suggests that the
system is mainly being replaced by continuous annual
cropping or by perennial crops such as rubber, fruit trees,
oil palm or timber (Schmidt-Vogt et al. 2009). Evidence of
persisting swidden systems was, however, found in half of
the reviewed papers although it is noted that the majority
of the persisting systems are in transformation as fallow
periods are reported to be decreasing (Schmidt-Vogt et al.
2009).

Swidden cultivation is a natural resource management
strategy that involves rotation of fields rather than crops
and relies on the use of fallow to sustain the production of
food crops. The fallows are cleared by means of slashing
and burning, the land is cropped for a short period of time
and then left untended while the natural vegetation
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regenerates. Swidden cultivation is the traditional land use
system in the sloping uplands of Southeast Asia and
although the sloping uplands is the most extensive
landscape in Southeast Asia (Garrity 1993), knowledge of
the land use types and soil properties of the area is limited
compared to the much more investigated lowlands of the
region (Aumtong et al. 2009; Roder et al. 1997).
Regardless of a lack of substantiating data, the swidden
systems in the upland areas have frequently been deemed
environmentally destructive causing deforestation, soil
degradation in terms of erosion and negative nutrient
balances and contributing to CO2 emissions (Brady 1996;
Devendra and Thomas 2002; Harwood 1996). This percep-
tion is, however, increasingly challenged as numerous
studies have shown that swidden cultivation in many
situations can be a rational economic and environmental
choice for resource poor farmers and that swidden
cultivation besides being a production system provides a
range of ecosystem services in terms of hydrology,
biodiversity and carbon storage in soil and vegetation
(Fox 2000; Kleinman et al. 1995, 1996; Nielsen et al. 2006;
Rerkasem et al. 2009; Ziegler et al. 2009).

The transformations of swidden cultivation have a wide
range of environmental consequences at the local and at the
global level. The Intergovernmental Panel on Climate
Change (IPCC) currently estimates that land use change
accounts for 20% of global anthropogenic carbon emissions
(IPCC 2007). Estimates of the yearly contribution of CO2

from land use and land cover changes taking place in
Southeast Asia during the 1990’s range from 0.3 to 0.5 Gt
C year−1 (Achard et al. 2002). These CO2 emissions arise
from changes in the pool of organic carbon in the
aboveground biomass and in the pool of soil organic
carbon (SOC) following land use transitions. The focus of
this paper is on the effects of swidden transformations on
the global carbon budget in terms of carbon storage in soil
and vegetation and on the effects at plot level in terms of
the effects on soil quality.

Aboveground Carbon

The global pool of carbon in the aboveground biomass
contains about 610 Pg of carbon (Grace 2004). Compared
to natural forests all other land uses will lead to a reduction
of the carbon stock in the aboveground biomass. Tropical
lowland rain forests have the highest aboveground carbon
stocks of any vegetation type in the world and estimates of
the stocks in the primary forests of Southeast Asia range
from 254 to as much as 647 Mg C ha−1 (Foody et al. 2001;
Murdiyarso et al. 2002).

The aboveground carbon storage potential of a land use
system is not determined by the carbon stocks at any point
in time, but by the average amount of carbon stored in the

system during its’ rotation time. This quantity is referred to
as the time-averaged aboveground carbon stock and
depends on the carbon accumulation rates and the maxi-
mum and minimum amounts of carbon stored in the system
during a full rotation. Time-averaged carbon stock is
calculated by summing up the carbon stock of the standing
crop for every year in the rotation and dividing by the
length of the rotation (Palm et al. 2005). Thus the use of
time-averaged aboveground carbon stock allows for com-
parisons of systems with different rotation times.

Soil Quality

Soil quality is here defined as the capacity of the soil to
support plant growth without causing degradation of the
soil or the environment (Carter et al. 1997; Doran and
Parkin 1994). According to this definition the term
encompasses chemical, physical and biological parameters
such as contents of nutrients and soil organic matter as well
as pH level, pH buffering capacity, soil structure and
microbial activity. Soil quality is closely linked to soil
resilience which refers to the ability of the soil to restore
soil functions following disturbance—resilient soils have a
high soil quality and vice versa (Lal 1997; Lal and Bruce
1999). Consequently, the impact of land use on soil quality
can be used as a proxy for the possibilities of reversal after
land use change.

Soil Organic Carbon

Soil organic matter is the organic fraction of the soil and
consists of a large fraction of highly decomposed humic
substances, fresh and partly decomposed plant residues and
a small fraction of living soil microbial biomass. Soil
organic matter contains approximately 58% C and in this
paper carbon associated with soil organic matter is termed
soil organic carbon (SOC). SOC is of environmental
importance both at the global and at the local scale.

At the global scale, the pool of SOC is of environmental
importance as it is one of the major components of the
global carbon cycle and may act both as a source and as a
sink of CO2. The top meter of the world’s soils contains an
estimated 1,550 Pg SOC (Batjes 1996) in active exchange
with the atmosphere. By comparison, the atmosphere
contains half of this amount. The global emission of CO2

from the SOC pool is recognized as one of the largest
fluxes in the global carbon cycle equalling the total
photosynthetic uptake (Schlesinger and Andrews 2000).

At the local scale, the maintenance of the pool of SOC is
closely linked to soil quality; it is essential to sustaining the
long term productivity of agricultural soils—especially
when nutrient poor soils are managed with limited use of
external inputs as is often the case within small scale
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tropical agriculture. Under these conditions SOC acts as an
important pool of nutrients, a significant source of cation
exchange capacity and as a buffer against acidity and
aluminium toxicity (Sanchez 1976; Szott et al. 1999). SOC
is also a key determinant of soil structure, improving soil
aggregation and enhancing water infiltration, thereby
reducing erosion risk and improving water use efficiency
(Young 1997).

The pool of SOC represents a dynamic equilibrium of
gains and losses. Under natural vegetation organic carbon
enters the soil through litterfall, root turnover and root
exudates. Some of the added organic carbon is lost from the
soil through respiration during decomposition and a fraction
of the decomposing organic carbon is stabilized in humus.
Under steady state conditions the carbon gain is matched by
equivalent carbon losses from the soil through decomposi-
tion of litter and of soil organic matter (Murty et al. 2002).

Conversion of natural forest to cultivated land generally
leads to a reduction of the SOC stock (Davidson and
Ackerman 1993; Detwiler 1986; Murty et al. 2002; Nye
and Greenland 1964). This reduction is mainly due to (1)
reduced litter inputs (2) higher top soil temperatures that
lead to higher decomposition rates and (3) soil disturbance
that increases decomposition due to increased aeration and
destruction of physiochemical protection mechanisms
(Schlesinger and Andrews 2000; Tinker et al. 1996; van
Noordwijk et al. 1997). The magnitude of changes in the
SOC stock depends on the specific land use for which a
forest is cleared and on a variety of other factors including
climate, soil type and management practices.

Evaluation of the Environmental Consequences of Swidden
Transformations

The environmental aspects of swidden cultivation have
frequently been evaluated against the environmental charac-
teristics of primary forests. This comparison is in several
ways problematic, most fundamentally because a primary
forest is not a production system, thus for the farmers forests
do not represent an alternative to swidden cultivation.

In the following sections the major effects of swiddening
on soil quality and carbon storage in soil and vegetation are
outlined. These effects are then compared to the production-
based land use types that swidden transforms into, namely
intensified short rotation swidden systems, continuous
annual cropping systems and perennial plantations.

Due to the paucity of studies on the ecological aspects of
land use in the areas used for swidden cultivation in
Southeast Asia, the review also encompasses studies from
other parts of the humid tropics. These studies all focus on
land use systems that in an ecological sense are managed in
ways that can be compared to the management of swidden
systems in Southeast Asia.

Swidden Cultivation

The essential ecological principles of swidden cultivation
are that during the fallow phase nutrients are taken up by
the recolonizing natural vegetation and returned to the soil
surface as litter. The nutrients accumulated in the above-
ground biomass are made available to the subsequent crop
when the fallow is cut down and burned. No tillage takes
place and the input of inorganic fertilizers is generally very
limited.

The continued productivity of swidden systems relies on
two factors—the comparably low productivity per area unit
over a timescale, hence a low net export of nutrients, and
the conversion of the soil pool of chemically largely
unavailable nutrients to a bioavailable form during the
fallow and subsequent burning. Even highly weathered
infertile soils contain considerable total amounts of plant
nutrients; however the release to bioavailable forms is too
slow to allow high crop production.

Dynamics of the Aboveground Biomass during the Fallow
Phase

Under the same climate conditions, fallow growth can vary
as a result of interactions among vegetation, soil type, land
use history and management. The number of cultivation
cycles, prolonged cropping periods or large size of cropped
fields can reduce the quantity of seeds and sprouts available
for fallow recolonization leading to reduced rates of
biomass and nutrient accumulation (Ewel et al. 1981;
Jordan 1989; Lawrence et al. 2005; Szott et al. 1999; Uhl
1987).

Biomass accumulation by natural secondary vegetation in
the tropics is essentially linear during the first 10 years of
growth and the accumulation rates are more related to rainfall
and climate zone than to soil fertility (Szott et al. 1999). In the
humid tropics rates of biomass accumulation during the first
10 years of fallow range from 4–20 Mg ha−1 year−1 (Halenda
1989; Hashimotio et al. 2000; Hughes et al. 2000; Jepsen
2006; Lawrence et al. 2005; Uhl 1987).

Pioneer species typically produce a large volume of low
density wood and are characterized by being light-
demanding and well adapted to survive in nutrient poor
environments. These species generally allocate a lot of
energy to the production of root biomass thus have a high
root:shoot ratio thus allocate a relatively large amount of
carbon to the deeper soil layers. They also often host
mycorrhizal fungi that enhance nutrient uptake, especially
with respect to phosphorus. Therefore, the pioneer species
occurring in fallows are able to take up nutrients even when
soil solution concentrations are very low and the species are
considered important for a closed recycling of nutrients
(Andriesse 1989; Uhl 1987).
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The initial phase of rapid regrowth is followed by a
period of slower growth. Data on the amount of biomass
stored in the fallow during this period varies from 24–
160 Mg ha−1 (Halenda 1989; Hashimotio et al. 2000;
Jepsen 2006; Szott et al. 1999).

After several decades (50–100 years), very little net
accumulation of biomass may occur while long-lived
pioneer species and early successional species are gradually
being replaced by the slow growing primary forest species
(Jepsen 2006; Johnson et al. 2001; Uhl 1987). Biomass
stocks in this phase are on the order of 15–45% of the
amount stored in the primary forest and how fast the
regrowth will reach biomass amounts similar to non-logged
forests remains uncertain (Jepsen 2006; Szott et al. 1999).

The time-averaged aboveground carbon stock of swid-
den systems with long fallow periods (>20 years) has been
reported to be about 80 Mg C ha−1 (Palm et al. 2005).

Dynamics of SOC and Nutrients during Fallowing

The content of SOC may decrease during the early
establishment of the fallow vegetation, but this initial
decrease is followed by a progressive build up of SOC
during the fallow period. Increases in the active fraction of
SOC as well as in the size and diversity of the microbial
biomass during the fallow period are important factors
contributing to the recovery of soil fertility during the
fallowing (Sarmiento and Bottner 2002). The SOC dynam-
ics during fallowing partly determine the dynamics of N, S
and P as most of these nutrients are located in the organic
fraction of the soil and because N and P to some extent are
lost during burning. Thus the supply of these nutrients
depends on microbial activity and physical and geochem-
ical characteristics of the soil (Roder et al. 1997) whereas a
large proportion of the basic cations and micronutrients is
stored in the biomass of the fallow vegetation (Andriesse
and Schelhaas 1987a; Hughes et al. 2000; Jordan 1985).

The effects of swidden systems on the stock of nutrients
and SOC depend on the balance between the accumulation
of SOC and nutrients during the fallow period and the
dynamics during clearing, burning and cultivation. Whereas
several studies have investigated the dynamics of SOC and
nutrients in swidden systems based on measurement taken
at one point in time, studies that quantify the dynamics
during an entire cropping and fallow period are sparse
(Roder et al. 1997) and those that quantify these dynamics
over multiple crop–fallow cycles are even more so
(Lawrence et al. 2007).

Nutrient Dynamics during Burning and Cropping

The burning of the fallow vegetation transforms the nutrient
stock of the aboveground biomass into plant available

forms, kills a part of the weed seed bank and clears the land
for cropping. The burning leads to increased nutrient
availability in the soil due to additions of nutrient rich ash
and due to the effects of burning per se. Amounts of
mineral nutrients found in the ash are primarily dependent
on total nutrient content in the biomass, the temperature
thresholds of the respective nutrient elements, and the
intensity of burning.

Depending on the intensity of burning and degree of
combustion, a part of the N and S in the biomass will be
volatilized and lost to the atmosphere (Giardina et al. 2000;
Hölscher et al. 1997; Romanyá et al. 2001). Although
erosive and convective P losses have also been documented
(Ewel et al. 1981; Giardina et al. 2000; Kauffman et al.
1993), volatilization losses of P are generally low and
significant amounts of P in the ash immediately after fires
have been reported (DeBano et al. 1998; Romanyá et al.
2001). The transfer of basic cations from the aboveground
vegetation to the ash is typically also high and ash deposits
are considered the most important input of basic cations in
swidden systems (Juo and Manu 1996; Kennard and Gholz
2001).

Several studies have documented increased soil pH
levels following burning. These increases are mainly a
result of the acid neutralizing capacity of the ash (Giardina
et al. 2000). In acid soils with variable charge minerals the
increase in soil pH will increase the cation exchange
capacity (CEC) in surface soils, reduce the level of soluble
and exchangeable Al leading to reduced risk of Al toxicity.
The geochemical transformations will increase the avail-
ability of P as will pyromineralization of organically bound P
already in the soil (Andriesse and Schelhaas 1987b;
Lawrence and Schlesinger 2001; Nye and Greenland
1964; Saa et al. 1993; Sanchez 1976).

Burning can cause high rates of microbial mortality, but
this will be followed by a rapid recovery to above pre-burn
levels as microbial activity is stimulated by increased
temperatures, enhanced nutrient availability, inputs of
labile C and under some circumstances by increased soil
moisture following burning (Andriesse and Koopmans
1984; Giardina et al. 2000). Consequently, increased rates
of mineralization following burning have often been
observed (Arunachalam 2002; Nye and Greenland 1964;
Palm et al. 1996, 2005). The increased rates of minerali-
zation result in increased amounts of plant available N and
P in the beginning of the cropping period.

As most nutrients—excluding nitrogen and partially
sulphur—are only deposited from the atmosphere in
negligible amounts, the nutrient balance of low or non-
input swidden cultivation systems is invariably negative.
The deposition of nitrogen and sulphur will predominantly
depend on proximity to industrial and urban centres with
fossil fuel emissions, or intensified agricultural production
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sites with ammonia emissions. As swidden systems are
typically practiced in remote rural areas, these inputs will
most often also be limited. Biological fixation may hence
be the only significant external source of plant nutrients.

SOC Dynamics during Burning and Cropping

Reviewing SOC dynamics following land use changes in
the humid tropics, Detwiler (1986) found that soils used for
swiddening loses about 18–27% SOC during the first
2 years of cropping. This estimate may serve as a guideline,
but it could be argued that the effects of swiddening on
SOC stocks should be evaluated over the entire cropping–
fallow cycle and not at the end of the cropping period.
Moreover, the SOC dynamics of swidden cultivation are
extremely variable. Accordingly, studies of soil carbon
dynamics in swidden cultivation systems are far from
unambiguous and gains, losses as well as absence of
changes of carbon levels in soils used for swiddening have
been reported.

Heat development during the burning of the fallow
vegetation can cause thermally induced losses of SOC but
these are typically small (Arunachalam 2002; Giardina et
al. 2000). On the contrary, contents of SOC in the topsoil
are often reported to increase by 10–30% following burning
(Andriesse and Schelhaas 1987a; Lal and Cummings 1979;
Nye and Greenland 1964). The increase is mainly ascribed
to the entry of uncombusted particulates and to carbonized
litter.

SOC losses in swidden systems can mainly be ascribed
to the increased mineralization during the cropping period.
The input of organic matter from litter may also decrease
during the cultivation and regrowth stages. Finally, topsoil
erosion may cause an apparent decrease in soil carbon as
the subsoil layers usually contain less organic matter. Based
on observed respiration rates, Funakawa et al. (1997)
estimated that nearly 10% of the SOC found in the upper
50 cm of the soil profile would decompose during the first
year of cropping in a swidden system in an upland area of
Northern Thailand. It is, however, difficult to separate CO2

derived from decomposing SOC from CO2 derived from
decomposing dead roots of the slashed vegetation.

Several studies looking at the whole fallow–cropping
cycle of swidden systems in Borneo have found SOC
contents to be unaffected by swiddening (Bruun et al. 2006;
Kleinman et al. 1996; Mertz et al. 2008). In another study
from Borneo, de Neergaard et al. (2008) found that neither
SOC concentration (%) nor total content was affected by
swiddening in soil layers down to 90 cm depth. Similar
findings are reported by Sommer et al. (2000), who
examined the upper 6 m of an Ultisol in Brazil.

SOC content increased significantly with the number of
prior cultivation cycles at a site in Kalimantan (Lawrence et

al. 2005). Contents of SOC were not related to inherent soil
properties but may have been linked to the decomposition
of roots from the slashed and burned forest following the
conversion to agriculture and subsequent fallows. A study
from calcareous soils in Mexico reports the content of SOC
to decline after the first cultivation cycle but SOC did not
decline further with subsequent crop–fallow cycles (Eaton
and Lawrence 2009).

Reduced Fallow Periods

When a swidden system is intensified by reducing the
fallow periods there will be an increased tendency of net
negative nutrient balance in the soil system as nutrients are
lost through burning, crop harvest, and leaching. This
tendency has formed the basis of the conventional
understanding of swidden systems according to which the
intensification of the systems by shortening the fallow
periods will cause environmental degradation in terms of
decreasing soil fertility, increased erosion and declining
yields until the system finally collapses (Greenland 1975;
Juo and Manu 1996; Ruthenberg 1980; Szott et al. 1999;
Whitmore 1998). The supposed positive relationship
between fallow periods and soil productivity may, however,
not be as straightforward as usually presented in the
literature. The empirical evidence to support this assump-
tion has proved to be scarce and few studies have
convincingly documented a causal relationship between
fallow lengths, soil nutrient levels and yields (Mertz 2002).

Studies documenting effects of fallow length on soil
nutrient levels include test site based surveys from India
that found a positive relationship between fallow length and
post burn contents of exchangeable bases (Ramakrishnan
and Toky 1981; Swamy and Ramakrishnan 1988) and
levels of plant available P (Ramakrishnan and Toky 1981).
In a study from Sarawak, the length of the fallow was
linked to post burn levels of plant available N as well as to
the yield of upland rice, but no signs of long term
degradation of the soil resource and no relation between
fallow length and SOC were found (Bruun et al. 2006).
Finally, a study from Laos found weak correlations between
fallow length and contents of SOC and between yield levels
and contents of SOC (Roder et al. 1995).

A study with more than 4,500 observations from
Malaysia and Indonesia found fallow length to be a weak
predictor of yields and emphasizes that other factors such as
weed pressure, labour input, water related problems and
pests are more important than the length of the fallow
period (Mertz et al. 2008). Other factors that confound the
theoretical relationship between fallow length, soil nutrient
contents and yields in the real world, include spatial
variation in terms of topography and inherent soil quality.
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The theoretical relationship between fallow length and
soil fertility may also be confounded by farmers’ land use
decisions. Several studies have demonstrated that land use
intensity is not independent of inherent soil quality as
farmers adapt land use according to soil quality indicators
and use shorter fallow periods on the more fertile land
(Aumtong et al. 2009; Roder et al. 1995). The number of
prior cultivation cycles is therefore also likely to be higher
on the more fertile land so if the land use history of a given
plot is not properly addressed, the effects of fallow length
will be even more confounded.

The land use history and the inherent soil fertility
parameters were controlled for in a study of a swidden
system with reduced fallow periods in Laos. The study that
was based on farmer managed test sites and measured the
nutrient dynamics during an entire cropping–fallow cycle,
documents a continuous downward trend of total N and
SOC during the 2 year fallow period (Roder et al. 1997).
The overall balance for K was also negative even when
accounting for the amount of K stored in the vegetation.
The amount of C, N and K stored in the aboveground
biomass represented respectively 20%, 5% and 20% of the
amounts lost from the soil pool during the rotation.

Based on data reported by Jepsen (2006) and Hashimotio
et al. (2000), time-averaged aboveground carbon stocks of
swidden systems with fallow periods of 4 years found on
low fertility soils in Borneo were calculated to be 8–
9 Mg C ha−1, assuming a cropping period of 2 years, a
grain yield of 1–2 Mg ha−1, a harvest index of 50% and
45% C in the biomass.

Continuous Annual Cropping Systems

The replacement of swidden cultivation with continuous
annual cropping systems means intensification in terms of
cropping frequency. It will in most cases also imply
increased inputs of inorganic fertilizers and pesticides and
the introduction of tillage (Lal 2000).

The aboveground carbon storage in continuous annual
cropping systems is lower than in all other land use types; it
is on the order of 1–4 Mg C ha−1 (assuming a grain crop
yield of 1–4 Mg ha−1, a harvest index of 50% and 45% C in
the biomass) corresponding to a reduction of 95–99%
compared with the time-averaged aboveground C stock of
traditional swidden cultivation.

Losses of SOC following conversion of forest to
continuous agriculture in terms of annual cropping are
generally reported to be on the order of 20–40% (Davidson
and Ackerman 1993). Many studies indicate that losses are
largest during the first years after conversion and that the
SOC stock eventually will approach a new equilibrium
(Davidson and Ackerman 1993; Detwiler 1986; Sanchez et

al. 1982). Detwiler (1986) predicts a SOC loss of 40%
during the first 5 years of cultivation after which the SOC
level stabilizes at 60% of the level found under forest.
Houghton et al. (1991) assumed a SOC decline of 20%
after the clearing of forest land followed by an additional
5% decline over the next 20 years.

SOC changes in continuous annual cropping systems do,
nevertheless, vary a lot and are affected by soil type (Feller
and Beare 1997), climate (Jobbaggy and Jackson 2000),
initial carbon content (Davidson and Ackerman 1993) and
farm management practices such as tillage, cropped species,
cropping pattern, use of cover crops, harvest index,
manuring and residue management (Bruce et al. 1999;
Ingram and Fernandes 2001; Lal 2004a, b).

Some of the effects of tillage are to disrupt the soil pore
system and to break down the stable aggregates so
previously encapsulated organic materials are exposed to
soil microbes and mineralization rates are increased. The
disruption of the soil structure will also favour SOC losses
through erosion. Soil erosion may be the major factor
contributing to SOC losses on sloping land whereas
mineralization will usually predominate over erosion on
relatively flat land (Lal 2004b). On site depletion of SOC
from erosion does not necessarily lead to increased CO2

emissions as this will depend on the fate of the allocated
carbon. The allocated SOC can be deposited, mineralized
and released as CO2 or it can be buried and effectively
removed from the carbon cycle. Erosion will, however,
always result in a degradation of the on site soil quality as
the selective removal of the top soil causes depletion of
SOC and nutrients and exposes the poorly structured
subsoil layers. This would then impact aboveground carbon
storage through effects on the productivity of vegetation.

Elevated CO2 emissions from soils used for high input
annual cropping systems have been documented in a study
from the Peruvian Amazon (Mutuo et al. 2005). Measure-
ments of soil respiration rates revealed that CO2 emissions
from continuous annual cropping systems were 25% higher
than from swidden systems. The higher emissions from the
high-input system were attributed to the combined effects
of numerous tillage operations and to elevated decomposi-
tion rates following N and P fertilization. Amounts of CO2

emitted from soils under high input annual cropping
systems are, however, likely to be insignificant compared
to emissions associated with transport and production in
these systems.

Numerous studies of tropical lowland soils have docu-
mented that intensive tillage results in large SOC losses due
to increased erosion and decomposition rates and signifi-
cant increases in content of SOC in no tillage systems as
compared to conventional tillage have been reported (Beare
1994; Carvalho et al. 2009; Lal 2004b; Sá et al. 2001).
Studies of the effect of tillage on tropical upland soils are,
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however, uncommon. Six et al. (2002) analyzed data from
studies of SOC sequestration in no tillage systems
compared to conventional tillage and found carbon seques-
tration rates in tropical soils under no tillage to be 325±
113 kg C ha−1 year−1.

Effects of crop residue management on SOC dynamics
were examined by Juo and Lal (1977) who documented
SOC losses after maize cultivation to be four times higher
when residues were removed from the soil than if they were
returned. The importance of residue incorporation in
maintaining SOC levels was also demonstrated by Juo et
al. (1995) who found SOC content after residue removal to
be only 2/3 of the content as compared to when residues
were returned to the soil.

Nutrients in Continuous Annual Cropping Systems

The use of inorganic fertilizers is widespread in the
continuous annual cropping systems of Southeast Asia
and this may have severe effects on the plot level as well as
on the surrounding environment. Excessive use of fertilizer
and pesticides are believed to cause eutrophication of
surface waters and contamination of ground water in
upland agriculture areas where swidden cultivation was
once prevalent. This contamination may be a major health
hazard to rural populations (Lal 2000; Ziegler et al. 2009).

Nutrient export through harvesting can be substantial in
the productive continuous annual cropping systems. To
sustain production this export must be compensated for by
inputs of inorganic or organic fertilizers. In many cases the
inputs made to the soil are, however, drastically lower than
the products harvested which will lead to negative nutrient
budgets (Lal 2000). Yield declines associated with negative
nutrient balances in continuous annual cropping systems in
Southeast Asia have been documented by several studies
(Fujisaka et al. 1994; Yadav et al. 2000). Micronutrient
deficiency and reduced fertilizer use efficiency are other
causes of yield declines caused by the sole use of inorganic
fertilizers (Altieri and Nicholls 2003; Ladha et al. 2003;
Yadav et al. 2000).

The use of inorganic fertilizers without organic amend-
ments for continuous cropping on low fertility soils has in
many cases been shown to promote soil acidification
accompanied by severe declines in soil quality in terms of
reduced cation exchange capacity and high levels of
exchangeable Al. In a study from Northern Thailand, Noble
et al. (2000) showed that this decline in soil quality will
almost be irreversible on light textured soils with limited
buffering capacity. The combined use of inorganic fertil-
izers and manure has, however, been demonstrated to have
a positive response on soil quality and yields (Yadav et al.
2000). It is generally not recommended to use inorganic
acid forming fertilizers without organic inputs, but it is

often beyond the scope of the small scale farmer to apply
the large amounts of organic materials needed to amend the
negative effects of the inorganic fertilizers, if these are not
produced in situ.

Plantations

Carbon Storage and Soil Quality in Tree Plantations

Establishment of tree plantations are promoted as an effective
method for sequestering CO2 in above- and belowground
carbon pools. There is a strong variation in the carbon
storage potential among different plantation species and the
potential is also affected by management practices and by
environmental conditions that can cause significant varia-
tions even within a relatively small geographical area
(Montagnini and Nair 2004; Schroth et al. 2002).

The influence of soil quality on aboveground carbon
storage in plantations was demonstrated by Schroeder
(1992) who reported the time-averaged aboveground
carbon stock of plantations with Casuarina spp. on sites
with moderate soil quality to be 55 Mg ha−1 and only
21 Mg ha−1 on sites with poor soil quality. Carbon
accumulation rates of different species used in tropical tree
plantations vary considerably and values from less than
1 Mg ha−1 year−1 for slow growing species to 7 Mg ha−1

year−1 for fast growing species have been reported
(Halenda 1993; Montagnini and Porras 1998). The carbon
accumulation rate may also vary according to species
composition and several studies have reported higher
accumulation rates in mixed cultures than in monocultures
(Montagnini and Porras 1998; Petit and Montagnini 2006).
It has also been suggested that nutrient depletion in soils
under mixed cultures is slower than under monospecific
stands of fast-growing species (Montagnini 2000).

Rubber is an important tree crop in the upland areas of
Southeast Asia, where it is grown in farmer managed
rubber gardens as well as in large scale rubber plantations.
Time-averaged aboveground carbon stock in permanent
rubber agroforests in Indonesia was reported to be about
90 Mg ha−1 while the storage in more intensively managed
rotational rubber plantations was in the order of 50 Mg ha−1

(Palm et al. 2005).
In Malaysian Borneo, Tanaka et al. (2009) found soil

quality under farmer managed unfertilized rubber gardens
to be similar to the quality of soils under secondary forests
used for swiddening and concluded that the rubber gardens
represented a sustainable land use type at the current low
level of tapping intensity. In contrast, a study of more
intensified rubber plantations in Peninsular Malaysia
reported deteriorated soil physical properties due to topsoil
removal and compaction due to mechanical terracing and
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plantation work (Noguchi et al. 2003). Similar results are
reported from an intensified rubber plantation in China
where rubber cultivation was accompanied by decreased
soil pH levels and high levels of exchangeable Al. The
study from China also presents evidence of large exports of
basic cations from the soil due to the intensive tapping of
rubber latex (Zhang et al. 2007).

Little is known about rates of carbon turnover and
carbon storage in soils under tropical tree plantations
(Richards et al. 2007) and no studies of the SOC dynamics
following transitions from swiddening to plantations have
been identified. Contrasting effects of plantation age on the
stock of SOC have been reported and studies from research
stations in China have shown the content of SOC to
decrease with age of rubber plantations (Zhang and Zhang
2005), while other studies have shown SOC to be
unaffected by rubber cultivation (Zhang and Zhang 2003).
However, when plantations are established on soils that
have been used for continuous annual cropping there is
generally an initial decrease in SOC followed by an
increase (Paul et al. 2002).

Estimates on carbon storage in belowground biomass of
tropical plantation species as well as of natural vegetation
are based on limited empirical data (Brown 1997; Mokany
et al. 2006; Montagnini and Porras 1998; Wauters et al.
2008). The allocation of biomass between roots and
aboveground biomass, commonly expressed as the root:
shoot ratio is, however, important as the amount of carbon
that is allocated to belowground plant parts may be
substantial and as roots decay at lower rates than leaf tissue
and thus comprise a longer term carbon storage mechanism.
The root:shoot ratio is determined by a variety of factors
including latitude, tree type, age, climate, water availability,
soil quality and soil texture (Cairns et al. 1997; Mokany et
al. 2006; Wauters et al. 2008). The root:shoot ratio of moist
tropical forests are reported to be about 0.24, but with large
variations due to the heterogeneity of tropical forests and
soils (Cairns et al. 1997; Mokany et al. 2006). Plantation
species have been shown to generally have a lower root:
shoot ratio than natural vegetation (Vogt et al. 1997), but
also for plantation species ratios vary considerably. For
example, the root:shoot ratios of 5 agroforestry tree species
grown under the same conditions on a research station in
India, ranged from 0.22 (Bauhinia variegata) to 0.61
(Wendlandia exserta) (Das and Chaturvedi 2008). Very
limited carbon allocation to deeper soil layers under a
plantation was reported by Richards et al. (2007) who
investigated the SOC dynamics under a hoop pine
plantation established on a former rainforest site. The
SOC content of the subsoil under the hoop pine plantation
was reduced by 30% and C inputs from the hoop pine were
insignificant in the soil layers below 30 cm where all SOC
was derived from the rainforest.

Carbon Storage and Soil Quality in Oil Palm Plantations

Oil palm is one of the world’s most rapidly expanding
tropical crops. The two largest oil palm producing
countries are Indonesia (>7 million ha) and Malaysia
(3.6 million ha) (Kho and Wilcove 2008; McCarthy and
Cramb 2009).

Estimates of the time-averaged aboveground carbon
stocks in oil palm plantations are variable. Palm et al.
(2005) estimated the time-averaged aboveground carbon
stock of Indonesian oil palm plantations with rotation times
of 25 years to about 48 Mg C ha−1 whereas Murdiyarso
(2002) estimated the stock to be 91 Mg C ha−1 in
plantations with a 20 year rotation time. Values of 36 Mg
C ha−1 have been reported from oil palm plantations in
Malaysia (Henson 2003).

Bulldozer clearing and terracing are in many areas the
conventional ways of site preparation for oil palm planta-
tions. Bulldozing can remove large amounts of topsoil,
causing dramatic decreases in SOC and exposure of the
infertile subsoil (Uhl et al. 1982). Moreover, soil compac-
tion associated with mechanical clearing may also be severe
and impede root development (Lal and Cummings 1979).
In a Malaysian oil palm plantation, Hamdan et al. (2000)
found that exposure of the subsoil through terracing caused
severe degradation of soil quality as it led to high Al
saturation, absence of aggregation, poor water availability
and low nutrient contents. The effects reported by Hamdan
et al. (2000) are virtually irreversible and will strongly limit
choices for other land use options. Tanaka et al (2009) also
found loss of topsoil SOC and deterioration of soil physical
properties brought about by terrace bench construction in
Malaysian oil palm plantations, but concluded that the soils
seemed to recover over time due to application of organic
materials from the oil palms.

Substantial reductions of the SOC stock of a Nigerian oil
palm plantation was documented by Aweto (1995) who
found the SOC content to be depleted by more than 50%.
This dramatic decrease was ascribed to the lack of canopy
closure and the low litter production in the oil palm
plantation as compared to natural vegetation. Similar
findings have been reported by Sommer et al. (2000) who
reported substantial reductions of the SOC stock of an oil
palm plantation on an Ultisol in Brazil. SOC stock in the
upper 6 m of the soil of the oil palm plantation was
diminished by 50 Mg ha−1 with SOC concentrations under
oil palm being lower than under fields used for swiddening
throughout the profile. SOC losses under oil palm were
most pronounced in the upper 40 cm where the SOC stock
was more than 40% lower than under swiddening. This
considerably lower SOC content of the top soil of the oil
palm plantation was ascribed to repeated removal of ground
cover causing erosion.
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Sommer et al. (2000) also reported significant reductions
in root biomass in soils used for oil palm as compared with
secondary vegetation used for swiddening as root C
contents were about ten times higher under secondary
vegetation (5–12 years) than under oil palm.

Discussion and Conclusions

Data on the effects of swiddening on carbon stocks in soil
and vegetation is characterized by its scarcity and incon-
clusiveness as is evidence from the alternative tree based
systems. The pool of aboveground biomass is fairly easy to
measure but since most allometric equations have been
developed for primary forests and not for fallow regrowth,
the estimates of aboveground carbon stocks in swidden
cultivation are uncertain (Ketterings et al. 2001). Moreover,
it is difficult to compare the aboveground carbon storage of
different systems as very few studies report the above-
ground carbon storage as time-averaged carbon storage.
The calculated changes in time-averaged aboveground
carbon stocks and in SOC stocks following swidden
transformations presented in Table 1 are, therefore, based
on a limited number of studies and should only be
perceived as rough estimates.

Not surprisingly, transitions to continuous annual crop-
ping systems were found to bring about large reductions in
the time-averaged aboveground carbon stocks as were
transitions to swidden systems with reduced fallow periods.
Most of the reviewed studies found the alternative land use
systems to bring about decreased stocks of SOC as
compared to swiddening. The uncertainty about the
magnitude of these losses is, however, considerable.

Even for substantial topsoil losses of SOC, the impact on
the total soil carbon pool may be limited. According to
(Batjes 1996) only one third of the SOC in tropical regions
is found in the top 30 cm that is most commonly sampled
and most directly affected by land use. Hence, even a 30%
reduction in this pool, will have limited impact on the total
carbon stock. However, the associated effects on soil
physical and chemical properties associated with such a
loss may have much more severe impacts on the soil quality
and productivity of the system and may limit farmers’ range
of land use options.

Due to the difficulty of sampling, carbon inventories that
include the deeper soil layers are scarce even though deeper
soil layers may contribute considerably to the total soil
stock (Aumtong et al. 2009; de Neergaard et al. 2008). It
has been documented that the SOC pool of the deeper soil
layers may be affected if swidden systems are replaced with
plantations with shallower and less roots than secondary
vegetation. Assessment of the carbon storage in roots of
tree or palm based systems represents a methodological
problem as the standard method for measuring root biomass
is extremely labour extensive and few allometric equations
to estimate tree root biomass in tropical ecosystems exist
(Cairns et al. 1997; Mokany et al. 2006; Wauters et al.
2008). Consequently, very few studies have addressed the
pool of belowground biomass although it may be of a
substantial size and failure to include the pool in carbon
inventories may underestimate the total biomass of tree
based systems by 50–60% of aboveground biomass (Brown
1997; Das and Chaturvedi 2008). A recent review of
studies on root:shoot ratios in terrestrial ecosystems deemed
62% of the published root:shoot ratio data points to be
methodically inadequate or unverifiable and found reliable

Table 1 Losses of time-averaged aboveground carbon and soil organic carbon following swidden transformations

Land use transformation Loss of time-averaged
aboveground C

Loss of
topsoil SOC

Sources

Traditional swiddening→reduced fallow periods 88–90% 0–27% Bruun et al. 2006; Detwiler 1986;
Hashimotio et al. 2000; Jepsen 2006;
Palm et al. 2005

Traditional swiddening→continuous annual cropping 95–99% 13–40% Davidson and Ackerman 1993;
Detwiler 1986; Palm et al. 2005

Traditional swiddening→rubber plantations −10–40% 0–30% Palm et al. 2005; Sommer et al. 2000;
Tanaka et al. 2009

Traditional swiddening→oil palm plantations 60% 0–40% Palm et al. 2005; Sommer et al. 2000;
Tanaka et al. 2009

The time-averaged aboveground carbon stock of a swidden system with a rotation time of 25 years as reported by Palm et al. (2005) is used as the
baseline value for traditional swiddening. Calculations of time-averaged aboveground carbon stocks in swidden systems with reduced fallow
periods (4 years) are based on carbon accumulation rates in fallows presented in the sources and calculated as described in the text, assuming a
cropping period of 2 years. The aboveground carbon stock during the cropping period of the swidden cycle is assumed to be 1–2 Mg ha−1 and the
time-averaged aboveground carbon stock under continuous annual cropping is assumed to be 1–4 Mg ha−1 according to the assumptions
described in the text
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data on tropical trees to be especially scarce (Mokany et al.
2006). More empirical studies are needed to elucidate the
relationship between root biomass, soil type and manage-
ment and to improve understanding of the role of roots in
the SOC cycle. Moreover, there is a need to develop
reliable and feasible methods to determine the root biomass
of tropical forest and plantation trees (Mokany et al. 2006).

The ecological aspects of swiddening and of the tree
based alternative systems are much more complex than is
often presented in the literature and the environmental
outcome is to a large extent dependent on the interaction
between management issues, criteria used in land use
decisions, spatial heterogeneity and external physical
parameters. Accordingly, extensively managed rubber plan-
tations as found in Sarawak may not affect soil quality as
compared to swiddening, whereas intensified rubber plan-
tations in China and Peninsular Malaysia are associated
with severe degradation of soil quality. The practice of
mechanical terracing during the establishment of planta-
tions brings about large SOC losses and severe deteriora-
tion of soil quality that may be ameliorated with time if
organic materials are returned to the soil. Cases of
irreversible degradation of soil quality due to mechanical
terracing were also found.

It is well known that application of inorganic fertilizers
may lead to a deterioration of soil quality if applied on
leached tropical soils and without organic amendments.
Nonetheless, this practice is often supported by govern-
mental programmes aiming to promote continuous cropping
and the practice remains widespread in the continuous
annual cropping systems of Southeast Asia. Even if organic
material were available it would in most cases be beyond
the means of upland farmers to apply this to permanent
fields due to the high costs of transporting the bulky
organic materials in areas with poor infrastructure. More-
over, the availability of organic materials is often scarce and
competition for the residues is high as these have numerous
alternative uses including fodder or fuel. These problems
could be met by in situ production of organic materials in
terms of natural or improved fallows which could also be
considered a gradual evolution of swidden cultivation. The
use of small amounts of inorganic fertilizers in swidden
systems is widespread in Malaysian Borneo and a synthesis
of studies from Sarawak found that limited applications of
N and P fertilizers improved the productivity of traditional
swidden systems (Mertz et al. 2008).

Most studies of the effects of land use changes on soil
properties have applied the spatial analogue method that
involves the comparison of soil samples collected from the
land use type under investigation to adjacent forested areas.
It is assumed that the soil properties of the forested areas
and the cultivated areas were the same before the latter was
cultivated and differences are attributed to the land use

history of the cultivated fields. These assumptions are in
several ways problematic as it has been shown that farmers
purposefully select the soils with the highest quality for the
more intensive agriculture and use the poorest soils more
extensively with longer fallow periods or as forests
(Aumtong et al. 2009; Mertz et al. 2008). This brings
about a soil quality effect on land use rather than the
opposite and may severely compromise the spatial analogue
approach. The approach is further compromised by the fact
that in upland areas the spatial heterogeneity in terms of soil
texture, clay mineralogy and topography is often very high
and may override the effects of land use (Bruun et al. 2006;
Powers and Veldkamp 2005). Therefore, great caution
should be taken before establishing a causal relationship
between land use and soil quality. Nevertheless, the
majority of the literature on effects of land use changes
on soil quality suffers from the assumption that land use is
independent of initial soil quality, and that differences in
soil quality are caused by land use alone. Future research
must explicitly consider the two way interaction between
land use and inherent soil quality. Land use independent
fertility indicators could be used to account for the effects
of inherent fertility and attention should be paid to the
ecological considerations behind farmers’ land use deci-
sions. Repeated samplings from the same plots under a
variety of land uses may—in spite of the obvious
disadvantages in terms of duration—still be needed in
order to firmly quantify time and management effects on
soil quality and carbon stocks. The influence of spatial
heterogeneity on the investigated parameters must be
carefully considered and effects of e.g. topography and soil
type on the storage and dynamics of SOC and soil nutrients
must be understood to make valid cross-site comparisons of
the environmental consequences of land use transitions.
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