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Carbon distribution in top- and subsoil horizons of two
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Summary

Volcanic ash soils display distinctive morphological, physical and chemical properties and they contain
several times more organic matter than non-volcanic soils. So far, there are few studies of soil organic matter
(SOM) distribution in different chemically and physically protected carbon pools of soil horizons of volcanic
soils. The aim of this study was to determine the SOM distribution (and its δ13C and δ15N composition) in
different chemical and physical fractions at various depth horizons of two Andisols under pasture or rain
forest in southern Chile. We used the amount of humus-complexes (Cp) extracted with Na pyrophosphate
as a measure of C stabilized by aluminum (Alp) and iron (Fep) in combination with density fractionation
to separate particulate organic matter as free (fPOM), occluded (oPOM) and organic matter associated
with the mineral fraction (MF). The results showed that soil SOM stock (0–40 cm) in the pasture soil
was 166 Mg C ha−1 (11.7 Mg N ha−1) and in the forest soil 100 Mg C ha−1 (4.1 Mg N ha−1). The SOM
variation was explained largely by the differences in Cp, Alp and Fep. About 34% of total soil C was found
as Cp in both oPOM and MF in the topsoil, whereas 33–53% was found in the subsoil horizons. The oPOM
fraction was more important in the forest soil and generally decreased in the subsoil where these fractions
were enriched with δ13C and δ15N. Our results emphasize the importance of the humus complex and oPOM
formation as the SOM stabilization mechanism in the forest Andisol, whereas under pasture organo-mineral
interaction, including the formation of humic-metal complexes, is the most important stabilization mechanism.
A conceptual model is lacking to demonstrate the major areas of uncertainty within known mechanisms and
factors that explain the distribution of SOM through soil profiles in Andisols.

Introduction

Allophanic soils derived from volcanic ash contain a dispropor-
tionate amount of soil organic matter (SOM); they occupy only
0.8% of the global land area, but contain 5% of the world’s soil
carbon (C) (Dahlgren et al., 2004). Andisols display unique mor-
phological, physical and chemical properties attributed to their
mineral phase, which is lacking in long-range crystal atomic order,
but is composed of short-range ordered (SRO) materials such
as allophane, imogolite and ferrihydrite with a large degree of
hydration, highly reactive surface areas and variable charge (Shoji
et al., 1993).
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There are several mechanisms of SOM stabilization against
decomposition, including recalcitrance of organic compounds,
spatial SOM inaccessibility for decomposer organisms and metal
ions that interact with the mineral phase (von Lützow et al., 2006).
However, several studies have suggested that the amount of amor-
phous clay minerals, oxides or hydroxides of aluminium (Al) and
iron (Fe) and organo-mineral complexes in volcanic soils con-
trol soil C stabilization against decomposition (e.g. Percival et al.,
2000). Matus et al. (2008a) found a positive relationship between
soil C and the humic complexes pool (Cp) extracted with Na
pyrophosphate. About 28–40% of whole soil C has been found
as Cp in a range of allophanic soils (Garrido & Matus, 2012).
Sodium-pyrophosphate extraction is commonly used as a proxy
to remove the amount of Al and Fe complexed with SOM: this
method has been criticized because pyrophosphate may dissolve
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Al hydroxide and removes interlayered Al and gibbsite (Page &
De Kimpe, 1989) and increases soil peptization (Kaiser & Zech,
1996). However, Bardy et al. (2007) recently demonstrated that
pyrophosphate can remove Al bound to SOM as determined by
27Al-NMR spectra in tropical podzols.

It has been postulated that interaction of SOM with metals
in the humus-complexes of volcanic soils can be either fully
occupied (saturated) or partially saturated with Fe and Al (Higashi
et al., 1981). Matus et al. (2009) calculated the atomic metal:Cp

ratio as an indicator of humic complex formation and saturation
with metals in the top- (0.13) and subsoil (0.07) of Andisols.
When an atomic metal:Cp ratio exceeds 0.12, Al will no longer
be complexed with SOM (saturated), favouring Al synthesis for
SRO inorganic components (such as allophane and imogolite-
type materials). Thus SOM that is not complexed will react with
the amorphous clay minerals mainly in the subsoil or will be
accumulated as free organic C or as particulate organic matter
(POM) (Matus et al., 2008b). Physical fractionation techniques,
such as density fractionation, have been emphasized for studying
the role of soil minerals in SOM stabilization. Different POM
fractions obtained by density fractionation have been proposed
(Golchin et al., 1997). The occluded particulate organic matter
(oPOM) is derived from macro-aggregates whereas the free SOM,
regarded as free particulate organic matter (fPOM), is neither
associated with the mineral phase nor included in soil aggregates.

The role of SOM associated with Al and Fe oxides as a
measure of chemical protection and density fractions to assess the
physical protection as key factors controlling SOM stabilization
in Andisols of different ecosystems need to be elucidated. Up
to now, there have been few studies of SOM distribution in
physical fractions throughout the soil profile (Mueller & Kögel-
Knabner, 2009; Moni et al., 2010; Rumpel et al., 2004) and even
fewer of them have addressed Andisols (Huygens et al., 2005;
Rumpel et al., 2012). In the present paper we hypothesize that
the interaction of amorphous minerals with SOM in the top- and
subsoil of contrasting Andisols controls the C stabilization and
their distribution in different physical and chemical soil fractions.
Two differently textured Andisols developed under either pristine
temperate rain forest or pastures were studied. All soil horizons
were fractionated by physical and chemical methods. The aim was
to study the SOM distribution and the C isotopic composition in
various physical and chemical fractions through the soil profile of
both soils.

Materials and methods

Site characteristics and soil sampling

In Chile, most Andisols (Soil Survey Staff, 1999) are allophanic,
derived from basaltic coloured parent materials from Holocene and
or late-Pleistocene tephras (Besoain & Sepúlveda, 1985). About
50% of the 5.1 million hectares of volcanic soils in Chile belong
to the pristine temperate rain forest and the remainder are dis-
tributed in agricultural areas (Matus et al., 2006). The pasture soil
(about 3 ha) is located in the Valdivia area (39◦48′S and 73◦14′W),

which is dominated by mixed species, perennial ryegrass (Lolium
perenne L.) and white clover (Trifolium repens L.). It has been
managed as pasture and arable rotation with a cereal crop once
every 5 years for the last 30 years. Inorganic fertilizers (60–80 kg
urea-N, 35–44 kg P and 33 kg K ha−1) have been incorporated
only during the years when sowing occurred years (Huygens et al.,
2011). The site has been mown once a year for silage, and then
grazed by dairy cows. At sampling, the site had been under pas-
ture for four years. The annual net primary productivity at this
site has been calculated as 6 Mg ha−1 dry matter (Huygens et al.,
2011). The soils are well-drained and the topography is undulating
with slopes between 2 and 5%, and the climate is temperate with
a mean annual temperature of 12.1◦C and mean annual precipita-
tion ranging between 2200 and 2700 mm per year, concentrated
mainly in winter (1000–1200 mm). The soil belongs to the Val-
divia family, which is medial, mesic, Duric Hapludands (Soil
Survey Staff, 1999). The soil has been developed from pyroclastic
parent material and is characterized by a large SOM content, small
bulk density and a clay fraction dominated by SRO minerals. The
soil is located in the depression of San José at 9–20 m above sea
level and corresponds to a deposit on a compacted marine tuff
locally called Cancagua. Soil texture is silty loam in surface hori-
zons and sandy loam at depth. In the managed pasture, three soil
pits were excavated 100 m apart and up to 40 cm depth, and about
2 kg of soil at Ap (0–7 cm), B1 (7–32 cm) and B2 (32–40 cm)
horizons were collected. The sampling scheme used followed the
most widespread type of experimental design involving a single
replicate per treatment when a large-scale experimental unit (as
our pasture and forest) is the only option and the knowledge is
restricted to a particular treatment (Webster, 2007).

Forest soil samples were collected from three permanent soil
plots (0.1 ha), located at a variable distance of 50–150 m from
each other, previously established to study the chemistry of rainfall
in a pristine environment (Godoy et al., 2001). The pristine
temperate rain forest study area of Antillanca is dominated by
Nothofagus pumilio (Poepp & Endl.) Krasser, with an age of
about 120 years, Drymis andina (Reiche) R.A. Rodr. et Quez and
Maytenus disticha (Hook. f.) Urban in the understory. It is located
in the Puyehue National Park (40◦47′S and 72◦12′W). Although
seasonal litter falls at these sites have not been measured,
estimation from Nothofagus pumilio in southern Chile has been
calculated to be 2.0 Mg ha−1 of dry matter (Caldentey et al.,
2001). The Andisol belongs to the Antillanca family, which is
ashy frigid Typic Udivitrand (Soil Survey Staff, 1999) resulting
from activities of the Casablanca and Antillanca volcanoes
ejecta of basaltic composition resting on granitoids and related
bedrock. The mean annual precipitation in this ecosystem is
>5000 mm per year, with the mean annual temperature of 4.5◦C,
ranging between −8.7 and 24.8◦C inside the forest (Godoy et al.,
2001). All plots possessed similar aspect (southern), altitude
(1000–1120 m above sea level) and soil depth (120 cm). One
soil sample was taken as described before at A (0–19 cm), AC
(19–41 cm) and C (41–100 cm) horizons from each plot, and
defined as a replicate (n = 3) (Matus et al., 2009).
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Table 1 Soil characteristics of three soil profiles in managed pasture and pristine rain forest

Pasture
Horizon / cm

Rain forest
Horizon / cm

Property Ap / 0–7 B1 / 7–32 B2 / 32–40 A / 0–19 AC / 19–41 C / 41–100

pHwater 5.3 ± 0.01a 5.4 ± 0.01 5.7 ± 0.01 5.6 ± 0.02 5.9 ± 0.01 6.1 ± 0.08
Soil C / g kg−1 soil 73.5 ± 0.3 64.4 ± 0.5 27.9 ± 0.3 69.4 ± 0.3 17.8 ± 0.1 7.1 ± 0.1
Soil N / g kg−1 soil 5.6 ± 0.3 4.5 ± 0.3 1.7 ± 0.2 2.7 ± 0.2 0.8 ± 0.01 0.4 ± 0.01
Bulk density / kg dm−3 0.75 ± 0.01 0.70 ± 0.01 0.65 ± 0.01 0.54 ± 0.01 0.74 ± 0.01 0.92 ± 0.01
Stock C / Mg ha−1 38.6 ± 0.3 113.0 ± 1.3 14.5 ± 0.1 71.0 ± 2.4 29.0 ± 8.1 38.5 ± 8.2
Stock N / Mg ha−1 2.9 ± 0.02 7.9 ± 0.2 0.9 ± 0.01 2.8 ± 0.2 1.3 ± 0.1 2.2 ± 0.04
C:N ratio 13 15 16 24 24 18
Soil texture / %b

Sand 39 39 43 74 76 86
Silt 36 36 29 18 18 8
Clay 25 25 28 8 6 6

aStandard deviation (n = 3).
bSoil texture data from pasture and forest sites were obtained from CIREN (2003) and Matus et al. (2009), respectively.

A total of 18 samples were collected from two sites, three
pits per site and three horizons per pit. A partially decomposed
litter layer was observed at all sites, which was removed before
sampling. Each soil sample was homogenized, and coarse organic
matter (leaves, wood and roots) was removed by hand. For bulk
density (BD) measurement, soil samples were obtained by pushing
a core steel cylinder (5 × 8.2 cm) into the undisturbed horizon
from each pit at each site (Table 1).

Chemical analysis

Soil pH was measured in demineralized water in 1:2.5 soil:
solution. For the Al, Fe and Si extraction, air-dried samples
were analysed in duplicate as follows. First, extraction with
0.2 M ammonium oxalate/oxalic acid at pH 3 (Alo, Sio and Feo)
(soil:solution ratio 1:50) and shaking for four hours in the dark
(García-Rodeja et al., 2004). The suspension was centrifuged for
15 minutes at 1270 g, with three drops of flocculant (Superfloc,
Kerima de Mexico S.A., Xoxtla, Tlaxcala, Mexico), and the
supernatant was transferred to a plastic container and stored
in the dark for Fe and Al analyses. Second, extraction with
0.1 M Na-pyrophosphate (pH 10) (Alp and Fep) (soil:solution
ratio 1:100) and shaking for 16 hours. The suspension was
centrifuged (15 minutes at 1270 g, with three drops of superfloc)
and the supernatant was filtered. The suspension and undissolved
materials were removed through acid-washed paper (7–11 μm
pore size) filtration and the solution passed again through 0.45-
μm millipore acid-washed filter paper. The concentration of Al,
Fe and Si in each extract was measured in duplicate using atomic
absorption spectroscopy (AAS, Perkin Elmer 3110, Waltham,
Massachusetts, USA).

Soil organic matter density fractionation

The protocol used for SOM density fractionation was sim-
ilar to that described by John et al. (2005). Briefly, the

physical fractions were obtained with sodium polytungstate (SPT,
3Na2WO4·9WO3·H2O, Sometu-Europa, Berlin, Germany) at two
densities: 1.6 and 2.0 g cm−3. About 20 g of each soil sample
(oven-dry basis) from the three horizons of the two field sites was
suspended in 50 ml of SPT solution (1.6 g cm−3) in a 250-ml cen-
trifuge tube. The tube was gently turned upside down five times
by hand. After sedimentation for 30 minutes, the solution was
centrifuged at 5100 g for 30 minutes. The supernatant with float-
ing particles was filtered (Whatman 47 μm GF/C, GE Healthcare
Biosciences, Piscataway, NJ, USA) using a vacuum and washed
with demineralized water. The material remaining on the top filter
was named as free particulate organic matter (fPOM<1.6). Then,
the pellet was dispersed with 50 ml sodium polytungstate solu-
tion (2.0 g cm−3) using a centrifuge tube of 250 ml and 10 glass
beads with a diameter of 5 mm. The solution was shaken for
16 hours with a frequency of 60 rotations per minute in an orbital
shaker (Heidolph Instruments, Schwabach, Germany) to break the
soil aggregates. After disaggregation, the soil suspension was cen-
trifuged for 30 minutes at 5100 g. The supernatant with floating
particles was filtered (Whatman 47 μm GF/C) as described above
and washed with demineralized water. The fraction on the filter
is referred to as occluded particulate organic matter (oPOM1.6-2).
The pellet remaining in the bottom of the centrifuge tube, referred
to as the mineral fraction (MF>2), was rinsed with demineralized
water three times to remove the salt, centrifuged (5100 g) and
the supernatant discarded. All fractions were freeze-dried, ground
within a mortar and stored for further analyses. The C and nitrogen
(N) content of each physical fraction was obtained by multiplying
the dry mass of the physical fraction by its corresponding C and
N concentrations.

Analysis of C, N and stable isotopes 13C and 15N

Total C and total N for the characterization of whole soil and
the physical fractions (POM and MF) were determined using
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an elemental analyser (CHN NA1500; Carlo Erba Elemental
Analyzer, Stanford, CA, USA). Inorganic C was negligible
(<0.44 g kg−1 soil). The natural abundance of stable isotopes 15N
and 13C in the physical fractions was measured using the same
elemental CHN analyser coupled to a mass spectrometer for stable
isotopes (Micromass-GVI Optima, V-G Isogas Ltd., Middlewich,
UK). The natural abundance of δ13C and δ15N was expressed
in parts per thousand (‰) using Vienna Pee Dee Belemnita
international standards (V-PDB) and atmospheric N2, respectively.

Soil organic carbon complex determination

The Cp obtained in the supernatant of pyrophosphate extraction
was regarded as C linked to Alp and Fep in a complex with SOM.
The Cp was determined with a total organic C analyser (TOC-V
CPH, Shimadzu, Kyoto, Japan). As the metal humus-complexes
in Andisols are formed in soil solution and thereafter precipitate
(Garrido & Matus, 2012), we assume that Cp is present in various
physical fractions that can be redistributed during the density
fractionation procedure. Therefore, the amounts of Cp associated
with MF>2 and oPOM1.6-2 were measured and considered in the
C balance. We also assume that fPOM<1.6 was Cp free. The
atomic (Alp+Fep): Cp ratio of 0.12 was regarded as the maximum
metal value complexed with SOM. This limit indicates that a
metal:Cp > 0.12 will be favoured to form allophane and SOM
association. In contrast, a metal:Cp < 0.12 indicates the formation
of metal-humus complexes (Higashi et al., 1981).

Data analysis

Gaussian distribution of all variables was tested using a skewness
test value of 0.5 (Webster & Oliver, 2001). If the skewness value
was ≥0.5 (i.e. non Gaussian), we log-transformed the variables. At
each study site, a two-way analysis of variance was performed to
test the effects of soil depths (horizons) and physical fractionation

on the expected values of C and N and their isotopic distribution.
We computed the correlation coefficients amongst all pairs of
soil properties and soil depths, by site. It is important to point
out that no between-site comparisons were carried out, but only
comparisons within a site. All analyses were computed using the
software SPSS 12.0 Inc (SPSS, Chicago, IL USA) at (P ≤ 0.01).

Results

Soil characteristics

Soil pH in forest ranged from 5.6 to 6.1 and in pasture from 5.3
to 5.7 and it increased with depth at both sites (Table 1). Soil
C contents ranged from 7.1 g kg−1 soil to 73.5 g kg−1 soil and
decreased (P ≤ 0.0001) with depth in both sites. A similar trend
was observed for soil N values, which ranged between 0.4 and
5.6 g kg−1 soil. Bulk density generally showed similar values
at both sites and ranged from 0.54 to 0.92 kg dm−3 (Table 1).
They decreased throughout the pasture profile; the opposite was
true in the forest soil. The latter soil at 0–41 cm depth (A and
AC horizons) stored 100 Mg ha−1 of C, whereas larger C stocks
were recorded for pasture soil horizons (Ap, B1 and B2). The
C:N ratio in the forest ranged between 18 and 24 and in the
pasture between 13 and 16. Soil texture in the pasture soils was
similar across the soil profile, with dominance of silt and sand
size particles (>29%). In contrast, in the forest soils the sand size
fraction was >74% (Table 1). Pyrophosphate extractable metals
(Alp and Fep) were obtained in similar proportions from both
soils, although Fep was always largest in the forest soil samples
(Table 2). The Alp ranged between 1.8 and 7.8 g kg−1 soil in both
soils and was larger than Fep extracted with pyrophosphate and
decreased with depth (Table 2). Along with Alp and Fep in the
forest and in the pasture soils, similar Cp (C bound to Al and Fe)
values were determined for the topsoil (20–24 g kg−1), whereas
they decreased in the subsoil (3.9–18.0 g kg−1). The amounts

Table 2 Chemical soil properties (g kg−1 soil) in pasture and pristine rain forest

Pasture
Horizons / cm

Rain forest
Horizons / cm

Parameter Ap/0–7 B1/7–32 B2/32–40 A/0–19 AC/19–41 C/41–100

Alpa 6.9 ± 0.19b 4.8 ± 0.19 2.4 ± 0.08 7.8 ± 0.25 3.7 ± 0.23 1.8 ± 0.03
Fep 3.0 ± 0.07 1.7 ± 0.01 0.5 ± 0.01 6.4 ± 0.16 2.7 ± 0.06 1.7 ± 0.02
Cp 24 ± 0.01 18 ± 0.01 7.8 ± 0.01 20.0 ± 1.03 8.3 ± 1.33 3.9 ± 0.33
Alo 30.3 ± 0.50 33.2 ± 1.30 33.4 ± 1.03 11.1 ± 0.33 14.0 ± 0.42 12.2 ± 0.86
Feo 13.0 ± 0.40 14.7 ± 0.25 17.4 ± 0.59 12.7 ± 0.42 10.3 ± 0.31 7.7 ± 0.39
Sio 9.3 ± 0.28 11.7 ± 0.28 12.6 ± 0.53 3.9 ± 0.04 6.5 ± 0.28 6.7 ± 0.38
Allopc 89.0 ± 1.16 107.0 ± 0.71 116.0 ± 1.38 21.0 ± 0.40 43.0 ± 1.58 41.0 ± 3.08
Allop % clay 36 42 42 26 72 68
(Alp + Fep):Cp 0.15 0.14 0.16 0.27 0.23 0.26
Alp:Alo ratio 0.23 0.15 0.07 0.71 0.27 0.18

aAlp, Fep and Cp: pyrophosphate extractable. Alo, Feo and Sio: acid oxalate extractable.
bStandard deviation (n = 3).
cAllophane calculated as in Parfitt & Wilson (1985).
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Table 3 Correlation coefficients for main soil chemical and physical properties in a rain forest (n = 27)

Soil C Soil N Alpa Fep Cp Allopb Alo Feo Alp/Alo pH Bulk density

Soil C 1
Soil N 0.98 1
Alp 0.87 0.92 1
Fep 0.82 0.91 0.99 1
Cp 0.90 0.92 0.95 0.96 1
Allop −0.43 −0.72 −0.55 −0.56 −0.62 1
Alo 0.07 0.03 0.07 0.03 −0.03 0.75 1
Feo 0.88 0.52 0.83 0.84 0.81 −0.17 0.30 1
Alp/Alo 0.74 0.98 0.89 0.90 0.91 −0.81 −0.29 0.60 1
pH −0.77 −0.88 −0.87 −0.87 −0.91 0.77 0.25 −0.61 −0.92 1
Bulk density −0.92 −0.85 −0.95 −0.96 −0.97 0.57 −0.10 −0.84 −0.86 0.90 1

aAlp, Fep and Cp: pyrophosphate extractable. Alo, Feo and Sio: acid oxalate extractable.
bAllophane calculated as in Parfitt & Wilson (1985).

of amorphous Sio and Alo, the oxalate-extractable fraction, were
generally large in the pasture soil, which contained more allophane
(Table 2). Over all depths, allophane contributed about 40 and
55% to the total clay content in pasture and forest soil, respectively
(Table 2). The atomic metal:Cp ratio that represents the saturation
of organic C with metal with values >0.12 was less in the pasture
profile (0.14–0.16), but more saturated values (0.23–0.27) were
recorded in the forest soils.

A correlation matrix for the main chemical and physical soil
properties was established. The signs and coefficients of correla-
tion between the two sites were similar; therefore, only the data
for forest soils are presented (Table 3). In general, the correlations
with absolute values ≤0.3 were not significant whereas values
≥0.52 were significant at P ≤ 0.05. There was a strong relation-
ship between Cp with Alp and Fep. (P ≤ 0.01). The coefficients of
correlation for Cp were 0.95 and 0.96, respectively (Table 3). The
Alp and Fep were strongly correlated with soil C (P ≤ 0.01) at
both sites, indicating that most variation in soil C were explained
by the complex formation between metals and humic substances.
Table 3 also shows that there was an inverse, but highly signifi-
cant relationship between Cp and allophane content (r = −0.62,
P ≤ 0.01) and between Cp and pH (r = −0.91, P ≤ 0.01).

Physical fractionation

The mass distribution of various physical fractions of organic C
is shown in Figure 1. Over all soils and horizons, the total dry
mass recovery of the total soil sample was near 100%. The MF>2

represented >95% of the total mass of whole soil under pasture
(Figure 1a). The fPOM<1.6 comprised between 0.8 and 1.5% dry
mass and oPOM1.6-2 ranged between 0.6 and 3.4%. In forest soil,
the MF>2 recovered was 81% of the total mass and fPOM<1.6

ranged between 0.8 and 3.7% and oPOM1.6-2 between 2.5 and
15% (Figure 1b).

The soil C recovery in the various fractions was about 95%
in pasture and forest soil, and slightly >100% for N. Soil deep
horizons and physical fractionation had a marked impact on SOM

(a) (b)

Figure 1 Distribution of mean soil mass (n = 3) in various physical
fractions (oPOM = occluded particulate organic matter, fPOM = free
particulate organic matter, MF = mineral fraction associated organic
matter) from (a) managed pasture and (b) rain forest.

concentration (and its isotopic composition), as indicated by anal-
ysis of variance (an example for soil C in the forest is given in
Table 4). More than 84% of the soil C was found in the MF>2 of
the pasture soil and increased with depth, whereas oPOM1.6–2

contributed 13.3% of soil in the Ap horizon followed by B1
and B2 horizons (about 7% each) (Figure 2a). The fPOM<1.6

contribution ranged from 2.5 to 3.1% of the soil C and similar
trends were recorded for N (Figure 3a). The C contribution in the

Table 4 Summary of analysis of variance test for significant effects of
horizons and physical density fractions on log-transformed soil C content
in a pristine rain forest

Source
Degrees of
freedom

Sum of
squares F ratio P > F

Horizonsa 2 4.118 1220.5 <0.0001
Density fractionb 2 1.314 389.49 <0.0001
Horizons × density fraction 4 0.307 45.56 <0.0001

aA/0–19, AC/19–41 and C/41–100 cm.
bFree particulate organic matter, fPOM; occluded particulate organic
matter, oPOM; mineral fraction associated organic matter, MF.
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(a) (b)

(c) (d)

Figure 2 Distribution of mean soil carbon (n = 3) in various physical
fractions (oPOM = occluded particulate organic matter, fPOM = free
particulate organic matter, MF = mineral fraction associated organic
matter) in a managed pasture soil (a) without and (b) with humus
complexes (Cp) correction and in a pristine forest soil (c) without and
(d) with Cp correction.

(a) (b)

Figure 3 Distribution of mean soil nitrogen (n = 3) in various physical
fractions (oPOM = occluded particulate organic matter, fPOM = free
particulate organic matter, MF = mineral fraction associated organic
matter) in (a) managed pasture soil and (b) pristine rain forest.

MF>2 of forest soils was 52–68%, in fPOM<1.6 12–25% and in
oPOM1.6-2 21–35% (Figure 2c), and again, a similar pattern was
found for N (Figure 3b). There was a positive and strong rela-
tionship (P ≤ 0.03) between soil C and fPOM<1.6, oPOM1.6–2

and MF>2 and between soil N and these fractions (data not
shown).

The amount of C in MF>2 and oPOM1.6–2 of pasture and for-
est soils was substantially reduced when Cp was subtracted from
these fractions. The soil C was reduced in MF>2 and oPOM1.6–2

of the pasture soil was reduced by 19 and 34%, respectively
(Figure 2b), whereas in the forest the respective values were 34
and 60% (Figure 2d). The total amounts of Cp ranged from 30%

(a) (b)

(c) (d)

Figure 4 Relationship between δ13C and δ15N for managed pasture
(a and c) and rain forest (b and d) at soil depth plotted at the center
of each horizon. Bars indicate standard deviation (n = 3).

of the total soil C in the topsoil to 54% in the subsoil horizons
(Figure 2b and d).

Natural abundance of 13C and 15N

The δ13C values for the two soils ranged between −24.9
and −28.7‰, and δ15N ranged between −4.0 and 7.9‰
(Figure 4). Soil depth and physical fractionation had an impact
on the enrichments of SOM. In the pasture, all fractions
in the topsoil were generally depleted in δ13C (P ≤ 0.001)
compared with more enriched fractions in the subsoil, except for
oPOM1.6–2 (Figure 4a). Similar patterns were observed for δ15N
too (Figure 4c). However, δ15N of MF>2. was more enriched
with respect to fPOM<1.6 and oPOM1.6–2. These latter fractions
were all depleted along the soil profile. The δ13C and δ15N in
the rain forest paralleled the pattern described in the pasture soils
(Figure 4b and d). However, the differences amongst the fractions
were more marked (P ≤ 0.0001).

Discussion

Soil organic matter storage and mechanisms of stabilization

Andisols developed under pasture (silty loam) or forest (coarse
sand) had different soil C storage and distribution in different
physical and chemical soil fractions. Indeed, the SOM stock
in the first 40 cm under pasture was 166 Mg C ha−1 and
11.7 Mg N ha−1, whereas under forest it was 100 Mg C ha−1 and
4.1 Mg N ha−1. Similar results have been reported for pasture and
forest Andisols in Chile (Huygens et al., 2005).

The SOM variation was explained primarily by Cp, Alp and Fep

because 34–53% of total soil C was found as Cp in both oPOM
and MF along the soil profile of both soils. This was also supported
by positive and significant correlations between soil C and these
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soil properties. Results showed that Cp occurs in different physical
fractions and it was probably redistributed during the fractionation
procedure too. Therefore, comparison of POM and MF without
Cp determination in allophanic Andisols should be treated with
caution. The present research also demonstrated that metal-humus
complex or allophane formation is related to soil pH (Garrido
& Matus, 2012), as revealed by an inverse correlation between
pH and Cp and a positive one between pH and allophane content
(Table 3). As active Al and Fe content rather than the climate
conditions is the determining factor controlling organic matter
level in volcanic soils (Matus et al., 2006; Tonneijck et al., 2010;
Jansen et al., 2011), a large amount of SOM stabilized with Alp
and Fep in the topsoil (Imaya et al., 2010) and a small quantity
in subsoil horizons was expected. The opposite is true for the
allophane content in deep soil (Rumpel et al., 2012).

The soil C distribution followed a similar trend of a small pro-
portion stored as POM and the majority being present in the MF as
shown by Basile-Doelsch et al. (2007). These authors found that
82.6% of the SOM was in MF (Bw horizon) in a volcanic soil, sim-
ilar to the results found in the pasture soil samples of our study.
Under pristine forest, POM represents the largest proportion of
SOM found that may be explained by low temperature and large
rainfall conditions, resulting in small SOM mineralization rates
(Godoy et al., 2001). The POM fraction in the forest topsoils also
had a large C:N ratio, indicating less decomposable plant material
in this fraction caused by the vegetation type and climate condi-
tions (Broquen et al., 2005). Unlike the work of Huygens et al.
(2005), who found that the light density fraction (<1.13 g cm−3)
of pasture soil concentrated more than 50% of soil C at all depths,
we show that fPOM<1.6 contents of pasture were only 2.5–3.1%.
The differences may be attributed to cultivation effects: Huygens
et al. (2005) studied a pasture that was ploughed every 2 years,
resulting in disaggregation and an increase in a more labile frac-
tion. Our pasture soil samples concentrated a considerable amount
of C and N in oPOM1.6–2 compared with fPOM<1.6. The results
indicated that POM formation is a key mechanism of SOM sta-
bilization in the forest, and mineral-associated organic matter the
key one in pasture Andisols.

Stable isotopes

The δ13C values found in this study are typical for soil under
C3 vegetation (Glaser, 2005). Concentrations of stable isotopes
13C and 15N generally increased with soil depth. The classical
assumption that δ13C values of SOM increase by 1–3‰ with
depth in temperate ecosystems (Krull & Skjemstad, 2003) agrees
with our results of 2‰ in the forest and 1‰ in pasture soils. The
δ13C enrichment related to the decrease in particle size, attributed
to preferential loss of 12C during microbial degradation (Gerzabek
et al., 2001), was not supported here because the MF of forest
soils was depleted in δ13C where the finest fractions were more
concentrated (Figure 4). It has been hypothesized that the mixing
of new and older SOM components during decomposition results
in δ13C enrichments in deep soils (Arai et al., 2010). This is

because (i) the microbial and fungal carbon residues account for
an enrichment of δ13C relative to their substrate and (ii) the δ13C
ratios of atmospheric CO2 have been decreasing because of the
combustion of 13C-depleted fossil fuels (Ehleringer et al., 2000).
The δ15N enrichment was greatest in the pasture soil and in the
mineral fraction; the opposite was found in the forest soil. The
δ15N enrichment in the pasture indicated that the SOM was more
processed, more enriched and less available for microorganisms
and concurs with the large C:N ratio in the forest soils.

Conclusions

In the present study, the SOM distribution of Andisols under
temperate rain forest (coarse sand) or pasture (silty loam), as
assessed in various chemical and density fractions (fPOM<1.6,
oPOM1.6-2 and MF>2), was strongly influenced by texture through
the soil horizons. The stocks of C and N up to 40-cm depth
were largest in the pasture soil. The C contribution to MF>2

dominated both soils and all depths followed by the C in oPOM,
which was more important in the forest soils. Beside soil texture,
these differences are also attributed to external factors such as
climate conditions and vegetation type. The presence of the
humus complex needs to be evaluated in the POM fractions when
assessing the mechanism of C stabilization and their distribution
by physical density fractionation. An enrichment of δ13C and δ15N
was observed in both soils studied; it was more evident in the
deeper horizons, which was attributed to a mixing of new and
old SOM components throughout the soil profile. The present
results highlight the importance of the humus complex and oPOM
formation as important mechanisms of SOM stabilization in forest
and mineral interactions as the stabilization mechanism in pasture
Andisols. We need a conceptual model that includes the external
factors and the stabilization mechanisms that can explain the
distribution of SOM in Andisols in the top- and subsoil horizons.
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pp. 215–256. Instituto de Investigaciones Agropecuarias, Santiago.

Broquen, P., Lobartini, J.C., Candan, F. & Falbo, G. 2005. Allophane,

aluminum, and organic matter accumulation across a bioclimatic

sequence of volcanic ash soils of Argentina. Geoderma, 129, 167–177.

Caldentey, J., Ibarra, M. & Hernández, J. 2001. Litter fluxes and decompo-

sition in Nothofagus pumilio stands in the region of Magallanes, Chile.

Forest Ecology & Management, 148, 145–157.

CIREN 2003. Estudio Agrológico X Región. Descripción de suelos

materiales y símbolos, Publicación 123. Centro de Información de

Recursos Naturales, Santiago.

Dahlgren, R.A., Saigusa, M. & Ugolini, F.C. 2004. The nature, properties

and management of volcanic soils. Advances in Agronomy, 82, 113–182.

Ehleringer, J., Buchmann, N. & Flanagan, L.B. 2000. Carbon isotope

ratios in belowground carbon cycle processes. Ecological Applications,

10, 412–422.

García-Rodeja, E., Novoa, J.C., Pontevedra, X., Martinez-Cortizas, A. &

Burman, P. 2004. Aluminium fractionation of European volcanic soils

by selective dissolution techniques. Catena, 56, 155–183.

Garrido, E. & Matus, F. 2012. Are organo-mineral complexes and

allophane content determinant factors for the carbon level in Chilean

volcanic soils? Catena, 92, 106–112.

Gerzabek, M.H., Haberhauer, G. & Kirchman, H. 2001. Soil organic

matter pools and carbon-13 natural abundances in particle size

fractions of a long-term agricultural field experiment receiving organic

amendments. Soil Science Society of America Journal, 65, 352–358.

Godoy, R., Oyarzún, C. & Gerding, V. 2001. Precipitation chemistry in

deciduous and evergreen Nothofagus forest of southern Chile under a

low-deposition climate. Basic & Applied Ecology, 2, 65–72.

Golchin, A., Baldock, J.A. & Oades, J.M. 1997. A model linking organic

matter decomposition, chemistry, and aggregate dynamics. In: Soil

Processes and the Carbon Cycle (eds R. Lal, J.M. Kimble, R.F. Follett

& B.A. Stewart), pp. 245–266. CRC Press, Boca Raton, FL.

Glaser, B. 2005. Compound-specific stable-isotope (δ13C) analysis in soil

science. Journal of Plant Nutrition & Soil Science, 168, 633–648.

Higashi, T., de Coninck, F. & Gelaude, F. 1981. Characterization of

some spodic horizons of the campine (Belgium) with dithionite-

citrate, pyrophosphate and sodium hydroxide-tetraborate. Geoderma, 25,
131–142.

Huygens, D., Boeckx, P., Van Cleemput, O., Oyarzún, C. & Godoy, R.

2005. Aggregate and soil organic carbon dynamics in South Chilean

Andisols. Biogeosciences, 2, 159–174.

Huygens, D., Schouppe, J., Roobroeck, D., Alvarez, M., Balocchi, O.,

Valenzuela, E. et al. 2011. Drying–rewetting effects on N cycling

in grassland soils of varying microbial community composition and

management intensity in south central Chile. Applied Soil Ecology, 48,
270–279.

Imaya, A., Yoshinaga, S., Inagaki, Y., Tanaka, N. & Ohta, S. 2010.

Volcanic ash additions control soil carbon accumulation in brown forest

soils in Japan. Soil Science & Plant Nutrition, 56, 734–744.

Jansen, B., Tonneijck, F.H. & Verstraten, J.M. 2011. Selective extraction

methods for aluminium, iron and organic carbon from montane volcanic

ash soils. Pedosphere, 21, 549–565.

John, B., Yamashita, T., Ludwig, B. & Flessa, H. 2005. Storage of organic

carbon in aggregate and density fractions of silty soils under different

types of land use. Geoderma, 128, 63–79.

Kaiser, K. & Zech, W. 1996. Defects in estimation of aluminum in humus

complexes of podzolic soils by pyrophosphate extraction. Soil Science,

161, 452–458.

Krull, E.S. & Skjemstad, J.O. 2003. δ13C and δ15N profiles in 14C-dated

Oxisol and Vertisols as a function of soil chemistry and mineralogy.

Geoderma, 112, 1–29.
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Chabbi, A. & Numan, N. 2012. Contrasting composition of free and

mineral-bound organic matter in top- and subsoil horizons of Andosols.

Biology & Fertility of Soils, 48, 401–411.

© 2012 The Authors
Journal compilation © 2012 British Society of Soil Science, European Journal of Soil Science



Soil carbon distribution in volcanic ash soils 9

Shoji, S., Nanzyo, M. & Dahlgren, R.A. 1993. Volcanic Ash Soil: Genesis,

Properties and Utilization, Volume 21: Developments in Soil Science.
Elsevier, Amsterdam.

Soil Survey Staff 1999. Soil Taxonomy: A Basic System of Soil Clas-

sification for Making and Interpreting Soil Surveys, 2nd edn. USDA,
Washington, DC.

Tonneijck, F.H., Jansen, B., Nierop, K.G.J., Verstraten, J.M., Sevink, J.
& de Lange, L. 2010. Towards understanding of carbon stocks and

stabilization in volcanic ash soils in natural Andean ecosystems of
northern Ecuador. European Journal of Soil Science, 61, 392–405.

Webster, R. 2007. Analysis of variance, inference, multiple comparisons
and sampling effects in soil research. European Journal of Soil Science,
58, 74–82.

Webster, R. & Oliver, M.A. 2001. Geostatistics for Environmental Scien-

tists. John Wiley & Sons, Chichester, England.

© 2012 The Authors
Journal compilation © 2012 British Society of Soil Science, European Journal of Soil Science


