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ABSTRACT

Soil Organic Carbon Losses: The Balance between Respiration and Leaching, and Phosphorus Mobility in
Lateritic Soils (FH Noor): Organic matter (OM) application may contribute to managing lateritic soils by improving
aspects of physical, chemical, and biological fertility. However, the finite persistence of organic carbon (OC), the
main component of soil organic matter (SOM), may limit the usefulness of OM addition because decomposition and
C leaching promotes C loss from the soil, especially in tropical regions. The main objectives of this study were to
determine the balance and dynamics of soil OC (SOC) due to mineralisation and leaching processes and the relationship
of these processes to P mobility in soil. Two lateritic soils of Western Australia were used. Both soils were packed
into plastic columns and water was added to simulate two rainfall regimes: tropical (4,000 mm year ) and subtropical
(900 mm year?). Three types of OM (peat, wheat straw, and lucerne hay) were added at the equivalent of 80Mg ha.
Soils were watered weekly to supply one year’s rainfall over a period of six months. Carbon loss from leaching
contributed 1.4% of the total C, whilst respiration accounted for 10.4%. The Ultisol with a sandy texture had more C
loss in leachate than the Oxisol with higher clay content, for the simulated tropical rainfall. The subtropical rainfall
regime resulted in more respiration than the tropical rainfall regime. Downward movement of dissolved organic
carbon (DOC) changed the distribution of non-extractable phosphorus (NP) and bicarbonate phosphorus (BP) in the

leaching column, as well as the dislocation of extractable Al and Fe.
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INTRODUCTION

Soils play an effective role as a sink or storage
for C, and as a source or loss of C to pools outside
the soil system. The balance between storage and
loss depends on soil management, as well as climate
and soil properties. The losses of C from soil are
mainly from SOM decomposition (respiration),
erosion, and leaching (Akala and Lal 2000). In forest
soils, C leaching contributes between 6-46% of total-
C loss as DOC (Cronan 1985; Magill and Aber 2000).
Investigations of C balance have focused on the effect
of temperature on C mineralisation (Liechty et al.
1995; Tate et al. 1993; Zogg et al. 1997), which is
only effective in surface soil (MacDonald et al. 1999).
The leaching of DOC from soil may return to the
atmosphere as CO, loss from streams, lakes, or oceans
(Kling et al. 1991). For soils in the tropics, the balance

between upward (respiration) and downward (DOC
leaching) loss could be important, especially for
lateritic soils if the effectiveness of SOM application
is to be understood. Heavy rainfall may be an
additional factor in increasing OC loss from soil, not
only in erosion but also in infiltration of water through
the soil profile.

Phosphorus adsorption, measured by phosphate
buffering capacity and phosphate retention index, was
correlated with soil organic phosphorus (SOP) in soils
from Western Australia (Brennan et al. 1994).
Phosphate buffering capacity was also correlated with
SOC, Al, and Fe contents in Inceptisols in India
(Patiram and Prasad 1990). In other studies, SOC
was positively correlated with the activity of
phosphatase, especially in acid soils (Baligar et al.
1999; Barrett et al. 1998; Canarutto et al. 1995). The
increases of SOP content generally associated with
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increases in SOC (lyamuremye and Dick 1996; Reddy
et al. 2000). Thus, if leaching of OC is prominent in
these soils, and OP affects P adsorption (Brennan et
al. 1994), this leaching will also have an effect on P
mobility in the soil profile. Working with soil
columns, Chardon et al. (1997) found that 90% of
total-P (TP) in leachate was in the form of dissolved
organic phosphorus (DOP) and that leaching was
related to DOC. Rupp et al. (2002) suspected that
the decreasing redox potential might be responsible
for the increasing P solubility as well as DOC, and
intensifying the leaching of both.

The decomposition of SOM is associated with
the release of P from adsorption sites (Dalal, 1979;
Gressel et al. 1996; Maroko et al. 1999). In this
process, mechanism such as organic ligand exchange
(Hinsinger 2001; lyamuremye and Dick 1996) is
responsible as part of dissolution and desorption of
phosphate (Burkitt et al. 2002; MacKay et al. 1986;
McBride, 1994; Rhue and Harris, 1999). For
temperate forest soils, changes in SOP are closely
related to changes in SOM composition (Gressel et
al. 1996), although this study was limited to topsoil.
Information on the relationship between SOC and
SOP in the profile of lateritic soils is limited, especially
in the tropics. Such information may be of special
importance in the tropics where SOM decomposition
is very rapid and may affect P dynamics. Additionally,
P dynamics would be related to the activity of soil
micro-organisms as indicated by the increase in
phosphatase activity (Joner and Jakobsen 1995) and
microbial biomass phosphorus (MBP) (Oberson et al.
1995) where OM is applied to the soil.

As the adsorption and the release of P is related to
SOC (Brennan et al. 1994), whilst Al and Fe-hydroxides
are factors in phosphate adsorption (Haynes and
Mokolobate 2001), the mobility of SOC may affect the
sesquioxides concentrations through soil profile. In high
rainfall tropical areas, these mechanisms may occur to
the deeper profile of lateritic soils due to higher leaching.

In summary, OP has an impact on P cycles in soils.
To a greater extent, DOP is the predominantly present
in subsoil of leaching columns (Chardon et al. 1997).
The turnover of DOP, together with DOC and DON, is
amajor pathway in nutrient cycling and may have more
impact than previously assumed (Kalbitz et al. 2000).
In lateritic soils, these impacts could be more
complicated due to the role of Al and Fe-oxides in soils
which may also change with leaching of OC. These
issues need to be explained in order to understand
mechanisms involved in P mobility in lateritic soils.
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The objectives of this experiment were to
compare fluxes of SOC and SOP in two different
lateritic soils, by: (1) studying the effect of rainfall
regimes relevant to tropical and subtropical
environments on the loss of C from soil profile, and
(2) measuring the effect of leaching on the change of
SOC, soil extractable-P, and extractable-Al and Fe
with depth in the soil.

MATERIALS AND METHODS

Experimental Setup

This leaching column (PVC plastic, 90x5.7 cm)
experiment was set in factorial using a completely
randomised block design. The treatments were: 1) Two
soils (Ultisol, Typic kandiudult; and Oxisol, Plinthic
eutrudox), 2) Two rainfall simulations: tropical (4,000
mm year ! equivalent) and subtropical (900 mm year !
equivalent). These are about the same as in South
Kalimantan, Indonesia, and Perth metro area, Western
Awstralia, and 3) Four OM sources: control, peat, wheat
straw, and lucerne hay. The OM rate was 80 Mg ha*.

Data were analysed statistically with GenStat
(Payne et al. 1987). Analysis of variance was followed
by mean comparison (orthogonal polynomial contrasts)
if the treatment was significant. Correlationwas carried
out using SPSS (Coakes 2001) to determine any
relationships between parameters.

Procedures

An Ultisol from Western Australia was collected
near Jarrah (Eucalyptus marginata) forest, near
Jarrahdale, and an Oxisol from near Bunbury. Both soils
were selected due to high content of extractable-Al and
Fe (McArthur 1991), in order to see their effects on
phosphate adsorption and P mobility throughout the
leaching columns. Some soil characteristics were
presented previously (Yusran 2008) (Table 1). Samples
were taken from the lower horizon in the profile (20-25
cm) where the amount of SOM was less but the amount
of extractable-Al and Fe were expected to be higher.

In order to simulate a combination of leaching
processes and wet-dry conditions, water equivalent to
one year’s rainfall was added to each column; the
equivalent annual rainfall was distributed in equal
increments applied weekly. Gradual watering was
applied using a dripper made from plastic bottle. With
the bottom open, the bottles were positioned upside
down on the top of leaching columns. A 0.2 mm
millipore filter (25 mm, supor membrane, non sterile,
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Table 1. Some characteristics of soils (Ultisol and Oxisol) used in leaching columns.

Soil characteristic Subsurface Ultisol Oxisol

regolith (Typic kandiudult) (Plinthic eutrodox)

"Texture

Sand (%) 48 89 60

Silt (%) 45 5 9

Clay (%) 7 6 31
’DOC (mg kg ™) 3+0.80 30 +3.00 13+3.10
*0rg-C (gkg™) 0.35 5.80 2.80
*Towl-N (gkg™) 0.29 0.20 0.15
“Total-P (mg ky™?) 235 + 550 57 +3.20 83+6.70
SBicarb. P (mg kg™) 26 +2.10 7.0 £0.90 8.0 +1.20
pH (1:5 soil:H,0) 6.8 + 0.06 6.2 +0.12 6.2+0.20
*Oxalate-Al (g kg™) 1.0+0.19 111 +1.00 11+2.00
*Oxalate-Fe (g kg™) 18.0 +1.00 730 +3.00 274+17.00

Pipette method, TOC in water extract, *Leco C and N analyser, *Persulfate digestion,
SBicarbonate extraction, sAmmonium oxalate extraction. Values after + are standard errors.

Pall Gelman Laboratory) was fixed at the lid of every
bottle to ensure a realistic rate of water delivery. After

24 hours of water application, a suction mechanism _—
(10 cm water) was applied to all leachate containers

for another 24 hours to avoid water saturation and Dripper
reducing conditions at the bottom of every column.
Soil in each column was divided into seven > Filter paper

layers. The first layer (0-10 cm) was the mixture of
treatment and soil sample (Figure 1).

Soil packing was performed with soil bulk den-
sity as an indicator, where Ultisol was 1.32 g cm3and
for Oxisol was 1.13 g cm®. The internal diameter of
a leaching column was 5.7 cm; total volume of water
for the tropics was 7,655 mL and for the subtropics
was 2,297 mL. Before the first application of water,
soils were wet to 60% water holding capacity. The
edge-flow effect due to plastic column was reduced
by using funnel o-rings (0.6 cm thick) made from
Styrofoam on every layer of soil. The o-ring fitted
tightly inside the column. Soil mesh was applied on
every layer on the top of o-ring. To evenly distribute
water dripping, a filter paper was placed on the top of
the OM layer. The filter paper needed to be changed
every two weeks to avoid decomposition.

———> Soil+OM

0-10cm

— Soil mesh (pore @ =1 mm)

~—» 0-ring 0.6 cm thick

PVC, J=5.7cm

P

10 cm water suction <

Silica sand

Soil sampling Sealed leachate container Vacuum air

To follow the mobility of DOC and other factors  pigre 1. Leaching column with six layers of soil

affecting it at the end of the experiment, sampling and one layer of soil + organic matter.
was done on six layers of the leaching columns (10- Suction apparatus (right part of the graph)
20, 20-30, 30-40, 40-50, 50-60, and 60-70 cm). With was set at 10 cm water.
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48 leaching columns, there were 288 soil samples.
Leachate was collected for further analysis.

Measurements

Bicarbonate-P was extracted using 0.5 M
NaHCO, at pH 8.5. This is a modification from a
method by Olsen et al. (1954) described by Rayment
and Higginson (1992). The manual colorimetric
method for determination of phosphate in the extract
was based on that of Murphy and Riley (1962). Non-
extractable-P was conducted by measuring TP with
acid-persulphate digestion (Nelson 1987) and then
subtracting the results of the BP content of the same
soil calculated beforehand. Dissolved reactive-P
(DRP) was measured directly in leachate after
filtration with 0.2 um millipore filter (25 mm, supor
membrane, non sterile, Pall Gelman Laboratory) using
the method of Rayment and Higginson (1992). Soil
respiration was according to Anderson (1982).
Modification was made in time period that alkaline
trap (0.5 M KOH) was exposed to soil inside the
headspace of the leaching column.

Total-P was measured in layers of leaching
column using procedures for TP in soils based on the
persulphate digestion procedure by Nelson (1987).
Total-P in the leachate was based on procedures
outlined by Rayment and Higginson (1992). The
principle of this method is to convert OP and other P
fractions (e.g. particulate) in leachate by digestion
(HNO, and H,SO,) into soluble phosphate. Phosphate
content was measured using the spectrophotometric
method of Murphy and Riley (1962). Dissolved-
organic-C measurement was from the method by
Wagai and Sollins (2002). Dissolved-organic-C in
leachate was determined using filtered leachate (0.2
mm millipore filter; 25 mm, supor membrane, non
sterile, Pall Gelman Laboratory). A Shimadzu TOC-
5000A instrument was used to measure OC as NPOC
(Non-purgeable Organic Carbon). Extractable Al and
Fe were according to Rayment and Higginson (1992)
using an extractant of 0.2 M acid ammonium oxalate
pH 3.0 with soil:extractant ratio of 1:100. Leachate
pH was measured directly in the leachate using a
combined pH-reference electrode.

RESULTSAND DISCUSSION

The high leaching of DOC in the Ultisol treated
with tropical rainfall following application of wheat
straw may have been related to the higher C content
of wheat straw residue (Table 2). Recalcitrant soluble

248

organic compounds from peat are likely to remain in
soil for longer period of time, in contrast to the easily-
decomposable, simple organic acids from lucerne hay
or wheat straw. However, C loss from leaching was
not as much as C loss from respiration. Even though
the respiration decreased over time (Figure 2), the
overall C loss was much higher than that of leaching
process (Table 3 and Table 4).

Subtropical rainfall showed a higher respiration
rate in both soils compared to tropical rainfall. The
magnitude of C loss from respiration with tropical
rainfall ranged between 1 to 10 times higher in control
and in soil with wheat straw treatment than that of
leaching. In columns receiving subtropical rainfall, C
loss from respiration ranged between 7 to 36 times
higher in control and in soil with wheat straw treatment
(Table 4). Columns receiving tropical rainfall also had
higher C loss due to leaching, but columns receiving
subtropical rainfall had more C loss due to respiration.
Not only did DOC leach from the columns, but soluble
OM concentrations increased in the deeper layers of
soil in columns Figure 3. This effect was also observed
by Rumpel et al. (2002) and Brye et al. (2001), and
may represent a mechanism for podzolisation (Egli et
al. 2003; Ugolini et al. 1987).

Podzolisation involves the loss of some cations
from surface soil horizons (Egli et al. 2003), and this
experiment also showed this effect on extractable-Al
and Fe content in the leachate, especially in the Oxisol.
In the leaching columns, there was an interaction (p <
0.01) between type of soil and column layers on
extractable-Al and Fe contents indication the mobility
of those cations (Figure 5). Consequently, longer
exposure to high rate of rainfall (more than the time of
the experiment) may also have leached extractable-Al
and Fe through the Ultisol columns.

Table 2. Some chemical characteristics of organic
matter sources for treatments in leaching

columns.
Source of TotakN  'Tota-C  CN  “Total-P
carbon (gkg") (gkg") ratio (gkg?)
Peat 0.56 315 56 0.16
Wheat straw 0.76 434 57 0.20
Lucerre hay 2.69 414 15 0.25

!Leco C and N analyser, 2 wet combustion for wheat straw and
lucerne, dry combustion for peat; both measured with
Rayment and Higginson (1992).
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Tropical rainfall (4,000 mm year?)

30 )

Ultisol

Respiration (mg CO, kg™ week)
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Ultisol

3 14

20 Oxisol

Subtropical rainfall (900 mm year?)

30 7

Figure 2. Soil respirations throughout the experiment (26 weeks) due to organic matter applications (80 Mg
hat) in two different soils. < = control, (I = peat, A= wheat straw, and X = lucerne hay. Bar in
each graph represent LSD 5% for organic matter.

In spite of a significant effect on DOC
concentration in leachate due to OM treatment, rainfall,
and type of soil, there was non-significant DRP content
in leachate. However, the non-significant trend was
similar to the significant trend in of DOC (Figure 3),
where wheat straw showed the greatest effect followed
by lucerne hay and peat. This trend in DRP could be
the explanation why this P pool contributes to the
problem of water body, i.e. eutrophication (Liikanen
et al. 2004; McDowell and Sharpley 2004).

There was an increase of concentration at the
top layer of the column. This occurred in columns
treated with wheat straw with tropical rainfall. A
similar trend was also observed for TP. Observations
by Kleinman et al. (2003) who also observed that
there was an increase of P (oxalate and Mehlich 3-
extractable) in the deeper layers of leaching columns,
and there was poor correlation of soil P fractions with
leachate P. Kleinmann et al. (2003) suggested that

translocation of P due to preferential flow of P via
macropores (bypass leaching) might have taken place.

A closer inspection of the distribution pattern of
BP along the leaching column reveals that there was
an initial deposition of BP at the first 10 cm from the
soil surface. Working with soil samples from 0-5 cm
depth, Koopmans et al. (2003) found an accumulation
of IP (extracted with EDTA) after manure
applications. This could be similar to the process of
BP deposition in this experiment, but with intermittent
occurrence with deposition. According to Kleinman
et al. (2003), P leaching losses often occur in discrete
events or pulses that can be easily missed and to
monitor this effect continuously requires expensive
equipment. The fluctuation of P might have been
due to the process of mobilisation and resorption at
the wall of macropores (Jensen et al. 1999). Working
with glucose as a source of C in soil column, Jensen
et al. (1999) predicted the role of high C content
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Table 3. Cumulative carbon loss (%) from leaching following application of
different organic matter at 80 Mg ha* after 24 weeks in two soils and
two rainfall simulations.

Rainfall
Organic matter source Tropical Subtropical
Ultisol Oxisol Ultisol Oxisol
Control 0.13° 0.15° 0.04° 0.05°
Peat 0.10° 0.10° 0.03* 0.04%
Wheat straw 0.22¢ 0.14° 0.04° 0.05?
Lucerne hay 0.16° 0.10° 0.04° 0.04°

Numbers followed by the same letters in superscript indicate differences according to
LSD 5% (0.032).

Table 4. Cumulative carbon loss (%) from soil respiration following appli-
cation of different organic matter at 80 Mg ha* after 24 weeks in
two soils and two rainfall simulations.

Rainfall
Organic matter source Tropical Subtropical
Ultisol Oxisol Ultisol Oxisol
Control 0.18° 0.29° 0.19° 0.30°
Peat 0.30° 0.45° 0.24® 0.46%
Wheat straw 0.57¢ 1.05" 0.59¢ 1.00%"
Luceme hay 0.54° 0.94" 0.46% 0.88'

Numbers followed by the same letters in superscript indicate differences according to

LSD 5% (0.084).

(1,000 mg glucose-C L), Al and Fe(ll1)(hydr)oxide,
and redox condition in creating the fluctuation. This
mechanism might taken place in our experiment.

An interesting result was observed for NP
throughout the soil in leaching column. Non-
extractable-P was correlated with DOC in Ultisol
leaching column (Table 6) and the distribution of NP
was similar to that of DOC (Figure 6). Both showed
linear trends with depth (p < 0.05, orthogonal
polynomial contrast). More NP and DOC were
recorded at greater depth in the columns indicating
leaching and deposition processes. In the Oxisol, the
deposition of NP took place at 20-30 cm depth in the
column. The high content of Fe in the Oxisol (Table
1) might derive amourphous Fe sesquioxides which
can adsorb this pool of P by ligand exchange with
surface hydroxyls, especially OP from inositol (Turrion
et al. 2001). Considering the effect of mobilisation
and resorption on BP and TP in this experiment, NP
on the other hand, was not affected by such mechanisms
and transported more freely to the deeper layers of the
250

column. As for NP in leaching columns, there were
significant linear trends (p < 0.01) in Al and Fe
distribution throughout the leaching column.

In the Oxisol - probably due to higher content of
extractable-Al and Fe (Table 1) - both Al and Fe were
more mobile. Soil pH might also responsible for their
mobility. Even though soil pH was not affected, SOM
decomposition created more acid leachate, especially
at a subtropical rainfall rate. This acid leachate was
probably more easily to transport extractable-Al and
Fe throughout the leaching columns. As a result,
extractable-Al and Fe deposited at the deeper layers
or even leached away. This mechanism confirms the
hypothesis that organic matter addition will affect not
only soil organic-C content of the soil, but also non-
extractable-P, extractable-Al, extractable-Fe, and pH
(Yusran 2008).

Figure 7 summarises average C mobility and loss
in Ultisol column treated with tropical rainfall and
80 Mg ha! wheat straw. Respiration was the highest
C flux, followed by leaching and deposition. The
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Figure 3. Cumulative dissolved organic carbon in
leachate expressed per mass of soil after
treatment with organic matter in two soils
(@ = Ultisol and O = Oxisol) and in two

rainfall simulations. Line in each bar
indicates the standard error.
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Figure 4. Dissolved organic carbon concentration

throughout the leaching column treated
with wheat straw and tropical rainfall. R?
= coefficient of determination from linear
trend lineand data plot. —-O— = Ultisol,
and —[1— = Oxisol. Bar in every
observed point is the standard error.

Table 5. Balance between respiration and leaching on every treatment, calculated from
loss (%) due to respiration divided by loss (%) due to leaching.

Rainfall
Organic matter source Tropical Subtropical
Ultisol Oxisol Ultisol Oxisol
Control 14 +0.13 2.0+0.20 4.8+0.48 69+121
Peat 32+032 4.8 +0.46 9.4+1.30 114 +1.96
Wheat straw 2.7 +£0.48 8.1+1.25 16.7 £ 2.96 18.9 + 0.46
Lucemne hay 34 +0.26 9.7 £0.46 13.7+2.94 211 +0.86

total C loss from the original pool (soil organic C +
wheat straw treatment at 80 Mg ha') was about 0.8%.

CONCLUSIONS

Respiration contributed to C loss ranging from
0.2-1.00% of total-C in soils, regardless of the rainfall
rate. A small percentage of C loss occurred via
leaching (0.03-0.05% of total-C for subtropical and
0.10-0.22% of total-C for tropical rainfall regimes).

Respiration therefore contributed 1-36 times higher
C loss than leaching. However, at a tropical rate of
rainfall, the leaching process was as important as
respiration as a C loss mechanism, and could reduce
the persistence of added organic matter. There was
no evidence of BP and NP leaching from the columns,
but there was an inconsistent distribution of BP and
linear distribution of NP within the leaching columns.
Added OM had an impact on the distribution of soil
BP, NP and DOC as well as sesquioxides down the
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Figure 5. Extractable aluminium and iron distribution in leaching column treated with wheat straw and
tropical rainfall. R? = coefficient of determination from linear trend line and data plot. —O— =
Ultisol, and —1— = Oxisol. Bar in every observed point is the standard error.

Table 6. Correlation all parameters in the leaching column. Only significant
correlations are presented. * represents a significant (p dd 0.05) and
** a highly significant (p < 0.01) correlation.

TP BP NP Fe pH DOC
TP
BP 0.47"
NP 0.97"
Al
Fe 0.54™ 0.59"  0.42"
pH
DOC 0.49” 0.56" 0.76"

TP = Total Phosphorus, BP = Bicarbonate Phosphorus, NP = Non-extractable Phosphorus, and

DOC = Dissolved Organic Carbon. n = 48.

leaching columns. Dissolved-OC was the most readily
leached from within the six months period. There was
an indication that BP and NP will be leached away
with longer period of time, especially in sandy soil
with higher rainfall. In these scenarios, if OM
amendments were to be applied to lateritic soils,
climatic factors, i.e. rainfall, need to be taken into
account in order to make amendments more effective
and efficient. Moreover, to test the effectiveness of
OM amendments, in situ research is likely to be the
most advantageous approach to be employed.
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