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Abstract: The increasing global demand for vegetable oils has resulted in a significant increase in
the area under oil palm in the tropics during the last couple of decades, and this is projected to
increase further. The Roundtable on Sustainable Palm Oil discourages the conversion of peatlands
to oil palm and rubber plantations. However, our understanding of the effects on soil organic
carbon (SOC) stocks and associated greenhouse gas (GHG) emissions of land use conversion is
incomplete, especially for mineral soils under primary forests, secondary forests, rubber and other
perennial plantations in the tropics. In this review we synthesised information on SOC stocks and
GHG emissions from tropical mineral soils under forest, oil palm and rubber plantations and other
agroecosystems across the tropical regions. We found that the largest SOC losses occurred after land
use conversion from primary forest to oil palm and rubber plantations. Secondary forest and pasture
lands showed lower SOC losses as well as total GHG (CO2, N2O and CH4) emissions when converted
to oil palm and rubber plantations. However, due to the limited data available on all three GHG
emissions, there remains high uncertainty in GHG emissions estimates, and regional GHG accounting
is more reliable. We recommend long-term monitoring of oil palm and other perennial plantations
established on tropical mineral soils on different soil types and regions on SOC stock changes and
total GHG emissions and evaluate appropriate management practices to optimise production and
sustainable economic returns, and minimise environmental impact.

Keywords: land use change; soil organic carbon stock; GHG emissions; agroecosystems; oil palm
plantation; rubber plantation; tropical forest conversion; mineral soil

1. Introduction

The increasing global demand for vegetable oils has resulted in a significant increase in the area
under oil palm during the last decade, and this is projected to increase further [1]. Its expansion in
the major producer and exporter countries, for example, Indonesia and Malaysia in Southeast Asia,
involves significant conversion of tropical forest lands and creates environmental and social concerns,
which are not limited to climate change effects [2–9].
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Our understanding of the effects on soil carbon stocks of conversion of various land use types
including tropical forests is still incomplete or even contradictory, especially for mineral soils [10,11]
(more studies are available for peat soils [12–14]). Because of the very high emissions of major
greenhouse gases (carbon dioxide CO2, nitrous oxide N2O and methane CH4) associated with the
conversion of peatlands to oil palm and rubber plantations [12], conversion will increasingly focus on
mineral soils [8]. For the purpose of this review, mineral soils contain ≤20% organic carbon (C) by
weight, and ≤12% organic C if the mineral fraction contains no clay, and for each 1% increase in clay,
organic C increases by 0.1% for up to 60% clay (18% organic C), and have more than 20% by volume
mineral soil materials in the 0–50 cm depth or to a densic, lithic or paralithic contact, whichever is
shallowest [15].

Relevant ecosystems include primary forests, secondary forests, rubber and other plantations,
shrub lands, savannah, grasslands and croplands; all of these ecosystems carry different aboveground
and belowground carbon stocks, including soil organic carbon (SOC) stocks [16]. Change in land use
from these ecosystems may result in a change in SOC stock. The amount and time course of such
SOC stock changes and associated greenhouse gas (GHG) emissions are poorly known for most land
use systems on tropical mineral soils. In this review we synthesise information on soil carbon stocks
and GHG emissions from tropical mineral soils under forest, oil palm and rubber plantations and
other agroecosystems of land uses across the tropical regions (details available in the tables in the
Supplementary Materials for subtropical and tropical (30◦ N–30◦ S) regions).

SOC stocks and GHG emissions differ substantially between the original forests on mineral soils
and the subsequent agroecosystems, following land use change [9,16,17]. We reviewed the changes in
SOC stocks (0–30 cm) and soil GHG emissions following tropical forest conversion on mineral soil.
A comprehensive literature search was performed covering (i) SOC stocks and (ii) GHG emissions
under variety of ecosystems and adjacent relatively undisturbed lands, and other land uses on tropical
mineral soils, including oil palm and rubber plantations. These data originated from either standard
soil sampling methodologies using up-to-date analytical procedures to measure SOC concentration,
measured or default bulk density values to estimate SOC stocks from SOC concentration, or from
directly measured GHG emissions.

2. Materials and Methods

We compiled 273 studies from 87 publications, mostly from peer-reviewed journals on SOC stocks
(SOC concentrations × bulk density × depth, usually 0–30 cm depth) and fewer dataset on greenhouse
gas emissions (N2O and CH4) from the tropical mineral soils undergoing land use change, especially
for oil palm and rubber plantations (See Tables S1–S10; [9]). Wherever SOC stocks were not available,
these were calculated from the SOC concentrations, soil depth and estimated bulk density using
pedo-transfer functions (see Supplementary Materials). When the bulk density values differ between
the previous land use and the current land use or through time, the SOC stocks were calculated on
equivalent soil mass basis [18]. The change in CO2 emissions due to land use change was calculated
from the change in SOC stocks from previous land use change (mostly from the adjacent relatively
undisturbed land) and that under plantations (a paired-site approach) or from different periods the
land has been under similarly-managed plantation (chronosequence approach). The limitations of both
paired-site and chronosequence approaches in relation to SOC stocks and greenhouse gas emissions
dataset are discussed in detail in the Supplementary Materials.

We collated different datasets on SOC stocks (measured or calculated) and statistically analysed
them to report the mean and standard error of the mean values (Tables S1–S10). If the data were not
normally distributed, log transformation was used before statistical analysis, especially for the N2O
and CH4 emissions dataset, and back-transformed values were reported.

The limitations of the dataset and assumptions made in paired-site sampled data are fully discussed in
the Supplementary Materials. The paired-site approach is less rigorous when unpredictable changes occur
in soil as a consequence of development and management for plantations following land use change
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such as extensive soil erosion. This is further discussed in the review. In the chronosequence approach
we assumed that similar management practices were employed for either oil palm plantations or rubber
plantations. We separated the previous land use into two categories, primary forest and secondary
forest before conversion to plantations. Since SOC stock losses from the primary forest were much
higher than that from the secondary forest we used the relative SOC stock change with time under the
plantations. The relative SOC stock change percentage was calculated using a difference between SOC
stocks of the two land uses (converted land use minus previous land use), divided by SOC stock of the
previous land use and was multiplied by 100.

3. Effects of Land Use Change on SOC Stocks

3.1. SOC Stocks under Different Ecosystems and Land Use Conversions

SOC stocks are influenced by vegetation characteristics, such as root distribution with depth and
root biomass as well as litter quality (chemical composition) and quantity. Both below-ground and
above-ground C stocks vary widely between ecosystems and types of land use. Aboveground C is
usually the highest (>200 t C/ha) in tropical forests and lowest (<5 t C/ha) in grasslands; yet, SOC
stocks in the latter are still considerable and exceed 100 t C/ha (0–1.0 m depth) [19].

Forests play an important role in supplying large amounts of organic matter (e.g., forest surface
litter and root biomass) to the terrestrial soil C pool. Tropical forests typically store similar amounts of
carbon in their soil as in their vegetation. It is estimated that approximately 12% of all native vegetation
on the earth surface (15.12 × 109 ha) are tropical forests (1.76 × 109 ha; [20]). Globally, tropical forests
store nearly 212 Gt C in their biomass and a similar amount belowground as SOC (216 Gt C), making a
total C of 428 Gt C [19,20]. Tropical rainforests have an average SOC stock of 243 t C/ha at 0–1.0 m
soil depth [19]. Mature forests still accumulate 0.37 t C/ha/year, possibly due to CO2 fertilisation and
atmospheric N deposition, and therefore, tropical forests act as the largest terrestrial C sink [19].

In undisturbed ecosystems, addition of aboveground and belowground biomass either maintains
or increases the SOC stock depending on the prevailing climate, temperature, soil and vegetation,
and most importantly the time since the most recent disturbance. C inputs change considerably when
natural ecosystems are converted to agricultural land use.

The SOC changes following land use change vary widely, but seem to be consistent within a given
soil type and region [17,21,22]. A detailed analysis of the effect of major land use change on the SOC
stock (0–30 cm) in tropical mineral soils showed that the highest losses occurred when primary forests
were converted into cropland (−32 t C/ha) or perennial and plantation crops (−21 t C/ha), decreasing
by −21.5% ± 6% and −18.9% ± 4%, respectively (Figure 1). Low SOC stock losses were observed
when primary forests were converted into grassland (−9 t C/ha or −1.8% ± 3%) or secondary forests
(−8 t C/ha or −8.6% ± 2%). When secondary forests were converted into cropland, the SOC losses
were −17.7% ± 5%, while conversion into grassland or perennial and plantation crops SOC losses
were −6.4% ± 3% to −8.3% ± 6% only. Land use change from grassland to cropland resulted in SOC
losses of about −7 t C/ha or −10.4% ± 6% (Figure 1). The observed SOC losses were primarily due
to reduced C inputs to the soil besides accelerated decomposition after disturbance, although SOC
removal by erosion cannot be ruled out [23], especially when primary forests are converted into lands
used for annual cropping [17,21,22].

If land use change results in increased C inputs compared with the previous land use and
losses remain similar, then the SOC stock increases. Such increase was observed when cropland was
converted into grassland, bush fallow or secondary forest, showing SOC stock increase of 16, 14 and
35 t C/ha, or 26% ± 11%, 32% ± 16% and 50% ± 12%, respectively [17]. Smaller SOC increase occurred
when grassland was converted into secondary forest (10 t C/ha or 17%) [17].

The magnitude and rate of SOC losses depend on the time since conversion since most of the
losses occurred in the initial years (following an exponential decay rate, Equation S1). As a result,
the actual loss strongly depends on the initial stock, which may vary within land cover classes [17].
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For example, Bahr et al. [24], using a chronosequence approach in the Southern Ecuadorian Andes,
found higher SOC stocks in 5–10 years old new perennial croplands and pasture lands than in a
reference forest land. However, the actual forest conversion by slash-and-burn had resulted in a
14–19% decrease of SOC stocks (0–30 cm depth) in the first five years, irrespective of the established
land use (annual: maize, tapioca; perennial: banana, coffee, cacao, pasture). Also, when using the
repeated sampling method the initial period of the land use change must be included and ideally be
sampled at higher frequency due to inherent spatial heterogeneity [25].
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Figure 1. Losses of SOC stock (percent decrease) following land use change across tropical mineral
soils (adapted from [17,21,22]).

Conversion of a primary forest to an oil palm plantation results in a decrease of the SOC stock
of 23% ± 21%. However, SOC loss is generally negligible when a secondary forest is converted to
an oil palm plantation, with a decrease of only 1% ± 26% but with very high variability (Table 1).
However, the SOC losses after conversion from primary and secondary forest to rubber plantations
were 14% ± 37% and 16% ± 9%, respectively (Table 1). SOC losses were smaller (7 t C/ha or
12% ± 27%) when oil palm plantation was established on degraded pasture/grasslands. However,
larger SOC losses (up to 18 t C/ha or 31% ± 20%) occurred when oil palm replaced traditional
slash-and-burn cropping/ swidden agriculture systems (Table 1). Moreover, land use change to oil
palm plantation may result in SOC losses in association with heavily mechanized land preparation [26].
Van Straaten et al. [22] analysed data collected from the deforested, tropical mineral soil regions of
Indonesia, Cameroon and Peru and cautioned that the converted plantation tree crops (oil palm, rubber
and cacao) could have up to 50% loss of SOC stocks from the original land use; the study predicted
that higher the initial SOC stock, higher the loss on conversion and hence suggested using a revised
(IPCC 2006 tier 1 method [27]) SOC change factor of 0.6 ± 0.1 (40% SOC loss) for oil palm and 0.8 ±
0.3 (20% SOC loss) for rubber plantations.
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Table 1. Summary of relative SOC stock change from different land use changes (data source cited in Tables S1–S4).

Previous Land Use Converted Land Use
Age of New Land

Use (year)
(Mean ± SD)

SOC Stock of Previous
Land Use (t/ha)

(Mean ± SD) (A)

SOC Stock of Converted
Land Use (t/ha)

(Mean ± SD) (B)

Relative Change in SOC
Stock (%) *,# (Mean ±
SD) [(B − A)/A] × 100

Number of Data
Considered

Primary forest Oil palm plantation 14.4 ± 7 57.7 ± 21.7 43.2 ± 20.4 −23.3 ± 21.4 n = 40
Secondary forest Oil palm plantation 15.4 ± 10.3 56.1 ± 20.4 56.4 ± 26.6 −1.2 ± 26.1 n = 11

Pasture/grassland Oil palm plantation 25 61.8 ± 55.8 54.8 ± 54.5 −11.7 ± 27.0 n = 3
Slash-and-burn Agriculture Oil palm plantation 11 ± 3.7 60 ± 12.4 41.9 ± 15.6 −30.6 ± 19.8 n = 5

Cropland Oil palm plantation 20 33.1 69.0 108.5 n = 1
Primary forest Rubber plantation 23.2 ± 15 74.7 ± 27.8 62.8 ± 34.7 −14.3 ± 36.8 n = 34

Secondary forest Rubber plantation 29.1 ± 22.2 70.3 ± 10.3 58.8 ± 10.6 −16.3 ± 8.5 n = 8
Pasture/grassland Young Rubber/tree plantation 9 ± 5 54.8 ± 8.3 61.2 ± 14.7 10. 8 ± 10.2 n = 3
Pasture/grassland Old Rubber/Broadleaf-tree plantation 19 ± 14 58.7 ± 37.3 49.0 ± 31.8 −15.9 ± 8.3 n = 3

Primary forest Perennial tree plantation 35.4 ± 22.5 55.9 ± 22.3 41.1 ± 19.4 −25.8 ± 15.9 n = 23
Secondary forest Tree/perennial plantation 27.8 ± 20.6 75.9 ± 32.8 69.2 ± 26.5 −7.4 ± 6.7 n = 6

Primary forest Pasture 33.6 ± 24.3 76 ± 25.6 63 ± 29.6 −19.9 ± 18.5 n = 9
Secondary forest Grass/Cropland 24.9 ± 18.7 66.5 ± 43.4 53.6 ± 36 −16.1 ± 21 n = 8

Primary forest Crop and fallow land 29 ± 21 96.4 ± 46.3 75.5 ± 45.7 −23.1 ± 14.2 n = 9
Pasture/grassland Cropland 27.6 ± 20.9 102.5 ± 19.7 80.7 ± 17.3 −24.3 ± 11.3 n = 5

SD—Standard Deviation; * Relative change in SOC stock (%) values with (−) signs indicate loss of SOC from the previous land use/release of CO2 into the atmosphere; # Relative change
in SOC stock (%) values are not calculated directly from the above A and B values, but using mean of individual % change.
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Soil fertility of the converted land can be recovered over time if sufficient fertilizer and organic
inputs are supplied in addition to appropriate intercropping [28,29] until a larger oil palm canopy
cover is established.

3.2. Time Trend in SOC Changes Following Land Use Change

From our analysis of the SOC stocks reported in Table 1, we further examined the time-trend in
SOC stocks after land use conversion to plantations. The relative SOC stock changes over the years
after conversion from forests to oil palm and rubber plantations on tropical mineral soils are shown in
Figures 2–5, respectively, using the data listed in Tables S1–S4.
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Conversion of both primary and secondary forests to oil palm plantations resulted in an initial
decrease of the relative SOC stock, shown in Figures 2 and 3, respectively, which reached the maximum
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loss at 16 years after establishment of the oil palm plantations. This period generally coincides with the
maximum oil palm yield, hence maximum biomass removal from the site [30–33]. The SOC stocks then
gradually increased and attained the original level between 25 and 30 years in oil palm plantations
(Figures 2 and 3), approximately the maximum period considered for oil palm plantation. Considering
the spread of the relative SOC stock data, we draw two tentative conclusions: (i) for assessing the
changes in SOC stocks due to land use change (for example [17]) the period since land use conversion
should be reported; and (ii) the replantation after the first oil palm plantation cycle should involve
minimum soil disturbance (such as no-till and retain land cover) so as to maintain the restored SOC
levels. Additional dataset on SOC stocks are required from monitored oil palm plantation sites over a
number of years to draw firm conclusions and make recommendation.

The time trends in changes in relative SOC stocks in rubber plantations were more variable
than that in oil palm plantation. Moreover, generally the relative SOC stocks remained below the
original SOC stocks for over 60 years (Figures 4 and 5). The conversion of primary forest to rubber
plantation initially lost SOC stock and then gained somewhat around 25 years and slowly decreased
again 55 years (Figure 4). The conversion of secondary forest to rubber plantation resulted in a gradual
decrease of SOC stock and peaks its maximum loss at around 34 years and then slowly regained
the SOC stock to close to original value between 60 and 70 years (Figure 5). However, because of
wide spread of the dataset the trends in relative changes in SOC stocks were not clearly defined
and therefore, no conclusions could be made. Again, additional dataset on SOC stocks are required
from monitored rubber plantation sites over a number of years to draw firm conclusions. Moreover,
provided there is enough dataset from different soil types the time trends in SOC dataset should be
examined within a given soil type since soil minerals exert considerable influence in SOC stabilisation
and loss.

The SOC stock-time trends in oil palm plantation usually follow the stage of growth of oil palm.
The peak palm oil yield is usually attained by 12 years. The oil palm trees are destroyed and replanted
after 25–30 years. At that point trunks and fronds can be recycled into the soil to replenish the SOC
stock to a variable extent [30,31,33–39]. Generally, 96% of the total annual net primary production (dry
biomass) is stored in aboveground parts such as the trunk, fronds and bunches [32,40]. Aboveground
plant C input to the soil is brought about by recycling pruned fronds and other biomass into the soil
during the plantation life cycle [29,41–44]. However, since fronds are usually stacked in every second
row, this results in spatial variability in SOC stocks. For example, Frazão et al. [42] found that SOC
stocks were 1.7–2.6 times higher under frond piles than in the inter-rows, after 24–34 years age of
plantations. However, insight into the efficiency of pruned frond conversion to SOC for different
aged oil palm plantations is thus far lacking and cultivation practices are too variable to draw firm
conclusions [29,42].

3.3. Magnitude of SOC Losses Due to Soil Erosion

Loss of the litter layer and vegetation canopy exposes the soil surface to soil erosion following
land use conversion to plantation [45] and requires conservation measures [46,47]. The SOC loss due to
soil erosion is rarely taken into account, however, as its overall impact on CO2 emissions is considered
uncertain due to the sediment erosion at one location but deposition at another location, which may
alter SOC decomposition. For example, if eroded soil is deposited in wet environments where it may
be slowly decomposed [48]. However, for a given land use, soil erosion should be accounted for as it
depletes the SOC stock and affects soil fertility, especially with respect to nitrogen and soil structure
due to loss of SOM. The N enrichment ratio, which is the concentration of N in the eroded sediment
divided by that of the parent soil, varies from 1.1 to as high as 10, depending on the soil texture,
degree of aggregation, rainfall intensity and land use, as represented by the sedimentary delivery ratio.
The sediment delivery ratio, also expressed as a percentage, is the sediment yield from an area divided
by the gross soil erosion from that same area. At a sediment delivery ratio of 10%, the eroded sediment
may have an N enrichment ratio (eroded sediment/bulk soil) of ~2 in a clay soil, ~3 in a loamy soil but
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>6 in a sandy soil (Figure 6) [49,50]. Organic C enrichment ratios of detached sediments are likely to be
similar to N enrichment ratios, because soil organic C and N are closely correlated.Agriculture 2018, 8, x FOR PEER REVIEW  9 of 17 
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Soil erosion negatively affects SOC by disrupting or slaking aggregates with an associated increase
in mineralisation, by preferential removal of C in runoff water, and by increased mineralisation of SOC
in the displaced sediments. However, eroded sediments may be re-aggregated into organo-mineral
complexes and buried as C-enriched sediments in flood plains, lakes, or the ocean floor [48], mitigating
the effects of C losses on CO2 emissions to an unknown extent.

Soil erosion is increased when land use changes from a relatively undisturbed land use such as
forest to relatively disturbed land use such as cropland [51]. The loss of SOC may be up to 50 t C/ha
within 5–10 years following conversion from natural vegetation to cropland, depending on climate, soil,
slope, drainage, method of land preparation, and extent of residual vegetation cover [52]. Almost 50%
of this SOC loss at the site could be due to soil erosion on steep sloping lands. Moreover, in the
tropics, intensive rainfall may cause high rates of erosion [53,54]. For example, Gharibreza et al. [55]
estimated soil erosion losses of 47 to 99 mm per year on newly cleared land and of 3.5 to 15.6 mm per
year from mature oil palm/rubber plantations in Malaysia. Assuming the soil (Ferrosol) contained
4% organic C and had bulk density of 1 Mg/m3, SOC losses would amount to18.8 and 39.6 t C/ha
per year from newly cleared land and 1.4 to 6.2 t C/ha per year from the mature plantation. Losses
may be higher considering that eroded sediments are generally enriched in SOC compared with the
bulk soil (Figure 6). For example, Boye and Albrecht [56] measured a SOC enrichment ratio of 3.3 in
Kenya and Bilgo et al. [57] reported 4.3 in Burkina Faso.

These findings were confirmed by a recent study conducted in secondary rainforests in the
lowland mineral soils of Indonesia (Jambi province, Sumatra) [23]. Guillaume et al. [23] observed
erosion–related SOC loss of about 10.1 ± 2.9 t C/ha after 15 years of land use change from secondary
forest to rubber and oil palm plantations on a coarse-textured soil; this soil contained almost 50% lower
amounts of SOC than the Ferrosol studied by Gharibreza et al. [55]. Moreover, the magnitude of SOC
losses by erosion from the topsoil depends on the region, land-use change and intensity, soil texture
and the time after conversion [23]. Simulation studies using the soil redistribution model Landsoil and
a SOC model based on RothC-26.3 also identified land use change (from native vegetation to cropland)
as the most important factor determining SOC loss from soil erosion [58]. Particulate organic C (POC)
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was the most important component of SOC lost due to soil erosion, especially by sheet (inter-rill)
erosion, with coarse-textured soils being more prone to the POC loss than fine-textured soils [59].
Muller-Nedebock and Chaplot [59] estimated that tropical soils, on average, lost 66 kg C/ha/year
compared with only 17 kg C/ha/year from temperate soils. The highest SOC loss (as POC) was
2400 kg C/ha/year from a sandy soil in a wet environment in Kenya (>1500 mm annual rainfall, [60].

Thus, SOC losses, especially as POC, from soil erosion must be taken into account and minimised
following land use change. Erosion can be most effectively minimised by retaining the surface
vegetation cover and by reducing soil disturbance to a minimum when preparing the land for oil palm
or rubber plantation.

4. Effect of Different Land Uses on GHG Fluxes from Tropical Mineral Soils

The GHG fluxes (N2O, CH4 and CO2) following various land use changes are reported in Table 2.
N2O emissions following land use change from primary forest to secondary forest or perennial
plantations (rubber and oil palm) were generally small (<0.25 kg/ha/year), primarily because of
low amounts of mineral N in the soil, except during the establishment phase of plantations and N
fertilisation [61–63]. Net decreases in N2O emissions were reported when a primary and a secondary
forest were converted into grasslands (Table 2). If the grassland receives N fertiliser N2O emissions
will increase [18,64–66]. Any previous land use change to croplands, generally resulted in high N2O
emissions (2.8–9.4 kg/ha/year; Table 2; [18,67,68]). However, N2O emissions measurements are too few
for the tropical mineral soils, especially for oil palm and rubber plantations, to draw firm conclusions
at this stage.

CH4 emissions from tropical mineral soils are generally <5 kg/ha/year, except for paddy rice,
where emissions may be an order of magnitude higher (Table 2). Where oil palm and rubber plantations
or even pasture lands become flooded, CH4 emissions increase because methanogens utilize labile
C substrates under anaerobic conditions, resulting in CH4 production [61,63,69–71]; this is generally
related to soil fertility [72].

CO2 emissions from soil, calculated from net SOC changes (primarily from heterotrophic
respiration), varied between 1 t/ha/year (from grassland to oil palm plantation) and 5.5 t/ha/year
(from slash-burn agriculture to oil palm plantation) (Table 2) [42,73–81]. Land use change from
secondary forest to oil palm and degraded grassland to young rubber tree plantation may even create
a soil CO2 sink (2–3.7 t/ha/year), although only limited data are available at this stage to support this
claim for young rubber plantations.

The amount of GHG emitted when a primary or secondary forest is converted to an oil
palm or a rubber plantation depends on land preparation and management, and on the age of
plantation [61,62,72]. In the first years after conversion, higher amounts of mineral N are still present
in the soil and/or from fertiliser application, and combined with lower plant N uptake, generally
results in increased N2O emissions [82]. In an older plantation N2O emissions would be lower because
less mineral N is available [63]. Direct measurements of N2O and CH4 fluxes that cover land use
conversion to oil palm are rare, however, and the N2O and CH4 flux values should be used with
caution (Table 2).
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Table 2. Summary of GHG fluxes for different land use changes (data source cited in Tables S5–S10).

Previous Land Use Converted Land Use
Net SOC Stock Change

(t C/ha/year) *
(Mean ± SD)

Net SOC-CO2e Flux
(CO2e t/ha/year) *

(Mean ± SD)

Net N2O-Flux
(N2O kg/ha/year) *

(Mean ± SD)

Net CH4-Flux
(CH4 kg/ha/year) *

(Mean ± SD)

Primary forest Oil palm 1.17 ± 2.39 4.29 ± 8.75 (n = 40) na 0.33
Secondary forest Oil palm −0.52 ± 2.09 −1.92 ± 7.66 (n = 11) 0.095 ± 1.42 (n = 2) 0.86 ± 1.14 (n = 3)

Pasture/grassland Oil palm 0.28 ± 0.37 1.03 ± 1.35 (n = 3) na na
Cropland—Slash-and-burn

Agriculture Oil palm 1.51 ± 0.79 5.54 ± 2.9 (n = 5) na na

Primary forest Rubber 0.78 ± 1.61 2.87 ± 5.91 (n = 34) −0.23 ± 0.04 (n = 2) 1.78 ± 1.41(n = 2)
Secondary forest Rubber 0.62 ± 0.38 2.26 ± 1.39 (n = 8) −0.65 ± 0.29 (n = 3) 1.52 ± 0.71 (n = 3)
Secondary forest Old Rubber, >8–10 years, after tapping na na 1.56 3.48

Pasture/grassland Young Rubber/other tree plantation −1.01 ± 1.40 −3.69 ± 5.12 (n = 3) na na
Pasture/grassland Old Rubber/Broad-leaf tree plantation 0.87 ± 0.72 3.19 ± 2.65 (n = 3) na na
Secondary forest Other perennial tree plantation 0.45 ± 0.43 1.63 ± 1.58 (n = 6) −0.47 0.25

Primary forest Other perennial tree plantation 0.65 ± 0.92 2.39 ± 3.36 (n = 23) na 3.10
Primary forest Secondary forest na na 0.25 ± 0.10 (n = 2) −0.02 ± 0.67 (n = 2)
Primary forest Paddy rice na na na 70.48 ± 90.26 (n = 2)
Primary forest Pasture, (degraded, old) na na −2.11 ± 2.01(n = 4) na
Primary forest Pasture and cropland 0.58 ± 0.35 2.11 ± 1.29 (n = 9) 9.38 ± 6.38 (n = 2) 4.89 ± 7.46 (n = 6)
Primary forest Crop and fallow 1.31 ± 1.52 4.81 ± 5.58 (n = 9) na na

Pasture/grassland Cropland 1.32 ± 1.07 4.85 ± 3.93 (n = 4) na na
Secondary forest Grasslands na na −1.19 ± 0.17 (n = 3) na

Secondary forest/Woodland
savannah Cultivated pasture, cropland 0.67 ± 0.85 2.44 ± 3.1 (n = 8) 2.84 ± 5.56 (n = 5) 0.30 ± 1.88 (n = 4)

* Net annual SOC stock changes were calculated assuming linear changes over time (time varies from one to 35 years); na, not available.
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Changes in Total GHG Emissions Following Land Use Change

The combined effect on climate change originating from soil emissions of all three gases (CO2,
N2O and CH4) is usually expressed in terms of global warming potential (GWP in CO2 equivalents or
CO2e and summed to calculate total GHG emissions), taking CO2e values 1 for CO2, 28 for CH4 and
265 for N2O on a 100-year time horizon [83].

The change in total GHG expressed as CO2e following land use change is shown in Table 3.
The highest total GHG emissions (4.7 t CO2e/ha/year) were obtained from the land use change
from primary forest to croplands, followed by secondary forest to croplands (3.2 t CO2e/ha/year),
then the emissions from primary and secondary forests. Generally, other perennial tree plantations
(including rubber plantations) show the total GHG emissions below 2.9 t CO2e/ha/year (Table 3).
However, land use change from secondary forest to oil palm plantations resulted in low GHG emissions.
Although these total GHG emissions values are in good agreement with the global meta-analysis for
different land use changes [16], these values have large uncertainties. At this stage, regional scale
GHG accounting may be more reliable than site-specific GHG accounting. We propose that to reduce
uncertainty in GHG accounting site-specific total GHG emissions data (CO2, N2O, CH4 emissions)
should be obtained from oil palm and rubber plantation studies that address the sources and sinks of
all three greenhouse gases.

Table 3. Total GHG emissions (CO2e kg/ha/year) following land use change from tropical mineral
soils (data source: Table 2 for SOC and Tables S5–S10 for N2O and CH4 fluxes).

Previous Land Use Converted Land Use

SOC Flux
(Mean ± SD)

N2O Flux
(Mean ± SD)

CH4 Flux
(Mean ± SD)

Total GHG
Emissions

(Mean ± SD)

CO2-Equivalent (kg/ha/year)

Primary forest Oil palm plantation 4290 ± 8750 na 9.24 *
Secondary forest Oil palm plantation −1920 ± 7660 25.18 ± 377 24.17 ± 32 −1870 ± 8068

Primary forest Rubber plantation 2870 ± 5910 −60.95 ± 11 49.84 ± 40 2859 ± 5961
Secondary forest Rubber plantation 2260 ± 1390 −171.37 ± 77 42.47 ± 20 2131 ± 1487
Secondary forest Other perennial tree plantation 1630 ± 1580 −124.55 7.0 1512 ± 1580

Primary forest Pasture, cropland and fallow 2110 ± 1290 2485.7 ± 1690 136.88 ± 209 4733 ± 3189
Secondary forest/Woodland

savannah Cultivated pasture, cropland 2440 ± 3100 753.13 ± 1474 8.33 ± 53 3201 ± 4627

Conversion to CO2 equivalents (CO2-e) are 265 for N2O and 28 for CH4 [83]; na, not available; * no data for N2O
emissions and total GHG not estimated.

5. Perspectives

Since there is a genuine environmental and social concern in establishing plantations on peatlands
oil palm plantations on tropical mineral soils are increasingly being established on conversion from
a variety of land uses including primary forest, secondary forest, grassland, other plantations and
cropland. From the limited data available on SOC stock changes under oil palm and rubber plantations
following land use change, we found that the largest SOC losses occurred when primary forest land
was converted to plantations. Secondary forest lands showed much lower SOC losses when converted
to oil palm plantation although conversion to rubber plantation still had large SOC losses. From the
limited data available, we estimated that total GHG emissions (CO2, N2O and CH4) were lower from
the oil palm plantation established on previous cropland or grassland than the primary and secondary
forests. Rubber plantation still had high GHG emissions than the oil palm plantation established on
previous secondary forest lands. On a regional basis, large scale GHG accounting was more reliable
than that on site-specific basis.

Main key gaps identified from this review are: (i) the lack of measured bulk density data to
calculate SOC stocks under different land uses and management practices and on equivalent soil
mass basis; pedo-transfer functions provide much less reliable measure of bulk density than the
site-specific values; (ii) sparse or lack of SOC and GHG dataset from long-term monitoring of soil
under oil palm and rubber plantations on tropical mineral soils, which is critical for robust and reliable
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GHG accounting for all three major gases; (iii) limited data on the time trends in SOC stocks on tropical
mineral soils under perennial plantations since SOC stocks and GHG emissions change over time
after the establishment of plantation; (iv) ad hoc measures of the effect of soil type and management
practices on GHG emissions, including SOC stocks; and (v) limited data available from oil palm and
other perennial plantations on mineral soils from the tropical African region.

Admittedly, noticeable progress has been made towards sustainable palm oil industry, especially
reducing environmental concerns by avoiding the land use conversion of peat soils for oil palm
plantation. As is evident from this review, there still remain environmental issues such as SOC losses
and large GHG emissions from land use change from primary forest and secondary forest to oil palm
and rubber plantations, including that from soil erosion. These can most efficiently be addressed
from long-term monitoring of key sites on major soils used for perennial plantations in the tropics.
Appropriate management practices need to be evaluated to optimise production and sustainable
economic returns and minimise adverse environmental impact from perennial plantations on tropical
mineral soils from the tropical Asian, Papua New Guinea, African and American regions.

Supplementary Materials: The following are available online at http://www.mdpi.com/2077-0472/8/9/133/s1,
Figure S1: Default values for remaining SOC fraction after land use change from [17] and IPCC (Penman et al., 2003),
Table S1: Change of SOC stock on conversion of primary forest land in subtropical and tropical (30◦ N–30◦ S) regions,
Table S2: Change of SOC stock on conversion of secondary forest land in subtropical and tropical (30◦ N–30◦ S) regions,
Table S3: Change of SOC stock on conversion of pasture and grassland in subtropical and tropical (30◦ N–30◦ S)
regions, Table S4: Change of SOC stock on conversion of cropland in subtropical and tropical (30◦ N–30◦ S) regions,
Table S5: Annual N2O fluxes in primary forests and in the associated land use change in subtropical and tropical
(30◦ N–30◦ S) regions, Table S6: Annual CH4 fluxes in primary forests and following land use change in subtropical
and tropical (30◦ N–30◦ S) regions, Table S7: Annual N2O fluxes in secondary forests and following land use change in
subtropical and tropical (30◦ N–30◦ S) regions, Table S8: Annual CH4 fluxes in secondary forests and following land
use change in subtropical and tropical (30◦ N–30◦ S) regions, Table S9: Annual N2O fluxes in natural savannah and
following land use change in subtropical and tropical (30◦ N–30◦ S) regions, Table S10: Annual CH4 fluxes in natural
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