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A B S T R A C T

Short-term changes in tropical rainforest soil properties and their impact on C cycling following land-use con-
version to agriculture have received intensive study. However, long-term, land-use changes have not been ex-
plored for tropical Andisols, whose high carbon stocks and several distinctive properties may differ in their
response to land-use conversion. Thus, the primary objective of this study was to assess changes in selected soil
properties of Andisols in response to long-term (> 100 years) changes of land use from tropical rainforests to
agriculture. Soils were sampled by horizon to a depth of 110–140 cm in pine forests (PF), tea plantation (TP) and
horticultural crops with either intensive cultivation (IH) or bare fallow (FH) cropping systems. Selected physical,
chemical and biological soil properties were characterized, including microbial biomass carbon (MBC) and la-
boratory CO2 mineralization rates. Results showed that land-use change from rainforest to agriculture resulted in
increased soil bulk density and meso/micropores that contributed to increased plant-available water retention
capacity. Soil carbon and nitrogen stocks in the upper 1m of soil were higher in agricultural soils (25–29 kg C
m−2; 1.7 – 2.3 kg Nm−2) than pine forest soil (17 kg C m−2; 1 kg Nm−2) with a redistribution of organic matter
from topsoil to subsoil horizons. Organic matter quality was also affected by land-use conversion with the
horticultural soils having lower rates of carbon mineralization per unit soil carbon (PF > TP > IH > FH) and
lower microbial biomass, especially in topsoil horizons. The MBC sharply decreased in the topsoil horizon due to
land-use change from forest (330mg kg−1) to agricultural production (< 118mg kg−1). The intensive horti-
cultural soil receiving recent additions of horse manure had higher extractable mineral N (especially NO3),
reduced P fixation, increased available P, higher pH, and higher concentrations of exchangeable base cations
(Ca2+, Mg2+ and K+) and micronutrients (Zn, Mn and Cu). The Andisols in this study demonstrated strong
resilience to long-term degradation of soil properties following conversion from rainforest to agronomic land
use. Further, this study demonstrates the ability of these Andisols to sequester additional C upon conversion to
selected agriculture practices, thereby providing a positive impact on C mitigation.

1. Introduction

Net tropical forest loss of 7 million hectares per year occurred be-
tween 2000 and 2010, with conversion to agriculture accounting for
86% of deforestation (FAO, 2016). Annual deforestation in tropical Asia
during the 1990s reached up to 5.6 million ha yr−1, resulting in the
emission of 1.0 Pg C yr−1 to the atmosphere (Houghton, 2002; Carlson
et al., 2012). In Indonesia, the total forest area of 117 million ha in
1990 (FAO, 2006) dropped to 89 million ha in 2011–2012 with pri-
mary, secondary and plantation forests occupying 45.2, 40.8 and 3.0
million ha, respectively (Ministry of Forestry, 2014). The average forest

loss of 1.3 million ha yr−1 from 1990 to 2012 resulted from burning
and conversion to agriculture, mining and infrastructure with Indonesia
contributing to ∼10% of total global forest loss each year.

Short-term changes in soil properties following conversion of tro-
pical forests to agricultural land use are often pronounced and in most
cases detrimental to sustainable agricultural production. In contrast to
the Amazon (Brazil) rainforests supported by Oxisols and Ultisols
(Cherubin et al., 2015), Indonesia’s rainforests are largely supported by
volcanic soils, primarily Andisols. These Andisols support high agri-
cultural productivity with some of the world’s highest human-carrying
capacity being found on volcanic soils in Indonesia (Shoji et al., 1993;
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Van Ranst et al., 2002). With respect to greenhouse gases, Andisols are
notable for having the highest soil carbon storage capacity among the
mineral soil orders in temperate and tropical climatic regimes with an
average carbon stock of 25.4 kg C m−2 (Batjes, 2014). Matus et al
(2014) reviewed soil carbon storage and stabilisation in andic soils and
concluded that the most important mechanism of sorption of soil or-
ganic matter by short range ordered amorphous minerals is the ligand
exchange. While short-term (< 30 years) changes in properties of tro-
pical rainforest soils have been extensively studied, there is a paucity of

information concerning long-term (> 100 years) changes in soil prop-
erties resulting from changing land use and management practices,
especially with respect to Andisols.

Greenhouse gas (GHG) emissions from agriculture are reported to
contribute up to 30% of anthropogenic emissions (Tubiello et al.,
2013). Soils can be a major source (Smith et al., 2008) or sink (Batjes,
2014) of GHG from terrestrial ecosystems depending on the ecosystem
disturbance regime and soil management practices. Soil carbon storage
is dependent on soil mineral constituents, with volcanic ash soils

Fig. 1. Location of the study site in Lembang region, west Java.
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typically having exceptionally high potential C stocks owing to their
high content of active Al and Fe constituents (e.g., allophane, imogolite,
ferrihydrite and metal-organo complexes). In Andisols, Chevallier et al.
(2008) showed organic matter transformation to CO2 via microbial
respiration was lower as allophane content increased. In addition,
changes in land use/land cover alter organic matter quantity and
quality, which are major factors controlling soil microbial biomass and
activity (Fierer et al., 2009; Kallenbach and Grandy, 2011). Given the
high C stocks in Andisols, it is important to assess the fate of soil C
following land-use conversion from forest to intensive agricultural
production, especially with regard to rapid deforestation in the tropics.

Andisols have several unique properties that affect agricultural
productivity, such as high P fixation, high organic matter concentra-
tions, a clay-size fraction dominated by pH dependent variable charge,
low bulk density, high porosity, high water retention capacity and high
mesopore (fractal pores) content (Shoji et al., 1993; Auxtero et al.,
2004; Chevallier et al. 2008). In particular, high P retention (> 85%)
(Soil Survey Staff, 2014) in Andisols can limit agricultural productivity
by limiting plant availability of P. Currently, there is little information
on how P retention and availability in tropical Andisols change with
different land use and agricultural practices. Nitrate leaching char-
acteristics in Andisols are also strongly affected by variable charged
constituents as positive charges can retain nitrate enabling higher plant-
utilization efficiency. In southern Chile, Huygens et al. (2008) reported
NH4

+ and NO3
− retention of 84 and 69% of N fertilizer additions,

respectively, after one year based on 15N pool-dilution and 15N tracer
studies of forested Andisols. In Japan, the maximum nitrate adsorption
by Andisols (Melanudands and Hapludands) ranged from 0.4 to 7.0
cmolc kg−1 with the highest values occurring in soil horizons with high
allophane content and low organic carbon content (Tani et al., 2002).
Furthermore, Deng et al. (2011) evaluated the denitrification rates from
eight Andisols under three different cropping systems in an intensive
livestock catchment of central Japan and reported that N loss via de-
nitrification from upland fields was almost negligible in spite of sub-
stantial N inputs (200–800 kg N ha-1yr−1). In addition to retention of
NO3

− by positively charged colloids, a laboratory study by Matus et al.
(2019) reported high retention of NO3

− in Andisols through transfor-
mation of NO3

− to dissolved organic nitrogen (DON).
In Indonesia, land use/land cover of Andisols is primarily native

rainforest, tea plantation, horticultural crops, terraced paddy fields and
other food crops. Land-use conversion from tropical rainforest to agri-
culture has taken place over long periods of time (> 100 years); how-
ever, no rigorous studies have examined changes to Andisol soil prop-
erties over these time periods. In addition, several studies have
examined microbial biomass carbon (MBC) and CO2 measurements in
topsoil horizons, however, MBC and CO2 measurements in subsoil
horizons have been ignored although these measurements are crucial
for explaining the exceptionally high carbon stocks in Andisols. Given
the several unique properties of Andisols, it may be expected that these
soils are more resilient to land-use change and agricultural manage-
ment practices. Therefore, we hypothesize that the unique soil prop-
erties of Andisols lessen the negative impacts of land-use change from
tropical forest to agriculture on soil physical, chemical and biological
properties. The objective of this study was to take advantage of long-
term, land-use/land management changes (> 100 years) to examine
changes in several physical, chemical and biological properties of
Andisols in tropical Indonesia following conversion of rainforest to tea
plantation and horticultural crops.

2. Materials and methods

2.1. Environmental setting

The study area is located in Lembang, West Java, Indonesia at
6°46′25″ and 6°48′10″ S and 107°38′6″ and 107°38′54″ E (Fig. 1) with
elevations ranging from 1236 to 1530m above mean sea level (amsl).

Mean annual air temperature and precipitation are 20 °C and 1902mm,
respectively. The rainy season occurs between October and April and
accounts for 79% of total annual rainfall. The resulting soil temperature
and moisture regimes are isothermic and perudic, respectively (Soil
Survey Staff, 2014). Initial vegetation at all study sites was a pine forest
(Pinus mercusi) according to information provided by the present third
generation of local people. Soils developed from basaltic andesite vol-
canic ash and were classified as Typic Hapludands and Typic Melanu-
dands (Soil Survey Staff, 2014). The age of soil materials was measured
by Chartres and van Reulert (1985) using the 14C dates based on soil
profile excavations to a 270 cm depth. They reported dates for buried A
horizons consisting of IIA (40–78 cm), IIIA (141–162 cm) and IVA
(210–236 cm) of 8,700 ± 200, 14,500 ± 300, and
17,700 ± 580 years, respectively.

This study examined soil characteristics for four land-use/manage-
ment practices: pine forest (PF), tea plantation (TP), and horticultural
cropland with either intensive cultivation (IH) or bare fallow (FH). All
study sites had similar landscape position (convex shoulder slopes),
slope (5–8%), and aspect southwest and were located within 3 km of
each other. All sites occurred on a similar landform unit (namely middle
volcanic slope), derived from similar parent materials, and experienced
similar climate conditions. Hence we assumed that the soils at all four
study sites had similar soil properties prior to land-use change.
Conversion of rainforest to agricultural production occurred>100
years ago based on historical records. The soils under tea plantation
(TP) (Camellia sinensis) currently receive application of KCl, kieserite
and urea three times each year. The horticultural treatments were lo-
cated at the Indonesian Vegetable Research Institute (IVRI) where de-
tailed records of soil management practices were available.
Horticultural crops included eggplant (Solanum melongena), cabbage
(Brassica oleracea), bell pepper (Capsicum annum), long beans (Vigna
unguiculata), French beans (Phaseolus vulgaris), lettuce (Lactuca sativa),
and tomato (Solanum lycopersicum). While intensive horticultural cul-
tivation has occurred at this site for> 100 years, soil treatments were
initiated 7 years ago on the long-term horticultural site to examine
application of horse manure (20Mg ha−1 yr−1) (IH) versus bare fallow
(FH) (September 2006 to May 2013). The horse manure trial was es-
tablished with the intention of reducing inorganic fertilizer application
to 50% of that normally applied to horticultural crops. The 50% in-
organic fertilizer application rate for the past 7 years was150 kg N ha−1

as urea, 160 kg P ha−1 as superphosphate (SP36) and 120 kg K ha−1 as
KCl applied as a split application three times each year. Horse manure
(20Mg ha−1 yr−1 ≈ 244 kg N; 70 kg P; 350 kg K; 146 kg Ca; 58 kgMg)
was annually incorporated to a depth of 20 cm. For the past 7 years, the
IH plot was cropped with cabbage/lettuce from January to March,
cover crop Mucuna sp./fallow from April to July (dry season) and
cabbage-tomato from August to December. The previously cultivated
FH plot was located adjacent (4 m) to the IH plot and was minimally
tilled to remove weeds and received no manure or fertilizer additions
for the past 7 years.

2.2. Soil characterization

We excavated a soil pedon with the dimensions
(width× length× depth) of 150× 200×110–140 cm at each of the
four land-use/management sites. A composite soil sample was collected
for each soil horizon from all sides of the soil pedon; the sample was
thoroughly mixed prior to subsampling about 1 kg for analysis. Soils
were air dried and passed through a 2-mm sieve to remove coarse
fragments and roots prior to further analysis.

Bulk density (Db) was measured by the core method (Blake and
Hartge, 1986) using steel cylinders of 5× 5 cm (diameter× length).
Intact soil cores were collected at 0–20 cm and 30–50 cm depths at
field-moist conditions. The Db was expressed on an oven-dry weight
basis. Particle density (ρb) was determined by the submersion method
(Blake, 1986). Total porosity (PT) was estimated by the formula PT = (1
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− Db/ρb)× 100 (Van Ranst et al. 2002).
Particle size of the fine-earth fraction was determined by the pipette

method and wet sieving (Soil Survey Staff, 1992). Samples were pre-
treated with H2O2 to remove organic matter and dispersed with dilute
Na-hexametaphosphate. Silt- and clay-sized fractions were measured
after sedimentation according to Stokes law. The sand fraction was
separated from the clay and silt fractions by wet sieving through a
0.05mm sieve. Water retention (WR) at various tensions was de-
termined using a pressure plate. Plant-available water holding capacity
was estimated as the volume fraction of water retained between 33 and
1500 kPa. A sample of < 2-mm (sieved), air-dry soil was placed on a
porous ceramic plate and wetted by capillary action; gravimetric water
content was measured following attainment of equilibrium at 33 and
1500 kPa.

Soil pH was measured 1:2 (solid:solution) in H2O and 1.0M KCl.
Phosphate retention was determined using the method of Blakemore
et al. (1987) and the Bray-1 extraction was used as an estimate of
available P (Olsen and Sommers, 1982). Exchangeable cations were
displaced by 1M NH4OAc at pH 7.0, then the cations were measured in
the supernatant (Soil Survey Staff, 1992) using an atomic absorption
spectrometer (AAS). The cation exchange capacity (CEC) was de-
termined in 1M NH4OAc (buffered at pH 7.0) after extraction of NH4

+

by 10% NaCl as a measure of CEC. Base saturation was calculated as the
sum of base cations by 1M NH4OAc divided by CEC. Sulfate-sulfur
(SO4-S) was extracted using monocalcium phosphate as outlined by
Schulte and Eik (1988) and available micronutrients (Zn, Mn, Cu, and
Fe) were determined by DTPA extraction (Lindsay and Norvell, 1978).
All weight percent data were reported on an oven-dry basis (105 °C).
Non-sequential selective dissolution in Na-pyrophosphate (Blakemore
et al., 1987) and ammonium-oxalate (Soil Survey Staff, 1992) was used
to characterize Fe, Al and Si in various pedogenic pools.

Total C and N concentrations were determined on ground samples
(< 120 µm) by dry combustion using a Costech C/N analyzer
(Analytical Technologies, USA). Soil microbial biomass C (MBC) and N
(MBN) were measured using chloroform fumigation and direct extrac-
tion with 0.5 M K2SO4 (Horwath and Paul, 1994). Briefly, 10 g oven-dry
equivalent samples were fumigated for 48 h in the dark, and then C and

N were extracted with 0.5M K2SO4. Similar extraction was applied for
non-fumigated (control) samples. Total dissolved organic C (DOC) and
total extractable N were measured using a C/N analyzer (Shimadzu
Model TOC/TN). The non-fumigated control values were subtracted
from fumigated values as an estimate of microbial C and N. A Kec/Ken
factor of 0.35 was applied for both C and N (Voroney et al., 1991).

Carbon mineralization was measured in the topsoil (A horizon) and
subsoil (Bw3 horizon) by incubating duplicate soil samples in the dark
under laboratory conditions (21 ± 1 °C; similar to mean annual air
temperature of 20 °C) over a 119-day period. Soil moisture was adjusted
to∼ 80% of field capacity and pre-incubated for one week prior to
starting the long-term incubation. Soils were incubated in sealed Mason
jars fitted with septa. Carbon dioxide in the headspace of each soil
sample and blanks with no soil was measured each week using an
Infrared Gas Analyzer. The CO2 emission was normalized to initial total
C content of each soil and expressed as CO2-C mg kg−1 soil C. In ad-
dition, net N mineralization was measured on these same samples at the
end of the 119-day incubation by determining concentrations of mi-
neral N (NH4

+ and NO3
–) in 1M KCl extracts at time zero and at

119 days. Quantification of NO3
– used the vanadium chloride method

(Doane and Horwath, 2003) and NH4
+ the Berthelot reaction with a

salicylate analog of indophenol blue (Forster, 1995). A correlation
analysis was performed to assess soil properties most strongly affected
by land-use changes, using IBM SPSS Statistics 22. 2013.

3. Results

3.1. Soil physical properties

All soils were well drained with an A horizon (21–24 cm thick)
overlying Bw horizons that extended to the depth of investigation
(110–140 cm). Soil particle-size distribution was similar among the four
sites with the majority of the horizons having a loam texture (Table 1).
Some distinct changes in particle-size distribution within various
pedons (e.g., IH at 48 cm; FH at 70 cm) are attributable to more recent
tephra deposition that resulted in burial of the former soil profile.

Bulk density (Db) in subsoil horizons was very low (0.38 –

Table 1
Selected chemical properties of Andisols under different land uses.

Profile/ Depth Particle size pH Organic matter CEC Al BS† Oxalate Al0-Alp/ Ferri- Allo-

horizon Sand Silt Clay H2O KCl C N C/N‡ Alo Feo Sio Sio hydrite† phane¶

cm % ——— % —— cmolc kg−1 % —————— %
———————

————————%———————

TP Typic Hapludand under tea plantation
Ap 0–24 41 44 15 4.8 4.6 6.70 0.41 16 9.28 0.39 23 5.77 5.00 2.25 2.18 8.50 18.93
Bw1 24–54 46 41 13 4.7 4.6 6.40 0.39 16 8.00 0.30 19 5.76 5.02 2.27 2.20 8.53 19.25
Bw2 54–88 31 48 21 4.9 4.8 6.10 0.35 17 7.83 0.09 19 7.63 5.32 3.20 2.14 9.04 26.53
Bw3 88–130 25 57 18 4.7 4.6 3.20 0.16 19 6.17 0.05 20 8.48 5.06 3.85 2.06 8.59 30.75
FH Typic Melanudand under fallow system (former horticultural crops)
Ap 0–21 42 40 18 5.2 4.9 6.30 0.48 13 9.73 < 0.01 138 7.02 2.79 3.21 1.98 4.73 24.86
Bw1 21–48 42 28 30 5.6 5.3 5.70 0.53 11 9.48 < 0.01 151 6.99 2.20 3.31 1.94 3.73 25.25
Bw2 48–70 32 45 23 5.6 5.2 7.50 0.45 17 9.44 < 0.01 150 6.85 2.99 3.01 2.04 5.08 23.88
2Bw3 70–118 37 37 26 5.6 5.5 2.70 0.16 17 9.45 < 0.01 130 6.63 3.77 3.84 1.65 6.42 26.18
IH Typic Melanudand under horticultural crops
Ap 0–21 43 32 25 6.1 5.6 6.10 0.56 11 9.94 < 0.01 312 5.95 2.16 2.76 2.00 3.66 21.54
Bw1 21–48 38 39 23 5.8 5.3 5.60 0.53 11 9.22 < 0.01 261 6.10 2.09 2.86 1.96 3.56 21.97
Bw2 48–70 42 40 18 5.6 5.3 4.50 0.34 13 8.73 < 0.01 192 7.08 2.85 3.49 1.91 4.85 26.24
Bw3 70–110 24 44 32 5.7 5.3 6.00 0.33 18 7.98 < 0.01 163 7.21 3.78 3.51 1.90 6.43 26.30
PF Typic Hapludand under pine forest
A 0–24 24 56 20 4.5 4.3 8.00 0.49 16 8.53 1.01 23 7.28 4.36 3.48 1.87 7.40 25.78
Bw1 24–60 29 40 31 4.5 4.2 3.20 0.18 18 8.97 0.29 16 7.39 4.45 3.71 1.85 7.57 27.27
Bw2 60–100 31 56 13 4.5 4.2 3.30 0.17 19 8.09 0.32 17 7.90 4.84 3.83 1.92 8.23 28.98
Bw3 100–140 32 46 22 4.4 4.3 3.50 0.19 19 7.50 0.21 18 7.65 4.66 3.67 1.95 7.92 27.97

Note:
† Ferrihydrite%=1.7*Feox% (Parfitt, and Childs, 1988); BS: base saturation.
¶ Allophane%=Sio% (100/y), y= 23.4–5.1×, where x=(Alo -Alp)/Sio (Parfitt and Wilson (1985).
‡ C/N ratio reported on a mass basis.
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0.46 g cm−3), characteristic of soils formed in volcanic ash (Table 2). Db

was also low in the A horizon of the pine forest (PF) (0.38 g cm−3), but
was higher under agricultural management (0.55–0.80 g cm−3) due to
traffic compaction resulting in a reduced pore volume. The agricultural
soils displayed a distinct increase in Db and a reduction in total porosity
(especially macropores) in the topsoil horizons compared to the pine
forest soil. Given the low bulk densities, total porosity was corre-
spondingly high, ranging between 60 and 77%, with values decreasing
in surface horizons with agricultural management.

Plant-available soil water (water held between pF2.5 and pF4.2)
was generally in a narrow range (mostly 20–22%) with the exception of
the surface horizons of the pine forest soil (14%) (Table 2). The water
retention capacity (ratio between available water content and pF2.5
water content) varied from 37 to 53% in topsoil horizons and from 45
to 51% in subsoil horizons with the lowest values in the pine forest.

3.2. Soil acidity and exchangeable cations

Soil pH-H2O increased from very strongly acid in the pine forest
(4.4–4.5) and tea plantation (4.7–4.9) to moderately acid in the horti-
cultural crops with fallow (5.2–5.6) and intensive cultivation (5.6–6.1)
(Table 1). Regardless of land use, all soils in this study had low CEC (6.2
to 9.9 cmolc kg−1) characteristic of acidic Andisols dominated by al-
lophanic materials (Table 1). The lowest values occurred in the pine
forest and the highest values in the horticultural soils. The pHKCl-pHH2O

(ΔpH) values ranging between −0.1 and −0.5 were indicative of a soil
colloidal fraction dominated by variable charge materials (Nanzyo
et al., 1993a). Especially notable is the very low base saturation (16 –
23%) (Table 1) and concentrations of exchangeable Ca and Mg for the
PF and TP soils (1.5 and 0.3 cmolc kg−1, respectively) (Fig. 2). Ex-
changeable base cations (Ca, Mg and K) are a common limiting factor
for horticultural production in the studied Andisols since these nutrient
cations are extremely low under pine forest.

While the horticultural management practice of applying horse
manure and lime did not appreciably increase the measured CEC, it was
remarkably effective in increasing exchangeable base cations (Fig. 2).
For example, exchangeable Ca, Mg and K increased from 1.5, 0.3 and
0.2 cmolc kg−1 in the pine forest to 26.3, 3.5 and 1.0 cmolc kg−1 in the
intensive horticultural crops, respectively (Fig. 2). The high base sa-
turation of over 100% under horticultural land uses (FH and IH) com-
pared to<23% for the pine forest and tea plantation (PF and TP soils)
(Table 1).

3.3. Total and dissolved soil carbon C, and nutrient dynamics

Organic C concentration in A horizons was highest in PF (8.0%) and
1.0 to 2.0% lower under agricultural management (Table 1). In con-
trast, organic C was lower in the PF subsoil (3.2–3.5%) while the
agricultural sites had elevated organic C concentrations (2.7–7.5%) in
several subsoil horizons. Organic C stocks in the upper 100 cm of the
soil profile were calculated by summing the organic carbon stocks in
each individual horizon (thickness× bulk density× organic carbon
concentration; no coarse fragments (> 2-mm) were present). Organic
carbon stocks followed (kg m−2): TP (29.0) ≈ IH (28.7) > FH
(25.0) > PF (16.7). The agricultural soils contained more organic
carbon than the pine forest soil. While horse manure (20Mg ha−1 yr−1)
was added to the IH soil for the past 7 years, the TP and FH soils re-
ceived no organic matter amendments and still had similar pedon or-
ganic matter stocks. As a direct comparison, the IH soil receiving horse
manure contained only slightly more organic C (29 kgm−2) than the
FH soil (25 kgm−2) located 4m away that received no horse manure
and was fallowed over the past 7 years. Dissolved organic carbon (DOC)
concentrations (extracted by 0.5 M K2SO4) were appreciably higher in
the PF topsoil (860mg kg−1) and throughout subsoil horizons of the TP
profile (420–900mg kg−1) (Fig. 3). The horticultural soils (IH and FH)
tended to have lower overall DOC concentrations (100–400mg kg−1)
than PF and TP land uses.

Total N concentrations followed a similar distribution to organic C
concentrations among sites with total N stocks in the upper one meter
of soil following (kg m−2): IH (2.3) > FH (1.8) ≈ TP (1.7) > PF (1.0)
(Table 1). The C:N ratio (mass basis) was lowest in the upper 50 cm of
the IH and FH soil profiles (11 – 13), while values for PF, TP and lower
soil horizons at all sites were generally in the range 16 to 19. The
highest concentrations of inorganic N (KCl-extractable NO3

– and NH4
+)

were found in the IH pedon (25–40mg N kg−1) and were dominated by
NO3

– (Fig. 4). In contrast to the IH soil dominated by NO3
–, inorganic N

concentrations were dominated by NH4
+ in the TP, FH and PF soils

with the highest value in the TP soil and lowest under FH land use.
High P fixation (> 80%), characteristic of Andisols, was exhibited

for all land-use types. Under forest vegetation (PF), the soil P retention
was consistent at 97% throughout the entire pedon (Fig. 5). Change of
land use to TP and FH did not appreciably affect P fixation. However,
the IH land use receiving application of horse manure for the past
7 years showed appreciably lower P fixation (< 87%) in the upper
40 cm. Reflecting the high P fixation, available P content was below the
detection limit (< 0.5 mg kg−1) for all horizons of all land-use types,
except for the upper horizons (0–48 cm) of the IH land use
(3.0–7.7mg kg−1) (Table 3).

Table 2
Selected physical properties of Andisols under different land uses.

Sample Depth Db ρb PT Water content Available Drainage pores WRC
pF1 pF2 pF2.54 pF4.2 water Rapid Slow

cm g cm−3 g cm−3 % volume —————————————————————————————————————% volume
—————————————————————————————————

TP Typic Hapludand under tea plantation
TP-1 0–20 0.55 ± 0.02 1.73 ± 0.12 68.53 ± 1.43 59 ± 4.6 47 ± 2.4 40 ± 2.1 19 ± 1.2 21 ± 0.8 21 ± 1.5 7 ± 0.5 53 ± 0.6
TP-2 20–40 0.46 ± 0.05 1.66 ± 0.20 71.40 ± 9.40 64 ± 6.8 48 ± 8.9 41 ± 4.9 20 ± 3.2 20 ± 1.2 24 ± 0.5 8 ± 0.7 51 ± 9.4
Typic Melanudands under fallow system (FH) and intensive horticultural crops (IH)
FH-1† 0–20 0.59 ± 0.10 1.85 ± 0.8 68.13 ± 4.70 66 ± 4.5 52 ± 4.8 47 ± 5.0 27 ± 4.8 21 ± 0.6 16 ± 3.2 5 ± 0.6 44 ± 3.7
FH-2† 20–40 0.43 ± 0.04 1.68 ± 0.12 74.20 ± 1.70 72 ± 2.7 57 ± 2.2 49 ± 2.4 26 ± 1.6 23 ± 1.2 18 ± 0.6 7 ± 0.2 46 ± 1.5
IH-1¶ 0–20 0.80 ± 0.07 2.00 ± 0.03 60.20 ± 3.20 58 ± 2.5 45 ± 3.0 39 ± 3.3 22 ± 1.2 17 ± 2.4 15 ± 0.4 6 ± 0.4 44 ± 3.3
PF Typic Hapludand under pine forest
PF-1 0–20 0.38 ± 0.03 1.32 ± 0.14 70.75 ± 5.35 53 ± 0.9 46 ± 5.1 39 ± 5.2 25 ± 4.1 14 ± 1.1 25 ± 0.3 7 ± 0.1 37 ± 2.1
PF-2 20–40 0.38 ± 0.01 1.63 ± 0.01 76.65 ± 0.75 68 ± 1.7 52 ± 0.4 44 ± 0.2 24 ± 0.8 20 ± 0.6 25 ± 0.4 8 ± 0.3 45 ± 1.5

WRC, water retention capacity (available water/pF2.54), Db= bulk density; ρb= particle density; PT= total porosity.
Note: Numbers within a column are average (± standard error) of triplicate samples.

† FH Fallow area adjacent to the IH intensively cultivated site fallowed since September 2006.
¶ IH Intensively cultivated site for horticultural crops with horse manure additions starting in September 2006.
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Extractable SO4-S content was considerably higher in the PF and TP
pedons (524 – 898mg kg−1) as compared to the horticultural pedons
(IH and FH range 52–272mg kg−1). Change of land use from pine forest
to agriculture decreased extractable S content. The exception is the TP
pedon that contains high S due to application of kieserite (MgSO4·H2O)
as an integral part of tea plantation fertilizer management. Extractable
micronutrient concentrations showed the following general order of
abundance: Fe ≫ Mn > Cu > Zn (Table 3). In terms of land-use, mi-
cronutrient levels followed the general pattern of IH > FH > TP >
PF.

3.4. Microbial biomass C and C mineralization

Microbial biomass C (MBC) sharply decreased in the topsoil (A
horizon) due to land-use change from forest (330mg kg−1) to agri-
cultural production (< 118mg kg−1) (Fig. 6). In subsoil horizons
(Bw3), MBC values were slightly higher in the TP and PF soils

(50–90mg kg−1) as opposed to the intensive horticultural soils (FH and
IH; 15–60mg kg−1). In addition, MBC sharply decreased from topsoil
(330mg kg−1) to subsoil layers (80mg kg−1) under PF land use, while
MBC generally increased with soil depth under IH land use.

Carbon mineralization from the laboratory incubation showed the
following rates (mg CO2-C kg−1 soil C): PF > TP > IH > FH in both
topsoil and subsoil horizons (Fig. 7). In topsoil horizons, CO2 emissions
increased to a maximum at day 7, decreased to a relatively stable
plateau between 21 and 47 days, and then declined through the re-
mainder of the 119-day incubation. For subsoil horizons, CO2 emission
rates followed the same trend for land-use types as the topsoil horizons.
A distinct contrast between topsoil and subsoil horizons was the longer
time required to achieve the maximum CO2 emission rate for the subsoil
horizons (35 vs 7 days). In all cases, the CO2 emission was higher for the
topsoil horizon (Fig. 7a) as compared to their corresponding subsoil
horizon (Bw3) (Fig. 7b), ranging from 8 − 12 times higher on day 7, to
2–4 times higher over the last 20 days of the incubation.

Fig. 2. Changes in exchangeable cations of Andisols under different land uses and management: (a) Ca, (b) Mg, (c) K and (d) Na. Notes: TP, tea plantation; FH, fallow
area of former intensive horticultural crops; IH, intensive horticultural crops with horse manure application and some inorganic fertilizer (NPK); PF, pine forest.
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3.5. Correlation matrix of important soil properties of Andisols

There were several significant correlations among soil properties
(Table 4). Oxalate-extractable Sio showed a positive correlation with
the clay fraction, while Feo had a strong negative correlation with pH
and exchangeable Ca and Mg. In contrast, Alo showed no significant
correlations with other soil properties. For organo-metal complexes
(i.e., pyrophosphate extractable Fe/Al), Alp had highly negative and
positive correlations with the clay fraction and organic C, respectively.
However, Fep showed no significant correlations with other soil prop-
erties. Soil pH showed a highly negative correlation with P retention
and Feo, along with a positive correlation with exchangeable cations
(Ca, Mg and K), total N and Db. Soil bulk density (Db) showed a positive
correlation with exchangeable cations (Ca, Mg and K) and negative
correlation with P retention. P retention had a negative correlation with
exchangeable cations (Ca, Mg and K).

4. Discussion

4.1. Changes in physical properties associated with land use

Andisols are characterized by low Db and high porosity due to the
abundance of amorphous and poorly crystalline materials and organic
matter that contribute to highly stable and very well structured soils
under natural conditions. However, the low natural Db may change due
to anthropogenic activities. The evidence was revealed by soil tillage
under intensive horticultural crops contributing to increased Db from
compaction by potential destruction of soil aggregates due to physical
mixing/abrasion by tillage operations. Tillage was reported to destroy
macropore pathways of Andisols in Mexico resulting in a lower in-
filtration and permeability of topsoil horizons (Prado et al., 2011).
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Chemically, the exchangeable cations (Ca, Mg and K) have positive
significant correlation with Db, indicating the increase in soil ex-
changeable cations gave rise to the increased soil bulk density (Db). This
is probably due to the role of Ca and Mg ions derived from lime and
manure in binding soil particles, resulting in the change of soil friable
structure under forest to more compact aggregate formation under in-
tensive horticultural cultivation.

The water retention capacity (WRC) varied from 37 to 53% in
topsoil horizons and from 45 to 51% in subsoil horizons with the lowest
values in the pine forest (37%) (Table 2). These data indicate that the
number of soil pores storing plant-available water (0.2–8.6 µm pore
sizes or pF4.2 - pF2.5 suction) is lower in the forest Andisols than those
converted for agriculture. In other words, the water retention capacity
has increased about 50% following conversion from pine forest to
agriculture. This implies that the compaction associated with tillage is
responsible for increasing the water retention capacity through con-
version of macropores to meso/micropores. The water retention

capacity in this study was higher than for cultivated Mexican Andisols
(23% to 45%) reported by Prado et al. (2011). The high water retention
in Andisols is caused primarily by their large volume of meso/micro-
pores (Nanzyo et al., 1993b). Formation of these meso/micropores is
greatly enhanced by poorly crystalline materials and soil organic matter
(Van Ranst et al., 2002). Buytaert et al. (2006) studied toposequece of
Andisols in south Ecuador and reported the large water storage capacity
as revealed by water content ranges from 2.64 g g−1 at saturation,
down to 1.24 g g−1 at wilting point.

The long-term (>100 years) cultivation of agricultural soils in this
study has not caused appreciable degradation to the overall Db, por-
osity or water retention characteristics of these Andisols. While mac-
roporosity was decreased by tillage, the macropore content of topsoil
horizons remained> 15% providing adequate infiltration and soil
aeration. The loss of macropores is compensated for by the increase in
meso/micropores that contribute to increased plant-available water
holding capacity. In spite of the increase of bulk density (from 0.4 to
0.6–0.8 g cm−3) and loss of macropore capacity, field observations
confirmed that the agricultural soils in this study retained their high
infiltration capacity with no evidence of surface runoff. In Italy, well
developed Andisols on flow-like landslides over 70 years experienced
low run off and minimal soil erosion owing to a good infiltration in
spite of the high slope steepness and the anthropic pressure associated
with land management (Scognamiglio et al., 2019).

4.2. Changes in chemical properties associated with land use

The pine forest soil was very strongly acidic owing to the strong
leaching regime associated with the isothermic/perudic climatic re-
gime. Applications of lime and more recently horse manure to the IH
soil were effective in raising the pH of the horticultural soils (Table 1).
In spite of the low soil pH values in the tea plantation, the potential for
Al3+ toxicity was not evident as ascribed to the low exchangeable Al3+

concentrations (< 0.4 cmolc kg−1). Threshold values for Al toxicity are
generally considered about 2 cmolc kg−1 for common agricultural crops
and 1 cmolc kg−1 for Al-sensitive crops (Dahlgren et al., 2004). Andi-
sols dominated by allophanic materials generally contain low KCl-ex-
tractable Al concentrations; however, these values may be under-
estimated due to “induced hydrolysis” of displaced Al and subsequent
adsorption of polymeric Al to allophanic materials (Wada, 1987a, b).
The elevated pH associated with the horticultural soils reduced the
exchangeable Al3+ concentrations to non-detectable levels (< 0.01

Table 3
Changes in available P, S and micronutrients under different land uses.

Soil/ Depth Bray-P SO4-S DTPA extraction
horizon Zn Mn Cu Fe

cm ——————————————————————————— mg kg−1 ————————————————————————————————
TP Typic Hapludand under tea plantation
Ap 0–24 <0.5 621 0.4 1.5 1.3 29.7
Bw1 24–54 <0.5 524 0.2 1.7 1.4 31.8
Bw2 54–88 <0.5 623 <0.1 1.3 0.5 30.9
Bw3 88–130 <0.5 898 <0.1 < 0.1 < 0.1 9.7
FH Typic Melanudand under horticultural crops with fallow system
Ap 0–21 <0.5 158 0.5 5.4 2.3 29.3
Bw1 21–48 <0.5 114 0.5 5.5 2.3 35.0
Bw2 48–70 <0.5 114 0.3 4.8 1.8 29.9
2Bw3 70–118 <0.5 272 <0.1 1.0 0.5 19.9
IH Typic Melanudand under intensive horticultural crops
Ap 0–21 7.7 52 7.2 7.0 10.3 29.0
Bw1 21–48 3.0 161 4.0 7.0 6.5 29.7
Bw2 48–70 <0.5 257 0.4 3.6 1.2 21.7
Bw3 70–110 <0.5 223 0.1 2.3 1.0 24.4
PF Typic Hapludand under pine forest
A 0–24 <0.5 585 0.1 1.1 0.5 19.4
Bw1 24–60 <0.5 874 <0.1 0.1 < 0.1 6.1
Bw2 60–100 <0.5 874 <0.1 0.1 < 0.1 6.2
Bw3 100–140 <0.5 835 <0.1 < 0.1 < 0.1 6.7
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cmolckg−1), further reducing the potential for Al3+ toxicity.
A notable findings in this study was the increase in soil pH and base

saturation following land use changes as revealed by the strongly po-
sitive correlation (up to r= 0.97**) between soil pH and exchangeable
cations (Table 4). The high base saturation (> 100%) under horti-
cultural land uses (FH and IH) as compared to<23% for the pine forest
and tea plantation soils (Table 1) is associated with the presence of
soluble salts (Ca, Mg and K) derived from lime, horse manure and K-
fertilizer application. These soluble salts derived from the agricultural
amendments are beneficial to soil fertility as they can be readily taken
up by roots to meet plant nutrient requirements.

Conversion of pine forest (PF) to intensive horticultural crops (IH)
resulted in the increase of nitrate content by 4–7 fold (from 5 to
22–35mg NO3-N kg−1) (Fig. 4). This high concentration of nitrate is
explained in part by mineralization of horse manure and urea
(150 kg ha−1 season-1) applications and the presence of positive charge
on surfaces of nanocrystalline materials (e.g. allophane) to retain an-
ions. According to Auxtero et al. (2004) the positive charge of subsur-
face allophane-rich horizons allowed Andisols to retain mobile anions
such as nitrate, which is beneficial for crops. Further, the higher pH

values of the IH soil may contribute to more favorable conditions for
nitrification leading to the lower NH4

+ and higher NO3
– concentrations

found in the profile. Similar results were reported following forest
timber harvest where soil NO3

– increased up to 8-fold shortly after
harvest (1 yr) as compared to pre-harvest conditions (Burns and
Murdoch, 2005).

Previous studies measured anion exchange capacity (AEC) of allo-
phane-rich soils ranging from 0.4 to 12.2 cmolc kg−1 (Ryan et al., 2001;
Tani et al., 2002; Katou et al., 1996). This range of AEC values corre-
sponds to 56 to 1700mg NO3-N kg−1, which appears sufficient to ac-
commodate the KCl-extractable NO3

– concentrations that range up to
35mg NO3-N kg−1 in the IH profile. Evaluation of N content in Java
Island, Indonesia with different soil types and land uses showed higher
soil N content in Andisols was associated with the presence of nano-
crystalline materials (Yanai et al., 2014). Retention of NO3

– within the
soil profile reduces nitrate leaching and provides a readily available N
supply for deeply-rooted crops (Auxtero et al., 2004).

Under pine forest vegetation (PF), the soil P retention was con-
sistently high (97%) throughout the entire pedon (Fig. 5). In contrast,
the IH land use receiving application of horse manure for the past
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Fig. 7. Changes in microbial C emission from Andisols as affected by different land uses: (a) topsoil and (b) subsoil. Notes TP=Tea plantation, IH intensive
horticultural crops, PF pine forest, FH fallow system at the site which was initially used for intensive horticultural crops.

Table 4
Correlation matrix of selected soil properties measured in this study.

Parameter Silt Clay pH C N Db Pret Ca Mg K Fep Alp Sio Feo Alo Wav

Silt 1.00
Clay −0.50 1.00
pH −0.72* 0.31 1.00
C 0.49 −0.66 −0.03 1.00
N −0.21 −0.13 0.72* 0.64 1.00
Db −0.41 −0.09 0.78* 0.13 0.52 1.00
Pret 0.51 −0.19 −0.88** 0.01 −0.58 −0.85* 1.00
Ca −0.62 0.33 0.97** −0.05 0.68 0.83* −0.92** 1.00
Mg −0.51 0.33 0.92** −0.08 0.60 0.82* −0.95** 0.94** 1.00
K −0.28 0.12 0.71* 0.09 0.49 0.86* −0.92** 0.77* 0.84* 1.00
Fep 0.08 −0.33 −0.51 −0.13 −0.44 −0.67 0.60 −0.65 −0.57 −0.69 1.00
Alp 0.61 −0.87** −0.52 0.72* 0.02 0.02 0.40 −0.53 −0.57 −0.20 0.19 1.00
Sio 0.07 0.80* −0.16 −0.38 −0.27 −0.49 0.14 −0.10 −0.01 −0.11 −0.18 −0.57 1.00
Feo 0.64 −0.50 −0.91** 0.11 −0.67 −0.54 0.70 −0.92** −0.81* −0.48 0.56 0.66 −0.08 1.00
Alo 0.18 0.56 −0.34 −0.25 −0.29 −0.51 0.47 −0.24 −0.36 −0.50 −0.19 −0.29 0.71 −0.07 1.00
Wav −0.64 0.12 0.16 −0.46 −0.18 −0.08 0.23 −0.02 −0.17 −0.41 0.52 −0.28 −0.29 −0.15 −0.10 1.00

Notes: n=8. *, ** significant correlation at (p < 0.05) and (p < 0.01), respectively; Fep and Alp are organo-metal complexes (extracted by pyrophosphate); Sio, Feo
and Alo are amorphous materials (extracted by acid oxalate); Pret = phosphate retention, Db=bulk density; Wav=water availability (water content at pF2.54 -
pF4.2).
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7 years showed appreciably lowering P retention (< 87%) in the upper
40 cm. The decrease in P retention and the increase of available P in the
upper horizons of the IH profile were related to application of horse
manure and inorganic SP36 fertilizer (160 kg ha−1 yr−1). These P dy-
namics could be associated with competition between organic func-
tional groups derived from the horse manure and the applied P for
sorption to the hydroxyl functional groups of the allophanic materials.
Organic matter functional groups may block some reactive functional
groups on allophanic materials, which in turn reduce P retention. In
addition, the increase in pH from 4.5 in the PF soil to pH 6.1 in the
topsoil of the IH soil may contribute to reduced P retention. This is
supported by negative correlation coefficient between P retention and
soil pH (Table 4). Maximum phosphate sorption in Andisols often oc-
curs in the pH range of 3.0–4.5 and decreases with increasing soil pH
(Nanzyo et al. 1993a). Thus, the application of animal manure and lime
appears to be an effective nutrient management strategy to enhance P
availability in these high P fixing Andisols.

Higher extractable S concentrations in the PF soil may be due to a
combination of enhanced capture of H2S/H2SO4 emissions (from ac-
tivity of Tangkuban Perahu volcano, 5 km away) by the canopy of the
pine forest, low S uptake by the pine forest and/or low soluble PO4

concentrations that could displace sorbed SO4. The depth trend for
extractable SO4-S consisted of lower concentrations in the topsoil than
the subsoil for pine forest and horticultural land uses. This is related to
competition with P and organic matter and with the increase in soil pH
for horticultural crops (pH 5.2–6.1). Previous workers have reported
that sulfate and phosphate compete for the same anion-binding sites but
P is adsorbed stronger than sulfate due to phosphate ions being able to
form very strong inner-sphere complexes (Parfitt, 1990; Zhang and
Sparks, 1990). In contrast, sulfate forms weaker inner-sphere and outer-
sphere SO4 sorption complexes on short-range ordered materials, with
the former becoming more dominant with decreasing pH and increasing
sulfate concentrations (Turner and Kramer, 1991; Sparks 1999; Vacca
et al., 2003). Pigna and Violante (2003) reported phosphate sorption
2–5 times greater than sulfate in Andisols and by increasing pH,
phosphate sorption slightly decreased, whereas sulfate retention de-
creased dramatically (at pH 5.5, sulfate sorption was usually very low
or negligible). In addition organic matter competes more effectively
with sulfate than with phosphate for sorption sites (Barreal et al.,
2001), resulting in low S availability in the topsoil horizons with high
organic matter in the present study.

Micronutrient availability is typically greater in more acidic soils
due to higher metal solubility. In the present study, however, the mi-
cronutrient availability was higher in the horticultural soils having a
higher pH (∼1 unit higher). In particular, the addition of horse manure
appears to provide both a source of micronutrients as well as high
dissolved and particulate organic matter concentrations to enhance
metal solubility by complexation. Therefore, manure additions appear
to provide a strong benefit with respect to micronutrient availability for
agronomic crops.

4.3. Soil organic matter, microbial biomass, respiration rates and dissolved
organic matter

The Andisols in this study contained much higher C stocks to a
depth of 1m (25–29 kg C m−2 for agriculture sites and 17 kg C m−2 for
pine forest) as compared to the global average for tropical Oxisols and
Ultisols of 9.7 and 8.3 kgm−2, respectively (Kimble et al., 1990). Fur-
ther comparison to Oxisols and Ultisols from the Brazilian Amazon had
C stocks from 8.5 to 10.5 kgm−2 (Moraes et al., 1995), which were 2–3
time lower than the tropical Andisols in this study. These comparisons
indicate that Andisols have substantially higher capacity than other
mineral soils to preserve organic matter. These results are consistent
with those of Torn et al. (1997) who concluded that Andisols contain
about twice as much organic C per m2 than Oxisols or any other soil
orders, except for Histosols and Gelisols. Oxisols and Ultisols are

dominated by low activity clays that provide less active mineral sur-
faces for physical and chemical stabilization of soil organic C (Feller
and Beare, 1997). In contrast, N stocks of our tropical Andisols
(1.0–2.3 kg Nm−2) were similar in magnitude to Oxisols and Ultisols in
the Brazilian Amazon that varied from 0.71 to 2.3 kg Nm−2, but mostly
from 0.7 to 1.3 kg Nm−2 in the upper 100 cm (Moraes et al., 1995).
Therefore, the Andisols of this study appeared to store organic matter
with a higher C/N ratio than Amazonian Oxisols and Ultisols.

Overall, soil carbon and nitrogen stocks in the upper 1m of soil
profiles increased in agricultural soils (25–29 kg C m−2; 1.7 –
2.3 kg Nm−2) compared to the pine forest soil (17 kg C m−2;
1 kg Nm−2) (Table 1). These data appear to suggest degradation of soil
organic C and N in the topsoil following conversion to agriculture but
compensation by the elevated C and N in subsoils. This condition results
from pedon redistribution of organic C concentrations from topsoil to
subsoil horizons. This redistribution may be attributed to a decrease in
surface litter under agricultural land use with deeper incorporation of
organic matter by tillage, and/or deeper rooting system of some hor-
ticultural plants. Alternatively, the appreciably higher bulk densities of
the agricultural soils contributed to higher organic C stocks compared
to the pine forest soil suggesting a role for compaction in increasing C
stocks on volumetric basis. Finally, it is possible that periodic volcanic
ash deposits have resulted in burial of organic-rich horizons, leading to
the high organic matter in subsurface horizons. Importantly, in spite of
intensive agricultural production for > 100 years, there was no ap-
preciable loss of organic matter from these soils as has been docu-
mented in many soils following conversion of forest vegetation to
agricultural purposes. Similarly, Panichini et al. (2017) reported that
disturbance of Andisols in Chili by forest management did not alter
carbon storage. They posited that organic matter was stabilized by
amorphous materials and organo-mineral complex formation, and the
humid climate protected soils from irreversible drying and potential
carbon loss.

The ability of Andisols to strongly sequester and preserve organic C
under various land-use/land management practices was demonstrated
by the increase of organic matter in subsoil horizons of agricultural soils
compared to the forest soil. In contrast, the lack of an organic matter
build up in the topsoil and IH soil receiving horse manure for the last
7 years relative to the FH soil indicate that the added horse manure is
quickly mineralized to provide nutrients to the horticultural crops. In
addition, the increased N content from inorganic fertilizer may accel-
erate mineralization of organic C. On the other hand, the zero tillage in
the FH soil contributed to the buildup and preservation of organic
matter in the FH soil compared to intensive cultivation in the IH soil.
The strong correlation between organic C and Alp and the lack of a
significant correlation between organic C and Sio (a measure of allo-
phane content) suggest that Al-organic complexes are more important
than allophane in preserving organic matter in these tropical Andisols.

Microbial biomass C (MBC) trends showed a positive relationship
with total C and extractable DOC. The most evident change with respect
to land use was the large decrease in MBC in the topsoil upon conver-
sion from pine forest to agricultural production (Fig. 6). Surprisingly,
the lowest MBC values were found in the IH soil which received regular
additions of horse manure for the past 7 years. Extractable DOC is
considered an important carbon source to the microbial community and
often correlates with microbial biomass. Extractable DOC represented
1.2–1.6% of total soil organic C for the PF and TP compared to<1%
for the IH and FH soils. This suggests that changes in vegetation pos-
sibly resulted in changes to the chemical nature of the organic matter
affecting DOC solubility, which may affect substrate availability for the
microbial community. Overall, agricultural practices had a strong im-
pact in reducing microbial biomass C in topsoil horizons as compared to
the pine forest.

The microbial-labile pool of organic C is revealed by C mineraliza-
tion rates during the incubation period. The overall CO2 mineralization
rates followed PF > TP > IH > FH in both topsoil and subsoil
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horizons (Fig. 7). This agrees well with the highest DOC concentrations
found in the PF soil and indicates more easily decomposable organic C
substrates were available in PF soil than agricultural land uses. Inter-
estingly, CO2 emissions shifted to IH > PF > TP > FH after day 70 in
the topsoil, indicating depletion of easily decomposable C in the PF and
TP soils. The much lower C mineralization rates in the subsoil than
topsoil horizons were accounted for in part by the higher amorphous
material content in the former (Table 1). Chevallier et al. (2008)
measured transformation of organic matter in volcanic soils by CO2

respiration and showed that the decomposition decreased as the soil
allophane content increased.

The low C mineralization rates for the FH profile (both topsoil and
subsoil horizons) is likely due to depletion of the microbial labile C pool
as new organic carbon inputs were minimal over the last 7 years due to
fallowing of the soil. All land-use systems showed much higher C mi-
neralization rates in the topsoil than subsoil horizons. This suggests that
the topsoil contains more labile C substrate than subsoil horizons.
According to Kavdir et al. (2005), the fresh litter contained labile and
easily decomposed materials, which mainly consisted of O-alkyl C. In-
puts of new organic matter will be preferentially incorporated into the
topsoil horizons and organic matter in the subsoil horizons is likely
more strongly stabilized by physical and chemical mechanisms. The
formation of metal–humic complexes was shown by positive linear
correlation between dissolved organic C with Al- and Fe- extracted by
Na-pyrophosphate (Fig. 8). Determinant coefficients (R2) for Al and Fe
were 0.84 and 0.80, respectively, suggesting that about 80% of dis-
solved organic C was bonded to the short-range ordered materials. The
fraction of soil organic C bonded to Al and Fe (metal-humus complexes)
varied from 25 to 50% with the magnitude following TP > FH >
PF > IH in the topsoil and middle portions of the profiles (Fig. 9). In
contrast, the organic carbon bonded to metals in the lower pedon fol-
lowed: IH > TP∼ PF > FH. Previous studies on mineral control of
carbon pool in Andisols in the Réunion Island (700 km east Mada-
gascar) showed the largest proportion of organic matter (83%) occurred
as organo-mineral complexes (Basile-Doelsch et al., 2007). The lower
metal-humus complexes of Andisols in the present study as compared to
Andisols from Réunion Island could be associated with the higher an-
nual rainfall and temperature under tropical conditions (1902mm and
20 °C vs 1700mm and 13 °C) that accelerated organic matter decom-
position. In our study the negative correlation between soil pH and Fep

and Alp was observed indicating favorable conditions for organo-metal
complex formation under acidic conditions (Table 4). Tonneijck et al.
(2010) suggested SOM stabilization in volcanic ash soils in natural
Andean ecosystems of Ecuador is through organo-metallic (Al-humus)
complex formation, low soil pH and toxic levels of Al, and physical
protection of SOM in a very large micro-porosity.

5. Conclusions

The long-term (>100 years) cultivation of tropical Andisols for
agricultural crops in this study did not caused degradation to the soil
physical properties. Tillage resulted in a small increase in bulk density
and a small loss of macropores that was compensated for by the in-
crease in meso/micropores that contributed to increased plant-available
water holding capacity. Conversion of the pine forest to agricultural
land use appears to result in an increase of soil carbon stocks on a pedon
basis for the upper meter of soil (agricultural soils= 25–29 kg/m2 vs
pine forest= 17 kg/m2). Andisols used for horticultural crops had the
lowest rates of carbon mineralization per unit soil carbon and lowest
microbial biomass C as compared to pine forest indicating a strong
ability to sequester additional C, thereby providing a positive impact on
C mitigation.

The overall CO2 mineralization rates followed pine forest > tea
plantation > intensive horticulture > fallow of former horticultural
use in both topsoil and subsoil horizons. Microbial biomass C (MBC)
sharply decreased in the topsoil horizon due to land-use change from
forest (330mg kg−1) to agricultural production (< 118mg kg−1). In
subsoil horizons, MBC values were slightly higher in the tea plantation
and pine forest soils (50–90mg kg−1) as opposed to the intensive hor-
ticultural soils (FH and IH; 15–60mg kg−1). In addition, the MBC
sharply decreased from topsoil (330mg kg−1) to subsoil layers
(80mg kg−1) in the pine forest land use, while the MBC tends to in-
crease with soil depth in IH land use.

Extractable mineral NO3-N concentrations in Andisols varied from 2
to 35mg kg−1 with the order of magnitude for land use following in-
tensive horticulture > tea plantation > fallowed horticulture∼ pine
forest. Horse manure additions reduced soil P retention and increased
available P concentrations on the intensive horticultural land uses.
Exchangeable base cations (Ca2+, Mg2+ and K+) and micronutrients
(Zn, Mn and Cu) concentrations increased sharply under horticultural
land uses compared to the pine forest and tea plantation soils. Soil pH
values were also increased by more than one unit under horticultural
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land use as compared to pine forest and tea plantation, which were both
strongly acidic.

This study suggests that the tropical Andisols examined in this study
are relatively resilient to long-term degradation resulting from con-
version of rainforest to agronomic land use. These findings are con-
sistent with Andisols in Indonesia having among the highest human-
carrying capacities on Earth. Andisols with their unique properties and
exceptionally high capability to sequester C with good management
could play an important role in global C sequestration and reduce
global warming, in addition to contributing to very productive agri-
culture.
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