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Preface

Land 1s an indispensable resource for the survival and prosperity of
mankind as well as for the maintenance of all terrestrial ecosystems. In
agriculture, potential production of arable land and its susceptibility to
degradation are dependent on the management strategies employed
and on inherent soil and other characteristics. Over the years, increased
demand and pressure on land resources results in competition for land use,
declining crop production and degradation of land quality in agriculture
areas.

In the tropics, it is known that agricultural intensification of an area
for cropping causes decline in soil quality. Transforming the natural
ecosystem to an agro-ecosystem can involve significant changes in organic
matter input and turnover rates. These changes alter the infiltration,
water retention, bulk density, soil strength, mineralization of nutrients
and their availability to plants, cation exchange capacity, soil fertility and
accumulation of heavy metals and toxic chemicals.

This book embodies the results of the on-going research on tropical
soils as well as those completed in the last several years by the academic
staff of the Department of Land Management, Faculty of Agriculture,
Universiti Putra Malaysia and collaborative research works with other
research agencies in Malaysia. Eight articles were submitted and published,
covering wide range of topics in the area of soil genesis, soil physic, soil
chemistry, soil microbiology and strategic soil fertility management in the
tropics, particularly Malaysia.

The editors wish to thank the Dean, Faculty of Agriculture, Universiti
Putra Malaysia (UPM) and the Head, Department of Land Management,
Faculty of Agriculture, UPM, for their encouragement, support and
invaluable comments. Last but not least, we acknowledge all our colleagues
in the Department of Land Management for their strong commitment in
making this important publication a reality.

Hamdan Jol

Shamshuddin Jusop

Mohd. Izuan Effendi Halmi
Serdang, 2017
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Can QOil Palm Cultivation in the Tropics
Contributes to Global warming and/or Land
Degradation Significantly?

Shamshuddin fusop

Introduction

People cut down forest on the Earth surface throughout human history for
different reasons. The most important reason being to grow crops to feed
the ever increasing world population. Much to our regret, deforestation
is getting out of control in many parts of the globe, especially in Central
and South America, Southeast Asia and Africa, leading to decrease in
biodiversity as well as enhancing the processes that contribute to global
warming and/or land degradation in the affected countries. Come what
may, it has been proven true by a group of people calling themselves the
Union of Concerned Scientists; they wrote that tropical deforestation
contributed to about 15% of global warming pollution worldwide (Boucher
et al., 2011). This paper discusses whether cutting forest in the tropics for
oil palm cultivation significantly enhances the processes of global warming
and/or land degradation.

Concern citizen of the world assume that global warming phenomenon
is partly contributed by the release of CO, into the atmosphere when
trees in the tropical forest are cut down to make way for agriculture; by
the way, carbon is the most important component of tree biomass. This
popular notion is in line with the study of Houghton (2010) who found
that in tropical regions croplands contributed the most to the carbon
emission. The question is which crop and in what area of the tropics this
phenomenon is rampant? Does oil palm cultivation play an important role
in this so-called carbon emission phenomenon?
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Be thatasit may, soils in the upland areas of the tropics are mostly highly
weathered with pH below 5; however, oil palm (Figure 1) is acid tolerant
and as such it can grow quite well on the soils because of proper agronomic
management (Shamshuddin and Fauziah, 2010; Shamshuddin ez al., 2015).
Without doubt oil palm cultivation on such soils contributes significantly
towards sustainable economic growth of the poor and the under privileged
throughout the tropical regions. This is particularly obvious in Indonesia
and Malaysia, the current two most important producer/exporter of palm
oil in the world. Unfortunately, of late, Indonesia has been accused of
being the main contributor to the environmental degradation and global
warming arising from oil palm cultivation (IPOA, 2013). Malaysia is not
spared from being accused of similar offence.

Figure 1 A well maintained oil palm plantation in Malaysia

For all intents and purposes, Malaysia firmly believes that her oil palm
industry is sustainable as it follows strictly to the guidelines imposed by
the importers of palm oil. For instance, during land preparation at re-
planting phase of oil palm cultivation, zero-burning is imposed to all oil
palm plantations throughout the country. This sustainable practice had
received due recognition from the United Nations for keeping up with the
acceptable environmental services.
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For the good of everyone, palm oil which is used in everything from
fuel to instant noodles, is currently the most used cooking oil in the world.
The oil can be used to manufacture a wide range of consumer (in the
kitchen) as well as industrial products (in the factory) as oleo-chemicals
and others. Global supply of palm oil, the world’s most tradeable
vegetable oil, 1s maintained due to the strong demand from the traditional
market in China, India, Pakistan and European Union. Indonesia and
Malaysia account for about 85% of the total world’s palm oil production
(STARBIZZWEEK, 2015). Lor these two countries, oil palm grown at
settlement schemes throughout the length and breadth of the countries is
used as a means of eradicating poverty of the landless and have not. Many
say this is the corporate responsibility of the governments in the tropics
that care about the living conditions of their people.

Worldwide Distribution of Oil Palm Cultivation

Oil palm is a hardened crop that is suitable for cultivating in the tropical
regions of the world based on climatic conditions as well as the suitability
of the soils (Shamshuddin ez al., 2015). As the palm is originated from
the swamp of Africa, it can even be grown successfully on peat soils with
high water table. As this paper shows, oil palm is cultivated the most in
Southeast Asian region with increasing area over the years (Figure 2), and
Indonesia and Malaysia, in decreasing order, take the lead in oil palm
production in the world. We know that the area allocated to oil palm
cultivation in Southeast Asia is much less compared to the combined area
used for rubber, cocoa, fruits and rice production. However, oil palm is
a very important crop, although it does not occupy the largest cultivated
land in the region.
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Figure 2 The growth in area harvested for palm oil
[Modified from (FAO, 2011)]

It is known, of late, that large scale cultivation of oil palm is not yet
popular in Africa as it is in Southeast Asian countries, but it may very well
be in the future considering the economic benefit it brings about to the
rural poor in the continent. On the other hand, oil palm area is in the
upward trend in Columbia, South America. However, the area cropped to
oil palm in the above countries is nowhere near that of the Indonesia plus
Malaysia.

Effects of Deforestation on the Environment

Ithas been known for years that Latin America has the largest tropical forest
in the world, especially within the Amazon basin (Boucher ez al., 2011). Be
that as it may, the countries in this region have probably contributed the
most to the forest clearing in the past many years. Among the important
effect of this deforestation is land degradation due to soil erosion which in
some ways contributes to global warming. Houghton (2010) had studied
CO, emissions from deforestation and land degradation under shifting
cultivation, pasture, industrial harvest, croplands and afforestation in
tropical regions (Asia, Africa and Latin America). His study concluded
that, in Asia, croplands emitted CO, the most, while in Latin America it
was pasture. Which crop in Asia is mostly responsible for the emission of
the gas? This paper tries to put solid arguments that oil palm cultivation is
not the main cause of the problem in question.
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In recent years, oil palm cultivation is encroaching into the so-called
fragile peatlands of the tropics, especially in Indonesia (Kalimantan and
Sumatra) and Malaysia (Sarawak). Note that the expansion is for a good
reason as it caters to the need of the people in the two countries; increase
in oil palm cultivation requires more land area. Sad to say that, the
cultivation of oil palm on the peatlands has been blamed for accelerating
CO, emission into the atmosphere. The government of the two countries
firmly believes, supported by strong evidence, that this accusation is
unfounded and therefore false. Recent studies conducted in Indonesia
had proven beyond doubt that they were right (IPOA, 2013). The findings
of the study of the peatland in Sarawak by Melling ¢t al. (2005) further
supported the conclusion by the Indonesians.

Can Oil Palm Plantation Be Considered as Forest?

What is a forest? According to IPOA (2013), oil palm plantation fits very
well into the accepted definition of forest proposed by many countries in the
world. We know that mature oil palm has a canopy cover of almost 100%,
with palm height reaching above 5 m in normal plantation. Furthermore,
in many parts of the world, timber plantation and forest plantation are
considered as forest. In relation to that, FAO (2005) had already classified
rubber plantation as forest. As we know it, there is little difference between
rubber and oil palm plantation in terms of the land area under cultivation
and their economic life of about 25 years. Once planted on the land
allocated to them, the crops would grow like forest species that release
O, during the day and absorb CO, at night time. For the information of
everyone, oil palm is known to be a net absorber of CO, (IPOA, 2013).
This means that oil palm plantation can be considered as forest, just like
rubber plantation is. How can we blame oil palm cultivation contributes
significantly to global warming? It does not make sense, to say the least.
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The Main Agents of Deforestation in Tropical Region

We take for granted that the principal agents of deforestation in the tropics
are:

1. Agriculture;
2. Logging; and
3. Mining.

Agricultural activities that contribute to deforestation in the tropics
include cattle rearing which uses big area for small amount of food it
produces. According to Boucher e al. (2011), the pasture used for cattle
rearing made up about 70% of global agricultural land. As Brazil is among
the biggest exporter of beef in the world, it is expected that a large area
of the Amazon forest has been cleared for cattle production. Brazil is also
a major producer of soybean. Putting the two together, deforestation is
expected to be huge in the Amazon basin. Who can deny that?

It is already mentioned that oil palm cultivation has not been spared
from being blamed for contributing to deforestation in the tropics. Is this
right? It has been mentioned earlier that the area cropped to oil palm in
Southeast Asia, especially in Indonesia and Malaysia, is in the increasing
trend over the years (Figure 2). It is undeniably true, but the increase in
the area cropped to oil palm is for very good reasons. However, still the
area under oil palm cultivation is small in comparison with that used for
cattle grazing and/or agricultural crops in Brazil. Additionally, in certain
parts of the tropics, the rural poor cut down forest for fuelwood. This, to a
certain extent, contributes to the overall deforestation in the world.

Nowadays, logging activities, legal or otherwise, are common in the
forest of Brazil, Indonesia and Malaysia (particularly in Sarawak). This,
in some ways, enhances the economic wellbeing of the local inhabitants
in particular and the countries in general, but at what expense? Forest and
land in the affected areas are degraded, sometimes beyond imagination.
Many areas in the remote parts of Brazil and Indonesia have been spotted
via satellite images to have been subjected to rampant logging activities.
Hence, it could very well be that logging activity is one of the most
important drivers of deforestation in the tropics.

Peninsular Malaysia has a long history of tin mining industry with
many of its cities namely Kuala Lumpur, Ipoh and Taiping have prospered
because of the precious metal. Due to tin mining activities for long time,
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a large tract of a luxuriant forest area in the Kinta Valley, Perak, had been
destroyed to make way for it. What was once a luxuriant forest area in
Kinta Valley had been turned into wastelands (sandy areas, slime and lakes)
unfit for agriculture and to date the land affected by tin mining activities is
about 200,000 ha (Shamshuddin, 1990). Tin mining industry is no longer
important option for the economic growth of Malaysia.

In recent time, mining contributes to about 5% to the GDP of
Indonesia (Devi and Prayogo, 2013). The areas where mining is active
are West Papua, East Kalimantan and West Nusa Tenggara where coal
and nickel are mined with the growth rate of about 10% per year. Other
minerals of importance to the Indonesian economic growth are gold and
copper. For sure, large forest area has been deforested for mining purposes.
Likewise, mining activities are very active in the outback of the Amazon
basin where it is difficult to control by the government of the day. All
in all, deforestation due to mining activities in the tropics is significant.
Considering the three economic activities in proper perspective, we should
not point our fingers at oil palm for enhancing global warming, let alone
to be single out as the driver of deforestation in the tropics.

Is Oil Palm Cultivation in The Tropics Sustainable?

Oil palm starts to bear fruits after 30 months of field planting and will
continue to be productive for the next 25 years (Figure 1). In general, it
produces 4-5 t/ha/year of crude palm oil (CPO), a very good yield indeed.
Furthermore, oil palm produces about 1 t of palm kernels per year by the
same ha of land. Although the price of the latter is lower compared to
that of the former, it gives extra income to the growers. Hence, oil palm
cultivation helps contribute to the eradication of poverty in the tropical
regions of the globe.

Results of many studies conducted in Malaysia indicated that oil palm
is the most efficient oil-bearing crop in the world, requiring only 0.26 ha of
land to produce 1 t of oil; in comparison, soybean, sunflower and rapeseed
require 2.22, 2.0 and 1.52 ha, respectively, to produce the same amount
of oil (MPOC, 2012). It is therefore consistent with the study of Rival
and Levang (2014) who found that oil palm production is very efficient.
According to them, oil palm occupies only 7% of the land devoted to oil-
producing plants worldwide, but produces 39% of the global supply of
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vegetable oil. On the other hand, soybean produces 27% of the world’s
vegetable oil, but occupies 61% of the land used to produce the oil. This
means that oil palm cultivation worldwide is economically viable and/or
sustainable in the long run. Oil palm is a crop to watch in the future for
human survival.

It has been known for many years that soil erosion leads to serious land
degradation in tropical regions where rainfall erosivity is usually high. This
is well known notion among the soil fraternity worldwide. Soil erosion is
one of the most important factors that reduce the productivity of soils in
the upland of Malaysia, especially in areas covered by highly weathered
soils (the Ultisols and Oxisols) which are mostly located in undulating and
sloping lands. This is made worse by the action of heavy raindrops during
the wet season. Research conducted in the tropics found that the rate of
soil erosion in areas under forest is low, estimated at 0.03-6.2 t/ha/year
(Wiersum, 1985). However, when the forest is cleared to make way for
agriculture, soil erosion rate is accelerated, depending on soil management
practices as well as crop type.

In Malaysia, Lim (1990) found that on bare Rengam Series (an Ultisol
developed on granite, a rock that covers about 50% of Malaysia’s land
surface) with slope of 3-5° lost 28 t/ha/year soil due to erosion. Further
research in the country which had been conducted by the Malaysian Palm
Oil Board (MPOB) concluded that bare Munchong Series (an Oxisol
developed on shale) with slope of < 5° had an erosion loss of 12.5 t/ha/
year (PORIM, 1990).

It was found that in areas cropped to oil palm, soil erosion could
be higher compared to those in the natural forest, but with proper soil
management practices in the plantations, it can be kept to the minimum
(Khalid and Tarmizi, 2008). To keep the oil palm in the plantations growing
healthily, NPK fertilizers and soil amendments are regularly applied. It has
been found that the long-term effects of applying them were positive by
way of maintaining/increasing soil pH, exchangeable bases and cation
exchange capacity (Shamshuddin and Noordin, 2011; Shamshuddin and
Fauziah, 2010; Shamshuddin ¢t al., 2015). Thus, oil palm cultivation on
such soils (Ultisols and Oxisols which occupy about 70% of Malaysia’s
land area) is best described as sustainable; hence, it is an excellent option
to be used for crop production.
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Malaysian government through its Department of Agriculture,
Peninsular Malaysia, Ministry of Agriculture, has instructed that land with
slope > 25° should not be used for agricultural activities. This is clearly
defined in the new guidelines proposed for good agricultural practice in
Malaysia (myGAP). These guidelines have all along been mostly followed
by plantation sector in the country. Hence, oil palm in Malaysia is either
cultivated on flat or to undulating land with slope not exceeding the level
outlined in myGAP.

In the Malaysian estates where oil palm is grown, there are areas such
as the inter-rows where soil erosion can still serious occur. These areas have
to be appropriately conserved in order to sustain oil palm production. To
achieve this purpose in the long run, the inter-rows are planted with cover
crops (Figure 3). It clearly shows that the inter-rows of the oil palm are
tully covered by legume species. After 4 years or more from the planting
date, oil palm canopy closes up completely (Iigure 1) and the legume dies
off that contributes to a fair amount of nitrogen into the soils. A part from
increasing soil fertility significantly, the cost of fertilizer application can be
somewhat reduced. In this way, soil erosion rate is reduced or curtailed,
while soil productivity is maintained or increased; hence, crop growth is
unaffected but the yield improves. This is translated into better income to
the farming community than it otherwise is.

Figure 3 The topsoil in the plantation is protected against erosion by
cover crop during the carly stage of oil palm growth
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The cover crops normally planted in oil palm plantations so discussed
above belong to the legume group of plant species. It means that this
legume can fix nitrogen from the atmosphere and this nitrogen stays in the
plant until it is dead. Nutrient contents of legume are high, contributing
113 kg N/ha, 11 kg P/ha, 106 kg K/ha and 9 kg Mg/ha to the soils
(Khalid et al., 2000). This in the end becomes part of the organic matter in
the soils. When this newly added organic matter is mineralized, essential
nutrients (NPK) are made readily available to the growing oil palm in the
field. This practice is for sure would cut down the cost of production a bit
as less NPK fertilizers are applied so as to keep the crop in the field going.
While the cover crop is in the field, it helps prevent soil erosion by reducing
the impact of raindrops during high rainfall (thunder storm). Furthermore,
its extensive root system encourages soil aggregation that improves as well
as stabilizes soil structures, further enhancing soil productivity. Growing
cover crops 1n oil palm estates is known to be one of the most innovative
agricultural practices in the plantation sector. This is one of the most
important scientific contributions of soil scientists and/or agronomists in
Malaysia to the industry.

Further option for conserving topsoil in oil palm plantations in
Malaysia is construction of terraces, which is usually being carried out in
fragile areas, such as on sloping lands with slope > 5° (Figure 4). During
heavy rain, some topsoil in the plantations is eroded, transported and
finally deposited on the terraces and hence the fertile materials are kept
within their confine. Under normal circumstances, the areas in between
the terraces are covered by cover crops which by themselves are able to
reduce the rainfall erosivity. By the act of constructing these terraces in
oil palm estates, soil erosion is reduced to the minimum level. Hence, oil
palm cultivation on slightly sloping lands does not result in serious land
degradation.

10
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Figure 4 Constructing terraces in oil palm plantation to reduce topsoil
erosion (After Shamshuddin et al., 2015)

Qil Palm Cultivation Eradicates Rural Poverty

Oil palm cultivation contributes towards sustainable economic growth of
rural folks and the under privileged in the different part of the tropics. For
instance, it has been reported in the Malaysian national press (NST, 2015)
that palm oil production was a catalyst for Sarawak’s economic growth.
According to Sarawak Deputy Chief Minister, the state was trying to
transform oil palm cultivation into a modern, dynamic and competitive
sector. To attain that desire, Sarawak State adopted a policy of allocating 4
ha of land per farmer to grow oil palm on sustainable basis using the latest
agronomic practice. This is expected to generate income for each family
of USD 600-900 a month; hence, hard core poverty common in the state
could slowly be alleviated. The same is true for the farming communities
in the other parts of the world, such as in Indonesian outback (Kalimantan
and Sumatra). This is not to mention about the economic benefits gained
by the rural poor in tropical Africa and South America where oil palm can
be suitably cultivated based on climatic conditions and soil properties.

11
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Conclusion

It is opined that the economic benefit gained from growing oil palm in
the tropics supersedes the problem related to global warming and/or land
degradation. In Malaysia and Indonesia, oil palm is grown simply because
it has to (for economic reason), not due to greed. Sure enough agricultural
activities contribute to deforestation and/or land degradation in the tropics.
As this write-up has shown it, oil palm cultivation is not the main player
in the deforestation. In Brazil, forest is cleared in a big way to make way
for soybean cultivation as well as for cattle rearing; these are big business
though for the country. Another important contributor to deforestation
in the tropical region is mining activity, either legal or illegal. For years, a
lot of land in Indonesia are cleared for coal and nickel mining, especially
in the remote parts of the republic. It has been shown in this paper that
growing oil palm on tropical peat soils did not have significant effect on
CO, emission. So, we cannot blame oil palm cultivation on tropical peat
soils for the enhanced global warning,

Thinking aloud about deforestation at large scale in the tropics, there
was a documentary film entitled “The Fight for Amazonia” being aired
on Malaysian TV (Aljazeera channel) on April 15, 2015. This special
documentary film described in detail about the widespread deforestation
that has taken place in Brazil of late. It gave clear pictorial accounts of
the widespread destruction of the Amazonia by the unscrupulous farmers
and/or poachers trying to make a living via agricultural and logging
activities or even mining for precious metals to be sold at the marketplace.
Ilegal mining activities involving local inhabitants in the Brazilian outback
had also been clearly shown. It was explained that even the forest reserves
were not spared by these activities. In the end, patches of areas in the vast
Amazon basin which were previously covered by luxuriant natural forest
have been cleared and/or destroyed forever.

Oil palm, for reasons best known to Brazil, is not cultivated in the
Amazon. This proves yet again that oil palm cultivation is not the main
cause of land degradation in the tropics, let alone be considered as the
driver of deforestation currently taken place throughout the globe. For the
growers of the golden crop in Indonesia and Malaysia, they can say that
there is more to oil palm cultivation than meet the eye! Ior all intents and
purposes, we have to respect their view.

12
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Remediation of Metal(loid)s-rich or
Contaminated Soils:
In-situ Immobilization Technique
Che Fauziah Ishak and Rosazlin Abdullah

Introduction

Food safety which is an integral part of food security is gaining prominence
as a global issue. Soil plays a central role in food safety as it has a direct
influence on the composition of food and feed at the root of the food
chain. However, the quality of soil resources as defined by their potential
impact on human health by propagation of harmful elements through
the food chain has not been given the proper emphasis due to lack of
data of adequate detail and reliability. The impact of metal(loid)s on the
environment should also be given due consideration.

Unlike organic contaminants, metal(loid)s do not undergo microbial or
chemical degradation and persist for a long time unless transported out of
the site. Metal(loid)s can be retained in the soil by sorption, precipitation, and
complexation reactions, and are removed from soil through plant uptake,
leaching and volatilization. From our earlier work undertaken to study
the heavy metals distribution in agricultural soils of Malaysia (Zarcinas et
al., 2004), concentrations of Co, Ni, Pb and Zn in the soils were strongly
correlated with soils concentrations of Al and Fe, which suggest evidence
of background variations due to changes in soil mineralogy. Chromium
was correlated with pH and EC, Na, S and Ca suggesting association
with acid sulphate soil and soil salinity components, while Hg was not
correlated with any of these components, suggesting diffuse pollution by
aerial deposition. Arsenic, Cd, Cu were strongly associated with aqua-regia
soluble and available P, and organic matter suggesting these metals are
associated with agricultural inputs in agricultural fertilisers and soil organic
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amendments. This indicates metal(loid)s contamination to the majority of
agricultural soils in Peninsular Malaysia is due to anthropogenic activity
(possibly added in fertilizers, wastes, pesticides, effluents or atmospheric
sources) that may pose a risk to the environment or human health.

Dynamics of Heavy Metal(Loid)S in Soils

The basic principle involved in the immobilization technique is that
the metal(loid) of concern is removed from soil solution either through
adsorption, complexation, and precipitation reactions, thereby rendering
the metal(loid) unavailable for human and plant uptake and leaching
to groundwater. Heavy metal incorporation in the soil is controlled by
adsorption processes, such as surface complexation and ionic exchange,
but other mechanisms such as precipitation are likely to contribute to
metal retention in the soil (Sastre et al., 2006). Adsorption is defined as
the accumulation of ions at the interface between a solid phase and an
aqueous phase. Adsorption isotherms have been widely used in studies
on adsorption phenomena, supplying numerical parameters that provide
information on the retention capacity and intensity of the metal by the
soil (Casagrande et al., 2008). The advantage of these equations is that
they can be applied to adsorption of any ions and gives straight forward
parameters which can be related to soil properties.

Soil Amendments for Remediation and Approaches Taken in
Remediation

In many cases, a byproduct may not be ideal by itself for land
application. Through co-utilization of byproducts, more products that are
agronomically useful may result. The benefits of co-utilization may include
nutrient balance, reduction of toxins or contaminants, improved moisture
content, improved economic value, and improved soil conditioning effects.
In-situ immobilization is a cost-effective approach where land-applied
amendments are used to stabilize contaminants via adsorption and/or
precipitation reactions that render the contaminant immobile (Adriano,
1986). Numerous inorganic amendments such as clays, Al/Fe/Mn oxides
and hydroxides may be land applied to metal rich or contaminated soils as
means of reducing metal mobility. Nowadays, there is pressure on waste
management managers to find ways to convert wastes into resources instead
of sending them to the landfill. Amongst the mineral wastes recommended
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for in-situ immobilization of heavy metals are red gypsum, coal fly ash
and drinking water treatment residues. There has also been report that
combination of mineral byproducts with biosolids or organic materials is
in fact a more viable option than applying the byproducts singly for soil
fertility improvement for crop production.

Studies have been conducted on selected amendments for the
immobilization of metal(loid)s (Table 1). These amendments can be
categorized as phosphate compounds, liming materials, organic materials
and metal oxides (Fe-rich materials).

Table 1 Selected soil amendments in the immobilization of metal(loid)s

in soils
Amendments Metal(loid)s Observations References
Liming materials
Ground Mn Manganese concentration ~ Shamshuddin
magnesium in the soil solutions et al. 2009
limestone (GML) decreased exponentially

with increasing pH after
application of ground
magnesium limestone.

Red gypsum (RG) Cd, Cu, Ni, RG and WTR can be Fauziah et al.

Water treatment  Pband Zn  recommended as soil (2011),

residue (WTR) amendments because Nur Hanani e
of their effectiveness in al. (2008)

reducing metal(loid)s in the
soil through changes in soil
pH. However for WIR, P
deficiency in plant has to
be monitored because of
WTR ability to fix P.

Organic matter/Biosolid
Biochar Oil Palm Cdand As  Oil palm EFB and RH Sari et al. 2014

Empty Fruit biochars indicate that these

Bunch — (EFB) commercially produced

and Rice Husk biochar have good

(RH) potential to be used as
sorbents for As and Cd.
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cont’d Table 1

Coal Fly ash
(CFA)

Phosphate compounds

Egyptian rock Pb
phosphate (ERP)

Bone meal (BM)

triple super -
phosphate (T'SP)

Cd, Cu, Ni,
Pb and Zn

CFA can significantly
reduce the Zn derived from
sewage sludge from being
taken up by maize plants

at application ratio of
(10%:5%) and up to ratio
4:1 (20%:5%) coal fly ash
to sewage sludge. However,
CFA was not a good liming
agent since the CCE was
low.

Applications of
P-amendments shows
effectiveness of TSP in
reducing lead in soils. The
best treatments are as
follows: TSP>ERP>BM.
These treatments were
recorded able to stabilize
the Pb as per indicated in
the percentage reduction in
phytoavailable form pools
into a more stable form of
complex. (Fig. 18)

Nur Hanani ez

al. 2010

Naim et al.

(2017)

Liming Materials

Malaysian soils dominantly fall (about 75%) into the Ultisol and Oxisol
Orders in Soil Taxonomy. These soils are generally acidic, pH of 4.0-5.0
and contain essentially of variable charge minerals, namely sesquioxides
and kaolinite, thus, have low cation exchange capacity or cations retention
capacity. In Malaysia, liming is the most common management practice
used to overcome the problems associated with soil acidification. Most
plants grow well at a pH range of 5.5-6.5 and liming is aimed to maintain
the pH at this range. The main purpose of liming is to reduce aluminium
toxicity in highly weathered acidic tropical soil, but at the same time, this
practice can help reduce heavy metals availability to plants via precipitation
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process. Liming experiments on typical Ultisols (Shamshuddin et al. 1991;
Ismail et al. 1993) and Oxisols (Shamshuddin et al. 1992) have indicated
the need for liming for annual crop production. In a study on an Oxisol
grown with cocoa, the application of lime at 2 t ha'! reduced soil solution
Mn concentration in the 0-15 cm layer from 27 to 12 pM after 3 months
(Shamshuddin ¢t al., 1991). Manganese concentration in the soil solutions
decreased exponentially with increasing pH after application of ground
magnesium limestone (Figure 1). Applying lime in combination with
gypsum would bring more Ca and/or Mg further down the soil profile
(Shamshuddin and Ismail 1995), thus alleviating to some extent subsoil
acidity. Applications of GML, usually known as dolomitic limestone, would
also supply the necessary Ca and Mg needed for corn and groundnut
growth. The presence of more Ca in the soils arising from lime and/or
gypsum applications is also beneficial because Ca can to a certain extent
alleviate Al toxicity (Alva et al. 1986). The increase in solution pH would
certainly affect the availability of other metal(loid)s in the soil.

The increase in solution pH resulting from GML application is due
to production of hydroxyl ions when GML 1s dissolved and subsequently
hydrolysed:

Ca,Mg (CO,),+ H,O — Ca** + Mg* + 2CO, >
CO, * + H,0 — HCO," + OH

The hydroxyl ions then reacts with Al in the solution to precipitate
as aluminum hydroxide, which over time may crystallize into gibbsite [Al

(OH), |:
AIP* + 30H" — Al (OH),
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Figure 1 Relationship between soil solution Mn and pH
(Shamshuddin ez al., 1991)

Biochar

Biochar i1s a carbonaceous material which can adsorb metal(loid)s in
soil and water. The main factors influencing the sorption behaviour of
biochars are pyrolysis condition and the feedstock type in the production
of biochars. One type of biochar may not be appropriate for all cases of
remediation. The application of biochar to soil may improve the sorption
capacity of metal(loid)s in soil. This carbonaceous product was reported
to have many functional groups with high surface areas, which are likely
related to its potential to act as an adsorbent.

In terms of remediation of heavy metal contaminated soils through
their retention in the soil system, biochar has been considered to be
potentially effective. A number of studies have also demonstrated that
biochar has a high capacity to adsorb pollutants in contaminated soils
(Beesley and Marmiroli, 201 1; Yuan and Xu, 2011).

Biochar canstabilize the heavy metalsin the contaminated soils, improve
the quality of the contaminated soil and has a significant reduction in crop
uptake of heavy metals. Biochar is a fine-grained charcoal-like material
produced through pyrolysis, which is heating of biomass to temperature
of 300-600 °C under air deprived conditions. Through pyrolysis, the
feedstock changes chemically to form structures that are more resistant to
microbial degradation than the original material.
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Utilization of biochar as a soil amendment has attracted great interest
globally due to the apparent benefits to soil fertility and plant growth as
well as the potential to store or sequester C in the soil system. It has been
reported that activated carbon, which is a subset of biochar, had been used
as a substrate to improve the adsorption of heavy metals such as mercury, a
process which is termed as chemisorption. The mechanism of heavy metal
retention in soil by biochar can be categorized as physical or chemical in
nature. The physical aspects deal more with filtering mechanism of the
heavy metal due to its structure or size by the pore size of the biochar.
It is important to characterize the pore size distribution of biochar, the
percentage of macropore, mesopore, nanopore, because the type of pores
dictate the extent of liquid-solid adsorption processes.

In Malaysia, a pilot scale biochar manufacturing plant using a modern
engineering system has been built by Universiti Putra Malaysia (UPM), in
collaboration with a private company (Nasmech Technology Sdn. Bhd.).
The plant was built to produce biochar from oil palm empty fruit bunches
(EIFB) and is capable of producing 20 t of biochar daily. Additionally,
biochar derived from rice husks has been produced commercially in
Malaysia to avert wastage of large quantities of rice husks (RH). It is
reported that 97,980 million tonnes of rice husk was produced annually
during the processing in the mills (Bernas Sdn. Bhd.).

The surface morphology of biochar samples was observed under Jeol
JSM-6400 scanning electron microscope (Sari ¢t al., 2014). Figure 2 shows
that EFB biochar possesses uniform pores and smooth wall surfaces with
maximal 20 pm in diameter. Small particle-like ashes were found scattered
on the surface area of EFB biochar as observed in Figure 2. In comparison,
the pores on rice husk biochar are not well-shaped with diminished structure
of pores (Figure 3). Small pores on the rough rice husk biochar surface
was observed as shown in Figure 3. Pyrolysis temperature can attribute to
the pores formation and destruction on biochar. When low temperature
was applied, the biochar cell structure and arrangement was found similar
to the cell structure and arrangement of the original biomass (Pavithra,
2011). The stack of biochar cells and pores were arranged accordingly and
well-shaped as found in the SEM image of EFB biochar. However, as the
temperature increase, the pore size become enlarged and the walls between
adjacent pores were destroyed (Zhang et al., 2004), which explained the
diminish pores on rice husk biochar. The lack of biochar structure also
might be due to the volatilization process during the biochar production.
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Irom the observation on the SEM images (Sari ¢t al., 2014), both
biochar generally exhibit macropores with internal diameter size of 10
pm. The macroporosity (>50 nm) of biochars are relevant for soil acration
and water movement (Troeh and Thompson, 20035). Macropores also
facilitate the root movement through the soil and act as habitats for the soil
microbes (Saito and Muramoto, 2002). Hence, biochar has the potential to
improve soil physical properties such as soil water retention and porosity.
Basso ¢t al., (2013) reported the addition of biochar on sandy loam soil
increased the water- holding capacity by 23% compared to the non-
amended soil. Glaser ¢t al. (2002) also found the increase of soil moisture at
field capacity with the increase of char surface area and porous structure.
The macropores are also important as feeder pores to transport adsorbate
molecules to the meso- and micropores.

A mixture of meso- and micropores were also present on EFB and
rice husk biochar surface. The micropores of biochar make the greatest
contribution to total surface area, hence responsible for the high adsorption
capacities of molecules (Rouquerol ¢t al., 1999). Mesopores are also of
importance for many liquid-solid adsorption processes, as reported by Lua
et al., (2004), on pistachio-nut shells. Thus, based on the EFB and rice
husk biochar structural surface, they have the potential to sorb metal and
metalloid to reduce the mobility of these trace elements in soil.

The Brunauer, Emmett and teller (BET) surface area of biochar
indicates the physical changes of biomass during the pyrolysis process. The
surface area depends largely upon the carbon (C) mass removed during
the processing, creating pores in the materials (Zabaniotou et al., 2008).
The sorption ability of biochar can be determined from its surface area,
where high surface area will increase the sorption capacity. Surface area
and porosity of EFB and rice husk biochar are presented in Table 2.

Biochar produced from EFB had a larger surface area than RH biochar.
The higher surfaces area of EFB biochar may indicate the adsorption
capacity of heavy metals compared to RH biochar. In general, biochar
surface areas can be influenced by biochar’s micropore volume, choice of
feedstock and pyrolysis processing condition (Boateng et al., 2007). The
micropore volume of EFB biochar was found to be same as RH biochar
(~0.01 em?®/ g). Internal surface area of biochar which represent pore on
the inner wall resulted from interior crack was referred to as micropore
areca. Meanwhile, the average pore diameter for both biochar are in the
range of mesopores diameters, with the internal pore width between 2 to
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50 nm. This indicates the potential of adsorption capacity EI'B biochar
and RH biochar in liquid-solid adsorption (Bagreev et al., 2001).

—— 10Mm
1BolL 1SKU ®1.,000 1Smm

Figure 2 SEM image of EFB biochar at 1000 x magnification
(Sari et al., 2014)

Figure 3 SEM image of rice husk biochar at (a)1500 and (b)1000 x
magnification (Sari ¢ al., 2014)

Table 2 BET surface area and porosity of biochars

Biochar BET surface area Pore volume  Pore surface  Average pore
(m?/g) (em®/g) arca (m?/g)  diameter (nm)

EFB 46.32 0.01 0.61 3.85

Rice husk 23.22 0.01 1.41 4.34
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The adsorption isotherm data were fitted to the Langmuir’s adsorption
model. Table 3 shows the values of adsorption isotherm parameters for EFB
biochar and RH biochar. The maximum adsorption capacity (q,__)of EFB
biochar for As was 0.424 mg g, which is higher than RH biochar (0.352
mg g'). Similar trend was found on q___of Cd with the values of 15.15 and
3.19 mg ¢!, for EFB biochar and RH biochar, respectively. The parameter
b is related to the affinity of the binding sites, which allows comparisons
of the affinity of biochar toward the metal(loid) ions. EFB biochar had a
higher affinity for As than did RH biochar. In contrast, the binding affinity
(b) of Cd for RH biochar is higher than EFB biochar. There are several
factors attributed to sorption mechanism of trace elements with addition
of biochar, of which the most important are pH and CEC (Kumpiene
et al., 2008). The alkaline properties of biochars increased the solution
pH, which induced metal immobilization through metal precipitation and
decreases metal solubility (Rees et al., 2013). Value of R? shows correlation
or linear relationship, whereas the relationship become more linear when
the value is closer to 1. The high correlation coefficient values (R? which
ranged from 0.98 to 0.99 indicate that the Langmuir isotherm best fitted
the experimental data.

Table 3 Sorption isotherm obtained by fitting the data with the
Langmuir isotherms for the EFB biochar and RH biochar

Langmuir model

Biochar  Heavy metal q,.. b R?
(mg g) (L mg?)
EFB As 0.4240 0.7299 0.9890
Cd 15.1515 0.1142 0.9921
RH As 0.3522 0.0248 0.9823
Cd 3.1908 0.6920 0.9984

Samsuri et al., (2013) reported coating the biochars with Fe (III)
greatly increased their adsorption capacities for both As (III) and As (V).
The results indicate that the commercially produced EFB and RH from
Malaysia have good potentials to be used as adsorbents for As (III) from
aqueous solutions. Furthermore, coating the EIB and RH with Te (III)
increased their adsorption capacities for both As (III) and As (V) making
the biochars more effective as adsorbents for both As (III) and As (V).
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Soil solution study of incubated arsenic-rich Histosol amended with
biochar was conducted to evaluate the effects of EFB biochar and RH
biochar on water-soluble As naturally present in Histosol (Figure 4) (Sari et
al., 2014). Empty fruit bunch and RH biochars exhibit important feature as
adsorbent with the porous structure and alkaline properties. The sorption
experiment has shown the potential of these biochars to immobilize As in
the soil system (Sari et al., 2014). The decreased of As concentration and
increased of soil pH 1in soil solution study indicate the ability of biochar to
reduce the phytoavailable As in contaminated soil (Figure 5).

The pot experiment was conducted to determine the optimum rates of
biochars to reduce arsenic (As) uptake by sweet corn (Figure 6). Two types
of biochars, EFB and RH with 5 rates (0, 2.5, 5, 10, 20 t C/ha) application
were applied to 15 kg naturally contaminated soil in polybag. After 56 days
of growth, biochar reduced the concentration of As in foliar tissue by 58%
and 61% with the highest application of EFB and RH biochars at 20 t/ha
C compared to the non-amended soil. The study shows the effectiveness
of biochar in reducing the availability of As uptake by sweet corn as trace
elements concentration decreased with increasing rate of biochar.
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Figure 4 Effects of biochar on water-soluble arsenic in pore water
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Figure 6 The uptake of arsenic by sweet corn plant after
56 days of planting

Industrial by-Products/Minerals

Agriculture will never be sustainable as long as soil organic matter levels
are on a multi-year downward trend. Thus, soil organic matter must be
restored to near original levels. Use of calcium helps build up the supply
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of soil organic matter in ways other than those for which calcium sources
are usually added to soil. Calcium supplied as gypsum will be a major
means for increasing the efficiency of accumulation of soil organic matter.
The role of calcium in stabilizing soil organic matter needs more study.
The mechanism that binds organic matter to clay particles in soil is
polyvalent cations (Muneer and Oades, 1989). Efforts to increase levels of
soil organic matter have overlooked this important phenomenon. Calcium
is the most important cation for this purpose. Just how much calcium is
necessary to bind organic matter to clay and how calcium relates to “slow”
and passive soil organic matter need to be subjects for study. Iron is also a
good bridging agent. Use of calcium and iron with organic matter could
be the great secret for soil improvement.

Addition of industrial by-products to soil has gained importance
recently as an alternative to remediate heavy metal contaminated soil
(Table 4). For example, by-products from steel (iron oxides) and energy
industries (ashes) will be assessed as an environmentally and resource-
efficient option due to their alkalinity or acid neutralizing capacity and
high specific surface area. The ANC is usually expressed as CaCO,
equivalent and one of the most important factors used to evaluate the
value of industrial by-products to be used as a liming agent on acidic soil.

Red Gypsum

Red gypsum (RG) 1s a waste material from the extraction of 11 for industrial
purposes. Titanium is extracted from the mineral ilmenite (FeTiO,) by
sulfuric acid digestion. Red gypsum is produced by further increasing the
pH of the effluent to about 5.0 by using calcitic limestone (CaCO,), at
which point the remaining sulfate precipitates along with iron oxides. The
latter, derived from the iron contents of the ilmenite, are responsible for
the red color of the material. Production process of red gypsum can be
concluded by using these two equations as shown below.

First stage of reaction:
H,SO,+ CaCO, — CaSO, + H,0 + CO,

Second stage of reaction:

MSO, + Ga (OH), — M (OH), + CaSO,
(Sulphate metal)
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Normally, this waste product is disposed off outside the titanium
dioxide plant. Such byproducts might be suitable for use in agriculture in
situations where mined gypsum has been used in the past. Red gypsum
can be of great economic value due to its very high Ca and S content.
Moreover, there are several reports on application of red gypsum as a soil
amendment to immobilize As, Cd, Cu and Pb in heavy metal-contaminated
soils (Lombi et al., 2004; Lllera et al., 2004). In addition, the presence of
the iron oxide responsible for the red color of RG might make it more
effective as a soil amendment (Fauziah ¢t al., 1996) rather than as a source
of Ca and S fertilizer. Dissolution of the gypsum and subsequent supply
of sulfate S to crops might be affected by the presence of the oxides, which
have the possibility to adsorb sulfate.

Table 4 Industrial byproducts amendments to sewage sludge (5%)
treated soils (glasshouse study)

Amendments Metal  Effects Reference
Red Gypsum Cu Decreased sig. at > 10% Fauziah, et al. 2011
level
Zn Decreased significantly at
> 5% level
Fe Decreased sig. at 20%
level
Cr Decreased sig. at 2.5

to 10% level. At 20%
highest Cr level — not sig.
different from control

Coal Fly Ash (CFA)  Cu Decreased significantly at ~ Nur Hanani
5% - 10%, but increased et al. 2010
sig. at 20%

Zn Decreased significantly at
greater than 5% treatment
B Increased significantly
compared to control
Water Treatment Cu Decreased significantly Nur Hanani
Residue (WTR) compared to control etal., 2008
Zn Decreased significantly

compared to control
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The RG was alkaline in nature, with a pH of 7.98 due to the presence
of residual CaCO, in RG (Fauziah et al., 1996). This property can be
exploited to reduce the solubility and hence, phyto-availability, of some
heavy metals in the soil system. The acid neutralizing capacity is the most
important characteristic in evaluation of the value of the material as a
liming agent. Red gypsum is not a good liming agent, with only 1.79%
calcium carbonate equivalence. However, high rates of application (>
2.5%) can have significant influence on the pH of the soil system (Nur
Hanani ¢t al., 2009). Iron oxide-rich gypsum by-products, including red
gypsum (119 m? g), have very large surface areas (Peacock and David,
2000). The surface area for the red gypsum (pulverized and sieved through
2.0 mm sieve size) was 39.8 m”g"'. The high surface area plays a central
role for adsorption behavior. Furthermore, the presence of Fe oxide can
contribute to the co-existence of positive and negative charges on the
variable charge oxide surface (Figure 7).

EHT = 15.00 kV
Mag= 900X

Figure 7 Fibrous Crystal Aggregates of Gypsum with Some Coatings of
Iron Oxides

A column leaching study was conducted to investigate the red gypsum
for in-situ immobilization of arsenic in the soil system. In this experiment,
the treatment used was the different rates of red gypsum. The treatments
were applied at the top soil only. The treatments were: T'1 : no red gypsum

(control), T2 : 25 t/ha red gypsum, T3 : 50 t/ha red gypsum,T4 : 100 t/ha
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red gypsum. Irom this study, red gypsum application has the potential to
immobilize arsenic in the soil system and thus prevent arsenic from being
taken up by the crop grown on arsenic contaminated soil. The presence of
Fe in red gypsum can help surface adsorbed or co-precipitate As in the soil
system (Figure 8 and 9).
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Figure 8 Arsenic concentration in each of the leachate collection (50 ml)
up to one pore volume for each treatment.
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Figure 9 Arsenic concentration in each of the leachate collection (50 ml)
for 25 t/ha, 50 t/ha and 100 t/ha red gypsum
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In a soil incubation study, RG was applied to sewage sludge treated soil
(Fauziah et al, 2011). Sewage sludge tend to have high concentrations of
Cu and Zn and its application to soil increase these metals content. There
seemed to be alag-phase in the release of Zn from the RG minerals into the
soil solution (Figure 10). The Zn concentrations in the soil solution started
to increase only after 5 weeks of incubation for the treatments with low
rates of RG application. The reason for this slow release of Zn into the soil
solution is not known. However, this study demonstrated that increasing
the RG amendment rates (5%, 10%, 20% and 40%) clearly reduced the
7Zn concentrations in soil solution after ten weeks of incubation. Thus,
RG has the potential to fix Zn in the soil system and make it less phyto-

available.
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Figure 10 Soluble Zn at different rates of RG-contaminated
soil treatments

Increasing the rate of red gypsum application resulted in decreasing
uptake of Zn, Cu and Fe by the corn plants (Figure 11). This is due to the
increase in soil pH. The residual alkalinity plus the buffer capacity of iron
oxides (goethite and hematite) (Fauziah et al., 1996), allow red gypsum to
consume protons from an acid soil. However, the results for Cr seemed to
be rather varied. The grasses grown on heavy metals contaminated soil
remediated with red mud (a by-product of the bauxite industry) had high
Cr concentrations (Zhao et al., 2005; Snars et al., 2004). Thus, there may be

31



Advances in "Tropical Soil Science Vol. IV

room for speculation that RG also contain high levels of Cr. However, the
levels of Crin red gypsum were found to be low. This study did not ascertain
whether the organic matter in sludge alleviates the effect of excess Ca and
Fe in the mixed soil system. This needs to be investigated. Furthermore,
co-mixing two products such as RG and compost can turn the by-products
into a more useful soil amendment as the amending capability of the by-
product can be complemented and further enhanced by the co-mixed by-
products (Fauziah ez al., 2011).
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Figure 11 Uptake of microelements (mg/pot) using contaminated soil
amended with red gypsum
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A glasshouse study was then conducted with the same treatments
as the soil incubation study using sweet corn as the test crop. Two set
of experiments were established with 4 treatments and 4 replicates.
Treatments of experiment are: Red Gyspsum + EFB Compost with
different rate of red gypsum (2.5, 50, 100 and 200 t/ha) (Table 6). For
Fe concentrations, application of RG+EFB compost show significant
decrease in Fe concentrations in foliar tissues at the rate of 100 and 200
t/ha compared to the lower rates. The toxic level of Fe for corn is >350
mg/kg, thus there is no problem of Fe toxicity to plants in this case. For
/n concentration, significant decrease in Zn concentration were found at
the rates of 100 and 200 t/ha compared to the lowest rate of RG. For
Cd, significant decreased in Cd concentrations with the increasing rates of
RG+EFB compost found at the rates of 100 t/ha and 200 t/ha compared
to the lowest rate of RG+EIB compost used.

Table 6 Effects of treatments on heavy metals in foliar tissues

Treatment mg/kg

Te Zn Cd Cr
RG 2.5t/ha + EIB Compost 305ab  83.75a 0.16 ab 0.98 ab
RG 50t/ha + EFB Compost 477ab  75.65a 0.08 ab 0.07b
RG 100t/ha + EFB Compost 237 bc  39.20b 0.03b 0.14 ab
RG 200t/ha + EFB Compost 94 be 9.63 b 0.05b 0.06 b

Mean having the same letters within column are not significantly different at p>0.05

Co-application of red gypsum amended soil with biosolids was carried
out in field condition with 5 treatments and 4 replicates at Lanchang,
Pahang. Sweet corn ({ea mays L.) was used as the test crop. Rate of red
gypsum used was 100 tonnes/ha combination with EFB compost, EFB
biochar and chicken dung to the ratio 1:4 volume/volume basis. Co-
application of RG with biosolids shows a decrease in Cd concentration
compared to the control. The Cd concentration is above the 95" percentile;
nevertheless, it is below the maximum allowable limit of the Canadian soil
regulation. For Cr and Ni concentrations, application of RG:EFB compost
shows a significant decrease in Cr and Ni concentrations compared to the
control. For Pb concentrations, application of RG: EFB compost shows
significant decrease in Pb concentrations compared to the control and
other treatments, Application of RG and biochar shows significantly
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higher Pb concentration compared to the control and other treatments,
chromium, Niand Pb are below the 95" percentile or investigation level and
also below the maximum allowable limit of the Canadian soil regulation.
In conclusion, application of RG and EFB compost shows the best co-
application on soil towards the corn growth based on the significant effect
on the uptake of metal(loid)s.

Table 7 Co-application of red gypsum amended soil with biosolids

(field study)

Treatment mg/kg

Cd Cr Ni Pb
Control 3.8l a 1.93a 0.22a 3.49a
RG only 3.79 ab 1.59ab 0.19a 3.79ab
RG: EFB Compost 2.74 ¢ 0.21c 0.05b 0.62d
RG: Biochar 3.20b 1.35ab 0.26a 3.92a
RG: Chicken Dung 3.17b 1.44ab 0.22a 2.73¢
95" percentile- Investigation 0.30 60 45 65
Level
Maximum Allowable Limit 8 75 100 200
(Canada)

Mean having the same letters within column are not significantly different at p>0.05

Coal Fly Ash

Coal fly ash (CFA) is an amorphous aluminosilicate material, a by-product
of coal combustion and is composed of particulate matter collected from
flue gas stream. Coal is one of the alternative natural resources used for the
production of electricity in Malaysia. The increase use of coal for electric
power generation will generate large quantities of CFA. Kapar power
station in Selangor, Malaysia, produced around 200 Mg CFA per day.
Currently, only 20% of the CFA is utilized as a component in the cement
mixture, the rest is left stacked within the vicinity of the power plant.
Coal is known to contain every naturally occurring element, and
therefore, it is not surprising that CFA can have beneficial effect on solving
certain problem of soil quality. Use of CFA as a soil amendment is hindered
by the lack of macronutrients in the ash and also concern on its high
concentration of microelements, especially boron. The CFA is an alkaline
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residue produced during the burning coal for the generation of electricity
which is enriched with CaO and MgO and has a pH around 8 to 12. The
pH of CFA can vary depending on the S contents of the coal source,
with high S generally producing acidic material and low S producing
alkaline material (Adriano e al., 2002). The pH of CFA used in this study
was 8.34. In some cases, alkaline agent was used as a stabilization agent
for contaminated soil to reduce pathogen and heavy metals availability
(McGrath et al., 1995; Zhang et al., 2007).

Large surface area determination of CFA was probably due to
large number of spongy irregular carbon-rich particles of unburnt coal
(Fauziah, 1993). Surface area determination for this CFA was 7.5 m?/g.
Hence, the particle size distribution will provide information relating to
land application of the ash, in term of trace elements solubility and effect
on soil physical properties (Figure 12).

EHT = 15.00 kV WD = 16 mm Signal A= SE1 Date :6 Sep 2004

Time :9:12:10
Mag= 600 X EMUPM

Figure 12 Cecnophere Shape of Coal Fly Ash

The neutralization of acid by CFA is a relatively slow process that
mainly involves the particle surfaces (Wong et al., 2002). The CFA was not a
good liming agent, with only 0.504% CaCO, equivalent (CCE). Based on
the low level of Ca, this CFA it is considered only as a Class I fly ash (Bilski
etal., 1995). Therefore, considerably large quantities of this CFA compared
to lime will be required to raise the pH of soil to some target level.
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A soil incubation study was also conducted whereby, CFA was applied
on sewage sludge treated soil (Nur Hanani ez al., 2010). Increasing the CFA
amendment rates clearly reduced the Zn concentrations in soil solution
for the ten weeks of incubation (Figure 13). The reduced concentration of
Zn probably can be explained by the higher adsorption and precipitation
of Zn with an increase in pH (Sims and Kline, 1991; Jackson et al.,
1999). The control treatment (0% CFA) had Zn concentrations in the
soil solution which ranged from 1.47 mg L' to 0.67 mg L' for the four
weeks of incubation and increased drastically at week five to 5.0 mg L.
It 1s not known with certainty why there was a delayed dissolution of Zn
from the sewage sludge. The Zn concentration for the control treatment
after week five until week ten of the incubation was still high (> 3.73 mg
L") compared to other treatments. Treatments using 2.5% and 5% CFA
ranged less than 2.15 mg L' whereas treatments using greater than 10%
CFA had the lowest Zn concentrations which were less than 1 mg L. This
indicates that CI'A was feasible as a stabilization agent to reduce heavy
metal toxicity in the sewage sludge-treated soil.

6.00

1 3 5 7 9 11
Time (week)
——0 —8—25% —A—5% —>10% —%—20% —0—40%{

Figure 13 Soluble Zn at different rates of CFA-contaminated
soil treatments

The Zn uptake by maize for treatment using CFA is shown in Figure.
Opverall, the concentration of Zn uptake by maize significantly decreased

at higher rates of CFA treatments. Usage of 2.5% CFA did not show any
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significant result as compared to the control treatment. However, addition
of more than 5% CFA significantly reduced Zn concentration in maize.
This showed that the CFA was useful as a soil amendment to fix Zn in the
contaminated soil.

The results showed application of CFA up to 10% reduced Cu uptake
by the maize plants compared to the control (Figure 14). However, there
was no significant difference in Cu uptake by maize between the control
and the 20% CFA treatment indicating that CFA can be beneficial as a soil
amendment to reduce Gu uptake by plant but, the amount of CFA should
be applied at a proper rate to avoid Cu toxicity (Nur Hanani ez al., 2010).
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Note: Similar letters above the bars indicate that they are not significantly different at 99%
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Figure 14 Uptake of heavy metals (mg/pot) using soil amended
with CFA
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Drinking-water Treatment Residues

In Malaysia, a low-cost and potentially effective substitute for remediation
could be drinking-water treatment residues (WTRs). The pH for WTR
for this study was close to being neutral just as stated in the reports of
Gallimore et al., (1999), Ippolito et al., (2000) and Elliot et al., (1990) . The
WTR has a pH of 7.07, the mineral present in WI'R, such as kaolinite,
gibbsite and Fe-oxides, provide surfaces for the adsorption of heavy metals.
Value for WTR surface area was 28.3 m?/g and this value was largely
dependent on the size of the sample which was less than 2 mm due to
the grinding process. Surface area determination can be used to estimate
the amount of surface sites available for surface complexation reaction
(Figure 15). Butkus (1998) reported a surface area of WTR was 10 m?/g.
Dzombak and Morel (1990) estimated that WTR can bind with protons,
cations and anions based on the range of sorption maxima reported from
160 m*/g to 600 m?/g. The ANC of WTR was 0.504% CCE. Thus,
WTR cannot be considered a good liming material compared to the pure
CaCO, but perhaps usage at high rates of this material can stll increase
the pH of acidic soil.

EHT = 15.00 kV WD= 15mm  SignalA=SE1 Date :3 Sep 2004
Time :14:49:29
Mag= 4.00 K X EMUPM

Figure 15 Presence of Kaolinite (Hexagonal Shape) and
Illite Flakes of WTR
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Also, in an incubation study of sewage sludge treated soil, treatment
using the highest rates of WI'R (40%) gave the lowest Zn concentration in
the soil solution (Figure 16) (Nur Hanani ¢t al, 2008). Perhaps, the high Zn
concentrations and high pHs at the higher WTR rates led to low solubility
of Zn due to the pH effect and also the phenomenon call ageing (Lock and
Janssen, 2003). The trend of Zn solubility indicates slow dissolution of Zn
minerals at the initial stage, and then the concentration dropped again due
to the precipitation or ageing affect. Zinc concentrations were found to be
low in all treatments using different rates of WTR (2.5, 5, 10, 20, and 40%)
compared to the control (0% WTR). Addition of WTR did reduce the
release of Zn from the sewage sludge. Therefore, WTR can be considered
to be a potential soil amendment to fix Zn in contaminated soils.

Addition of WTR significantly reduced Zn uptake by corn plants
compared to the control (Figure 17). This results show that the usage of
WTR mixed with sewage sludge can significantly reduce the Zn uptake
by corn. The major effect of high pH was to reduce the solubility of all
micronutrients, especially Zn. Meanwhile, addition of more than 5%
WTR, significantly reduced Cu uptake compared to the control. This
results show that the usage of more than 5% WTR in sewage-sludge-
amended soil can significantly reduce the Cu uptake by corn (Nur Hanani
etal., 2008).
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Figure 16 Soluble Zn at different rates of WTR-contaminated
soil treatments
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Figure 17 Uptake of heavy metals, Zn and Cu (mg/pot) using soil
amended with WTR

Phosphate Materials

Phosphate compounds enhance the immobilization of metal(loids)s in
soils through various processes including direct metal(loid) adsorption/
substitution by P compounds, P anion-induced meal(loid) adsorption, ad
precipitation of metal(loid)s with solution P as metal(loid) phosphates.
Depending on the source, soil application of P compounds can cause
direct adsorption of metal(loid)s onto these compound through surface
charge and enhanced anion-induced metal(loid) adsorption.

Phosphate rock (PR) belongs mainly to sedimentary, slightly to igneous
and negligibly to metamorphic rocks. Eight percent of the world PR
production is derived from the deposits of sedimentary marine origin,
some 17% is derived from igneous rocks and their derivatives and the
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remainder comes from residual sedimentary deposits. About 90% of these
deposits are used as raw materials for the manufacturing of phosphate
fertilizer.

The dissolution of PR may be expressed by the equation;

Ca (PO, F, +12H,O0 — 10Ca’ + 6H, PO, + 2" +120H
(Phosphate rock) (Dissociation products)

Although the above reaction is for a fluorapatite PR, it applies to other
members of the apatite minerals including reactive PR. As indicated in
the above equation, the dissolution of PR results in the release of hydroxyl
ions into the solution. Neutralization of the hydroxyl ions released by soil
acidity enables the PR dissolution process to continue. Thus, an adequate
supply of hydrogen ions is of primary importance for the continued
dissolution of PR. Soil pH shows the magnitude of hydrogen ion supply,
thus the use of PR depends on its reactivity and generally recommended
for soils with a pH of 5.5 or less (Corley and Tinker, 2003).

Precipitation as metal(loid)-P has been proven as one of the main
mechanism for the immobilization of metals such as Pb and Zn in soils.
These fairly stable metal-P compounds have extremely low suitability over
wide pH range, which make P application as attractive technology for
managing metal(loid)- contaminated soils. Thus, application of apatite as
amendment appears to be a promising soil additive for immobilizing metals
in polluted soils (Soltan et al. 2012). Its effectiveness has been reported in
several studies to reduce Pb uptake by plants (Cotter-Howells and Caporn
1996; Laperche et al. 1997; Hettiarachchi et al. 2000).

A glasshouse study has been conducted to assess the effectiveness of Pb
immobilization due to chicken manure application using different sources
of phosphate materials; bone meal (BM), Egyptian rock phosphate (ERP)
and triple super phosphate (T'SP) (Naim ¢t al., 2017). From the fractionation
of glasshouse study, the percentage of exchangeable fraction of Pb was
reduced with application of P-amendments with the highest of 20.2%
of reduction recorded for 2 t/ha application of T'SP. This is followed by
reduction in exchangeable fraction for others treatments: 2 t/ha of BM
(4.1%), 4 t/ha of BM (5.1%), 1 t/ha of ERP (8.1%) and 2 t/ha of ERP at
17.6%. These treatments were recorded as being able to stabilize the Pb as
indicated in the percentage reduction of phytoavailable pools into a more
stable form of residual pool (Figure 18).
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Figure 18 The lead content expressed as percentage in 5 fractions; 1)
exchangeable, 2) carbonates, 3) Fe & Mn oxides, 4) organic matter and 5)
residual with application of different P-amendments.

Another glasshouse study was conducted to determine whether lime
and POME amendment at 4 different rates can help reduced Cd uptake
by oil palm seedlings using Gafsa Phosphate Rock as source of P fertilizer
(Aini Azura et al., 2012).

Segamat Series amended with POME showed significant differences
(p<0.05) of water soluble and Fe-Mn fractions between four rates of
treatment (Iig. 5.19). This treatment decreased the exchangeable fraction
whilst increasing the residual fraction even though the data were not
statistically different. Meanwhile, cadmium in Segamat Series amended
with lime was highest in the residual fraction followed by the exchangeable,
carbonate, I'e-Mn, organic and lastly water soluble fractions (IFig. 5.20).
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Figure 19 Concentrations of Cd fractions in Segamat Series amended
with four rates of POME
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Figure 20 Concentrations of Cd fractions in Segamat Series amended
with four rates of lime
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Issues Pertaining to Immobilization Technique

A major issue associated with immobilization technique is that although
metal(loid)s become less available for plant uptake, their total concentrations
in soils remain unchanged unless transported out of the soil system through
leaching, colloid facilitated transport through surface runoffs, etc. The
immobilized metal(loid)s may become plant available with time through
natural weathering processes through the breakdown of high molecular
weight metal(loid)s complexes or change in soil condition such as under
waterlogged condition.

Most of studies on immobilization of metal(loid)s are conducted
on laboratory or glasshouse scale. More field studies are required to
demonstrate the values of a range of immobilizing soil amendments to
remediate contaminated soils. These field studies need to also examine the
impact on the presence of co-contaminants and the long-term effectiveness
of using soil amendments should be investigated.

Conclusion

There 1s great potential of practising in-situ immobilization technique
using soil amendments on agricultural soils that are high in metal(loid)s
content. These amendments can reduce metal(loid)s uptake by the crops
to below maximum permitted concentrations as gazetted in the Malaysian
Food Act (1983) and Food Regulation (1985) and thus considered safe for

human consumption.
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Biochar - Soil Biological Interactions
Noraini Md Jaafar, Lynette K. Abbott, Zakaria M. Solaiman, and Radziah Othman

Introduction

Biochar, the solid product of pyrolysis process, has gained considerable
attention as an alternative soil amendment for soil sustainable land use.
This carbon stable organic matter is produced from various feedstocks
originating from plant and animal materials (Lehmann et al. 2011). The
pyrolysis processes, including the temperature and duration time, transform
the feedstocks to biochar with various particle sizes and porosity. Biochar is
a relatively stable and porous form of organic matter compared with other
forms of organic matter applied to soil. Further activation of biochar
greatly enhances the porosity of biochar. Biochar has been advocated
to overcome soil fertility problems and mitigate against global warming
through carbon sequestration due to its long residence time in soil (Nichols
et al., 2000).

Biochar can play roles in nutrient retention in soil and reduce leaching
(Ding et al., 2010; Mukherjee and Lal, 2013). Retention of nutrients by a
combination of biochar and clay was shown to be associated with reduced
cumulative NH, " leaching (Knowles ¢z al., 2011). Similarly, biochar addition
to soil reduced nitrate leaching from biosolids amended soil (Dempster et
al., 2012). Other biochar benefits include amelioration effects on soil pH,
increased cation-exchange capacity, water retention and improvement to
soil biological properties (Solaiman et al., 2010; Lehmann et. al., 2011).
Several mechanisms have been proposed with regards to the beneficial
effects of biochar on biological activity in soils and plant roots (Warnock
et al., 2007; Jaafar et al., 2014; Jaafar et al., 2015). For example, the porous
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structure and high surface area may have a role as a habitat for soil
biotaincluding arbuscular mycorrhizal (AM) fungi (Warnock et al., 2007).
However, the fate of biochar once amended in soil is often overlooked. It
is important to understand the interactions of biochar-soil biota over the
longer-term.

Modification of the physical and chemical properties of biochar
particles and the attachment of soil particles to biochar surface might alter
habitat potential by biochar and microbial activity as well as AM fungal
infectivity and effectiveness (Thies and Rillig, 2009; Lehmann et. al, 2011;
Hammer at al., 2014). Ameliorative effects of biochar on soil biology have
a close relationship with the way biochar is managed in soil. Management
practices associated with use of biochar require consideration for their
potential to provide beneficial contribution to soil fertility and sustainability.

Biochar Fate in Soils

Once biochar enters the soil, the particles undergo several changes following
interactions with soil and biological activities. Soil particle accumulation in
or on biochar and microbial attachment to biochar surfaces and within
biochar pores may take place. Concurrently, soil fauna such as earthworm
may ingest and break down the biochar particles and ameliorative effects of
biochar may follow. Larger particles of biochar may gradually break into
smaller particles over time. However, while biochar particles can undergo
physical changes, the duration of this process is not well understood and
may differ for biochars maded from of different forms of organic material.

Microbial attachment and colonization of biochar pores might alter
soil microbial communities and their activities (Atkinson et al., 2010; Sohi et
al., 2010). Other changes related to the use of biochar include the influence
on soil chemical and physical properties. These changes in soil properties
are mainly influenced by the amount and source of biochar. Soil pH and
water retention due to biochar amendment may improve with biochar
application, and this could be favorable to soil biota generally. Soil attached
to biochar may facilitate the introduction of microorganisms, substrate,
nutrients and water sources in or on biochar particles. In addition, biochar
surfaces when exposed to air will gradually oxidize, promoting opportunities
for soil microorganisms and root growth, leading to improved biological
activities. The changes that occur to biochar surfaces may also influence
water flow and nutrient retention in soils (Joseph et al., 2010).
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Biochar Influences on Soil Biology

Biochars have been shown to both positively or negatively influence the
soil beneficial soil microorganisms, and the mechanisms may either be
direct or indirect (Warnock et al., 2007; Lehmann e al., 2011). Among
these mechanisms are: (i) biochar may protects soil organisms from
predators via its porous nature which has potential to create a habitat
for soil microorganisms, (i) moderation in soil acidity through biochar
addition can affect important soil properties by increasing soil pH and
water retention, leading to better conditions for soil organisms, (iii)
biochar interactions with soil fauna may stimulate soil microorganisms
and soil physical properties, and (iv) indirect biochar effects can lead to
soil modification changes including microbial enzyme and other processes
that alter nutrients retention or release from soil (Warnock et al., 2007).
The mechanisms by which biochar might affect soil biology depend on
biochar management practices, such as biochar placement and particle
sizes (Jaafar, 2014). Biochar management factors and the growth of soil
organisms and microbial related processes can be interconnected (Figure

1).

s |
-
e

=1

Figure 1 Examples of biochar factors and soil processes likely to
influence soil health
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Biochar Management for Soil Biological Improvement

Biochar management that includes selecting the optimum amount, source,
and particle size for improved soil fertility must take into account its impact
on soil biology. Understanding both biochar as well as its reactions in soil
are necessary for attaining desired responses and balance to the soil system.

Biochar characteristics have been shown to be a driving factor for soil
biological development and microbial population in soil (Thies and Rillig
2009; Rillig et al., 2010). The heterogeneity found in biochar are the results
from from various sources and pyrolysis processes, which are the main
factors associated with ameliorative effects of biochar on soil ecosystems
(Gundale and Delluca, 2006; Chan ¢t al., 2008; Downie ¢t al., 2009). In
addition, biochar sources also determines the amount and methods of
application for soil and plant benefits.

The physical features of biochar have been widely characterized for
various biochars prepared using a range of pyrolysis parameters. The
source of biochar feedstock contributes to the heterogeneity of biochar
characteristics, which also occur even within one source. Pyrolysis processes
and biochar sources create biochar with varying particle size fractions
from large (>4 mm) to fine particles (Downie et al., 2009; Verheijen et al.,
2009). The range in particle size may influence microbial attachment and
faunal ingestion. Generally, it is expected that the larger the particle sizes
have lower surface area than the finer particles. However, a study of pore
properties of a woody biochar and 3 different particles sizes showed that
external surface area did not differ much across 3 varying particle sizes
0.5-1.0, 1-2 mm to 2-4mm (Figure 2; Jaafar ¢t al., (2015a)). Biochar pores
quantified and characterized however, may not reflect the actual habitable
spaces for microorganisms.
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Figure 2 Biochar surface and pore characteristics on varying particle
sizes among Wundowie (woody) biochar from jarrah (Eucalyptus marginata)
and wandoo (Eucalyptus wandoo) (after Jaafar et.al., 2015a).

The rate of application of biochar to soil may influence biological
activity and other soil processes. The most effective amount of biochar
applied to soil is normally related to its chemical properties including
nutrient concentrations and background soil characteristics such as texture
and soil management practices (Yeboah et al., 2009; Beesley et al., 2010;
Kimetu and Lehmann, 2010). The responses of soil microorganisms to
increasing rate of biochar applied to soil vary from decreased microbial
biomass (Dempster et al., 2012), to trends of increased microbial activity
(Rutigliano et al., 2014) and AM fungi (Solaiman ¢t al., 2010). For example,
Steiner ¢t al. (2008) observed that microbial biomass and respiration
increased when biochar was increased from 50 to 150 g kg™ soil.

The other biochar management practice relevant to effects of biochar
is its placement in soil. Biochar can be banded, thoroughly mixed with
topsoil, or surface applied. Any effects of placement on soil microbiology
may be due their access to biochar particles (Blackwell et al., 2010;
2015; Solaiman et al., 2010. Banded or homogenously spread biochar
in soil systems may affect the microhabitat of soil organisms. However,
experimental evidence on the effects of biochar placement on microbial
activities is lacking.
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A number of factors can influence interactions between soil and
biochar (Table 1). However, there are mixed results from positive, no
effects to negative effects on biochar management in soil on soil microbial
abundance and development of microorganisms and soil fauna.

Table 1 Biochar management factors likely to influence soil biota

Biochar application

Effects on soil microorganisms

Biochar source

Application amount

Particle size

Application method

Organic amendment with
biochar

Positive, negative and no effect on microbial
respiration, microbial C, arbuscular mycorrhizas
(only root colonisation) as well as fauna

Effective amount is soil specific (soil history,
type, management). Lower amounts must be
accompanied with other nutrient source (e.g
fertiliser or labile organic matter) for microbial
activity and arbuscular mycorrhizal colonisation

Effects on soil microorganisms in bulk soil is not
known. The emphasis has been on microbial
attachment in microsites

Microbial colonisation in deposited biochar
(local or close proximity) versus bulk soil differ.
Biochar dilution effects in soil and with plant
roots are not known

Previously  focused on  biochar  priming
effect; organic matter helped rate of biochar
mineralisation

Mechanism Underlying Biochar — Soil Biology Interactions

Biochar as a habitat

Biochar has a high surface area which provides opportunities for microbial
attachment, whereas the pore characteristics (high porosity, high numbers
of larger or smaller pores) reflect the potential microbial habitat (Thies
and Rillig, 2009; Jaafar et al., 2014). In terms of porous structure, activated
biochar and woody biochar normally had higher porosity and pore
properties than other organic derived biochar. Activated biochar also has
high surface area (Steinbeiss ez al., 2009; Ahiduzzaman and Islam, 2016).
Both laboratory observations of fungi on biochar and those from biochar
extracted from soils support the suitability of biochar as a refuge to soil
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biota (Hockaday et al. 2007; Ascough et al., 2010). Biochar surfaces were
colonized by fungal hyphae. Soil organisms can establish on biochar
biochar surfaces and in exposed pores. Weaker physical structures such
as cracks in biochar particles may also facilitate microbial colonization
(Verheijen et al., 2009; Ascough ¢t al., 2010).

Pore connectivity and pore size are likely to influence microbial
colonization of biochar. Pores with diameter from 2— 80 pm normally
found in wood were beneficial for fungi as well as bacteria (Thies and Rillig,
2009; Hammer et al., 2014). These pore sizes would enable soil bacterial
cells and fungal hyphae to enter internal spaces within biochar (Swift et
al., 1979). Jaafar et al. (2014) visually observed heterogeneous properties
of biochar (Figure 3a) and found fungal attachment in biochar pores as
well on biochar surfaces after retrieval from soil (Figure 3b). Attachment
of soil particles onto biochar particles and soil particles were also observed
(Jaafar et al., 2015a). However, potential impacts of soil particles that clog
biochar smaller pores (20 pm diameter) and cement biochar surfaces is not
clear. This clogging could positively or negatively change the biochar pore
and surface structure and overshadow the potential for biochar pores to
provide microbial habitat. Adsorption of organic matter to biochar, thus
blocking biochar pores can also decrease porosity and lead to competition
for space, air and water by microorganisms (Kwon and Pignatello, 2005).

(a) (b)

Figure 3 a) A SEM image of biochar heterogenous properties and
b) fluorescence image of fungal hyphae attached onto biochar
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The degree of microbial colonization in or on biochar may vary
depending on the pores size. Larger pores (about 100 pm diameter) within
biochar could be suitable for fungal habitat (Jaafar et al., 2014). Pyrogenic
biochar has been shown to be colonized by fungi on both interior and
external surfaces (Hockaday et al., 2007). Soil fungi residing in biochar pores
and surfaces may obtain benefits, and this could lead to influences on plant
growth. Hammer et al. (2014) showed how mycorrhizal fungi can improve
phosphorus acquisition while colonizing biochar surfaces and microsites.
Sporulation on extraradical mycorrhizal hyphae has been shown to occur
in micropores (Saito and Marumoto, 2002). Activated biochar can adsorb
microorganisms strongly according to its hydrophobicity (Rivera-Utrilla
et al., 2001). The habitat attachment by soil microorganism was also
accompanied with microbial activities as measured in soil respiration and
biomass (Table 2).

Contrasting effects of biochar with varying particles sizes retrieved
from the soil was noted for microbial biomass C, whereas smallest particle
size studied (0.5-1.0 mm) resulted in the lowest in microbial biomass P after
28 days of incubation (Jaafar ef. al, 2015a). Following this study, comparison
of biochar (activated biochar versus biochar from pyrolysis) was made in
4 types of soil histories (Jaafar et.al.,2015b). In general, stimulation of
microbial respiration was greater in activated biochar-treated soil than in
soil amended with normal pyrolyzed woody biochars (Table 2). This could
be attributed to greater porosity of activated biochar than normal pyrolysis
biochar (Downie et al., 2009; Rillig e al., 2010). Other studies conducted
on soil biology including mycorrhizal fungi and soil fauna in response to
biochar amendments is presented in Table 3. The proposed mechanisms
varied from habitat provision to soil biota provided by biochar and the
subsequent soil properties affecting these soil microorganisms and fauna.
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Table 2 Effects of biochars on soil microbial respiration in four soils
after 28-d incubation period. Soils 1, 2 and 3 were collected from the
alternative crop area, agroforestry area and pasture, respectively, in
Chittering, Soil 4 from the pasture in Bullsbrook, WA.

(after Jaafar ct.al., 2015b)

Biochar Sources Clumulative Carbon Dioxide (mg kg™!) after 28 days
Soil 1 Soil 2 Soil 3 Soil 4
Control 32.81 34.74 61.80 22.65
Simcoa 37.08 40.61 54.02 32.59
Activated Biochar 43.99 47.58 60.15 30.24
Wundowie 33.57 32.05 48.12 26.72

Ingestion of Biochar by Soil Fauna

A mechanism by which biochar interact with soil biota is through biochar
influences on soil fauna. While biochar creates a condusive environment
and refuge for soil microorganisms, their influence on soil fauna as
microbial predator is not known. Soil fauna may be attracted to biochar
particles, preying for fungi and bacteria but the potential influence soil
microorganism-predator cycles remain unclear. Direct biochar effects of
soil fauna can influence microbial communities via their grazing activities,
in combination modification of soil structure (McCormack et al., 2013).
Earthworms for example, are able to ingest biochar particles. Through
ingestion, they excrete fecal and producing biochar complexed with
minerals (Ponge ¢ al., 2006). The minerals released would be beneficial for
both microorganisms and plants.
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Table 3 Summary of several experiments on the application of biochar
and the effects on soil biota (after Warnock ¢t al., 2007; Lehmann et al.,

2011; McCormack et al., 2013).

Biochar Main Effects on Soil Microorganisms  References
Feedstock
Poultry Increased microbial biomass C Chan et al. (2008)

Bull manure

(dairy)

and pine (Pinus
spp-)

Papermill waste

Pinus radiata

Wood
(Eucalyptus)
rice husk
Woody biochar
Hardwood dust
Natural wood
charcoal

Wood ash

Wood ash

Wood waste

Respiration increased with increasing
charcoal amount

Increased microbial activity (in
ferrosol) but decreased microbial
activity in calcarosol .

Decline in microbial activity when
unfertilised

Increased fungal and bacterial
abundance; promotion of P
solubilising bacteria

Decreased microbial biomass C

Increased % mycorrhizal colonisation
Increased % mycorrhizal colonisation
Increased % mycorrhizal colonisation

Increased earthworm P
corethrurus activity

Reduced abundance of fungivorous
nematodes

Decreased abundance of Cognettia
sphagnetorum (Enchytraeids)

Increased nematodes abundance

Kolb et al. (2009)

Van Zwieten et al.

(2010)

Anderson et al.
(2011)

Dempster et al.
(2012)

Ishii and Kadoya
(1994)

Solaiman et al.

(2010)

Elmer and
Pignatello (2011)

Topoliantz and
Ponge (2005)

Liiri et al. (2007)

Nieminen (2008)

Husk and Major
(2010)
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The effects of biochar on earthworms is normally observed in
earthworms avoidance tests. These are conducted to observe on toxic effect
of the biochar and ecological preferences of the organisms. Responses
include earthworm preference (Busch et al., 2012; Hale et al., 2013), as well
as avoldance (Chan et al., 2008; Van Zwieten et al., 2010; Tammeorg et al.,
2014). This approach is normally used to predict any potential negative
responses (Domene et al., 2014). Effects of biochar were also observed
on nematodes and enchytraeids. Although Zhang et al. (2013) reported
total nematode abundance did not change with 2.4 Mg ha™! wheat straw
biochar addition, they also observed higher diversity of nematodes and an
increase in the abundance of fungivores. Van Zwieten et al. (2010) reported
papermills waste biochar influenced the preference of earthworms (Eisenia
andrer) in an acid soil this was not observed in a basic soil. The underlying
explanations might be the excessive liming effects associated with toxic
effects of biochar, as well as water content (Li ¢t al., 2011).

Ameliorative Effects of Biochar

Biochar as a soil microbial habitat has been linked to enhancement of
soil properties as shown in soil microbial biomass and other microbial
indicators (Zackrisson et al., 1996; Pietikainen et al., 2000; Hockaday et al.,
2007).

Soil pH

Possible changes in soil pH triggered by biochar amendment could affect
many aspects of microbial activity. Under extremely acidic or alkaline
conditions, microbial activity is decreased. Neutral to alkaline pH
levels are generally favorable for the microbial degradation of various
compounds (Leahy and Colwell, 1990). Neutralizing the soil pH to 7.0
resulted in increased soil respiration rate. Bacterivore soil fauna group may
gain benefits in acid soils due to increased pH associated with biochar
applications that also supported the bacteria (McCormack et al., 2013).
Van Zwieten et al. (2010) showed that papermill waste biochar increased
soil pH and higher microbial activity when applied at 2 and 1.5% biochar
to the acid soil. On the contrary, alkaline properties of biochar, especially
the activated biochar, did not improve soil pH (Jaafar ¢t al., 2015b).

59



Advances in Tropical Soul Science Vol. IV

Substrate and Water Availability

Biochar has the distinct feature that it is rich in C and relatively inert, with
minimal chemical or biochemical alteration (Nichols ¢t al., 2000). However,
Frink (1992) and Bird et al. (2002) showed that pyrogenic biochar had a
reduced C content. Microorganisms may have a biodegrading effect and
their interactions with biochar could affect nutrient cycling and nutrient
availability to microorganisms and to plants. Other biochar benefits may
indirectly influence soil biology including increased nutrient availability,
substrate via carbon and water retention, and increased pH especially
when applied to acid soils (Lehmann ez al., 2011). Large surface area of
activated biochar may provide more opportunity for organic compounds
to be absorbed, enhancing their access to microorganisms (Cornelissen
and Gustafsson, 2004; Foo and Hameed, 2010).

The porous structure of biochar and its strong affinity for nutrients
could provide microorganisms with substrates and protect them from their
natural predators. Biochar can interact with soil particles and influence
soil microbial communities by introducing labile organic compounds for
microbial growth and activating nutrient retention (Graber et al., 2010;
Cornelissen et al., 2005; Keech et al., 2005). Surface-associated fungi and
bacteria may able to degrade substrates and biochar surfaces (Atkinson et
al., 2010; Sohi et al., 2010). Biochar can adsorb cations and organic matter
that are beneficial for soil microorganisms (Liang e al., 2006)

Hammer et al. (2014) observed that biochar can be used by AM fungi
as a surface for hyphal growth and a nutrient source. Through their
monoxenic culture studies, they observed that AM fungi hyphae can grow
on and into biochar particles. Through the contact made between AM
fungal hyphal and biochar surfaces, uptake of P sources was permitted
and subsequent translocation to the associated host roots was reported.
This scenario implies that biochar surfaces improved P translocation
to the host roots via interaction with AM fungal hyphal attached to its
surfaces. AM fungal hyphae which become attached on biochar surfaces,
have potential to subsequently access microsites within biochar. Finally,
nutrient-containing substrates might be preferentially adsorbed by biochar
resulting in increased nutrient availability for microbial colonization.
Higher concentration of substrate on biochar surfaces is advantageous to
microorganisms to (Swaine et al., 2013).
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Conclusion

The underlying mechanisms of biochar and soil fauna and microorganisms
could provide understanding of the related processes in soil. Concerns
regarding the co-existence of beneficial soil biological groups and their
importance in nutrient cycling and soil processes with biochar addition
needs further consideration. However, biochars differ widely according
to the source of organic materials from which they are prepared, and so
caution in generalizing about biochar effects i1s required, and needs to
consider fully the origin of the biochar. Biochar needs to be managed in
environmental-friendly manner for soil biological, chemical and physical
balance and environmental sustainability.
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Roles of Organic Matter in Enhancing Tropical
Soil Quality and Plant Growth
Sustlawati, K. and Ahmed, O.H.

Introduction

Soil organic matter is a component in soil that has great influence on soil
aggregation, water retention or soil water availability (Weil and Magdoft,
2004), promotion of plant growth and supply of micronutrient cation
pools (Chen et al., 2004), nutrient cycles or nutrient reservoir (Brady and
Weil, 1999), C cycle (Weil and Magdoft, 2004) and so on. The role of soil
organic matter in alleviating soil compaction, improving soil workability,
enhancing water use efficiency, suppressing plant’s pests and diseases,
controlling soil erosion whether by wind and water, and controlling surface
crusting (Weil and Magdoft, 2004) make the soil organic matter more
important in recent years. This chapter highlights the essential of organic
matter in sustaining soil quality and promoting optimum plant growth.

Classification and Decomposition

Soil organic matter is classified in the same category as humus. According to
Stevenson (1994), humus is the total of organic compounds in soil exclusive
of undecayed plant and animal tissues, their ‘partial decomposition’
products, and the soil biomass. Humification processes convert almost
three quarter to about fourth fifth of organic matter into humus. Humus
is characterized by high hydrophilicity and sorption ability whereby it
considerably participates in the physico-chemical processes in soils. The
sorption capacity of humus is 15 to 36 times higher than that of clayey
minerals. Humus particles have a negative charge and are surrounded by
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cations (Hoffman and Hoffman, 2007). In most agricultural soils, the bulk
of the organic matter occurs as stable humus (Stevenson, 1994).

The classification of organic matter varies, as it could be based on their
decomposition and researcher’s understanding. According to Tan (2003),
dead fraction (humus) 1s the final product of decomposition where chemical
and biological processes take place while live fraction is the materials that
take part in the decomposition processes. Stevenson (1994) agreed with
this definition except that Stevenson (1994) included microbial biomass
and water-soluble organics as parts of soil organic matter.

Generally organic materials go through decomposition processes
until they reach stability. Thus, the decomposition stages and rate of
organic matter production depends on climate, soil physical, chemical and
biological properties factors and vegetation composition. Decomposition
of litter inversely relates to C:N and lignin:N ratios (Post, 2006). Thus,
C:N and lignin:N ratio could be indicators for decay rate or decomposition
stages. The incorporation part of the C into microbial tissue, liberation of
CO,, conversion of organic form of N to NH, and utilization of part of
N by soil microorganisms for new cell synthesis establish their consistency
for G and N (Stevenson, 1994) in composted organic matter and can be
used as an indicator for maturity and classification purposes. A C:N ratio
of more than 30 slows decomposition processes, beyond this ratio leads to
immobilization whilst a ratio of less than 20 releases N (Rice, 2006). The
value of 10 to 12 has been proposed by Jimenez and Gracia (1992) for
stable and well decomposed organic matter.

Mode of land use has significant effect on soil organic C storage.
Shifting of natural vegetation to agriculture results in marked decline in
soil organic matter levels due to less C addition from agricultural practices
(Weil and Magdoft, 2004; Spaccini ¢t al., 2001). Widespread conversion of
natural forests and grasslands to agricultural cultivation has reduced soil
organic matter C stocks significantly in a period of 150 years (Wood ez al.,
2000).

Soil taxonomy uses the same approach in classifying soil organic matter
into fibric, hemic, and sapric fractions which are least decomposed, partly
decomposed, and totally decomposed, respectively (Tan, 2003). However,
Aiken et al. (1985) classified organic matter based on humic and nonhumic
substances. Nonhumic substances refer to the organic compounds that
can stll be categorized chemically, whilst humic compound contains
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polyelectrolytic macromolecules complex mixture which come from
chemical alteration of nonhumic substances (Stevenson, 1986).

Identification and Quantification

Identification and quantification of organic matter plays a major role
in confirming the types and amount of humic substances in soils. With
the use of advance technology (e.g. solid-state CPMAAS, "“C-NMR)
identification and quantification of major types of functional groups (e.g
alkyl, N-alkyl, O-alkyl, acetal, aromatic, phenolic and carboxylic) existing
in organic matter is possible (Guant ez al, 2001; Oades, 1995). With these
new technologies, recently large amount of glomalin which particulates
in organic matter (HA, FA and humin) has been discovered from the
recalcitrant portion of soil organic matter (Weil and Magdoft, 2004).
Stevenson (1994) has discussed the use of Nuclear Magnetic Resonance
(NMR) spectroscopy and analytical pyrolysis. These techniques have been
used in characterizing organic matterin the intact soil without going through
the traditional isolation processes. According to Stevenson (1994), these
methods provide information on compositional changes in crop residues,
peat, and the litter of forest soils during biodegradation and humification.
The molecular weight of organic matter could also be determined using
different methods. According to Tan (2003) filtration, gel chromatography,
viscosimetry, freezing point and x-ray diffraction are the various methods
that can be used in determining molecular weight of organic matter.
However, due to different procedures and reactions involved in each of
the methods used, the values of the molecular weight obtained may widely
differ from one to the other. As an example, the molecular weight of HA
may vary from 36,000 to 25,000 and 1,390 as determined by viscosimetry,
freezing point, and x-ray diffraction techniques, respectively (Tan, 2003).
The use of ultraviolet and visible light spectrophotometry is commonly
related to the identification of humic substances colour (Tan, 2003). Two
different wavelengths are commonly used [465 (E,) and 650 (E,) nm] in
measuring the color of humic substances. The ratio of E, and E,, commonly
called as colour ratio serves an index for the rate of light absorption in the
visible range. High colour ratio (7 to 8 or higher) indicates the presence
of FA or low molecular weight HA. Whilst low ratio corresponds to the
high molecular weight HA or other compounds (Tan, 2003). In forest soils,
ultraviolet spectrophotometry could be used to investigate the substitution
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of the aromatic C content and related properties of dissolved organic
carbon (DOC) (Jaffrain et al., 2007).

Buffering and Exchange Capacity

Organic matter contributes to cation exchange capacity (CEC) of soils. Soil
with low clay contents normally depends on soil organic matter for their
CEC. For example, a soil with 50% illitic and chloritic clays (500 g/kg)
and 5% soil organic matter and pH of 6.5 will have a CEC of ca. 20 cmol
(+) kg™ with approximately half originating from the clay and half from
the soil organic matter. At this pH, the CEC of soil organic matter mostly
comes from carboxyl groups which have lost H" and indirectly gained a
negative charge. However, when the soil’s pH is lower than the pKa values
of carboxylic groups or below pH 4, the CEC of soil organic matter is
not expressed due to tightly held of H* by soil’s organic matter acid groups
(Weil and Magdoft, 2004). The presence of organic matter increases CEC
by 20 to 70% (Stevenson, 1994).

Types of Organic Matter Added into/onto The Soil

There are many types of soil organic matter. They can be divided into two
categories; fresh residues or composted organic matter. These aspects are
subsequently discussed.

Crop Residues

Surface placement of plant residue can maximize erosion-resistance
besides significantly contributing to nutrient cycling functions (Gascho,
2006). Kayuki and Wortmann (2001) demonstrated that application of
high quality organic residues increases maize and bean yield. Organic
residues also affect water infiltration rate and hydraulic conductivity,
processes which control the amount of water entering the soil that can
be stored for plant use (Weil and Magdoft, 2004; Whitbread et al., 2000).
Polysaccharides exuded from roots and microorganisms adsorb strongly
to negatively charged soil particles through cation bridging (Chenu, 1995)
and contribute notably to aggregate stability (Martens and Fankenberger,
1992; Angers and Mchuy, 1989; Cheshire et al, 1989) and hydraulic
conductivity (Robertson ¢t al., 1991).
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Organic Amendments

Organic amendments are one type of organic matter added to the soil.
These organic materials improve soil fertility because of their organic
matter contribution (Ferreras et al, 2006; Flavel and Murphy, 2006;
Kockba ¢t al., 2004). Incorporation of organic amendments alleviate the
constraints (e.g. soil acidity) and encourage deep root growth besides being
good in improving soil chemical, biological, and physical characteristics
(Gopinath ez al., 2008; Clark et al., 2007).

Improvement of soil fertility is intimately linked with types and
increased levels of organic matter. Soils NH, ™ ions initially depend on the
types of organic amendments added whilst NO, ions are not. Application
of chicken manure significantly increased soil pH (maximum up to 8.1)
consequently exchangeable NH,* and available NO, . Chicken manures
high in C initiate rapid biological activity and improved soil quality (Clark
etal., 2007). Organic amendments improve chemical fertility and biological
activity in high clay sodic subsoil and contribute to an increase in C content
(Clark et al, 2007). The CEC of the soil increased with the addition of
organic amendments such as chicken manure (Clark e al., 2007).

Composted and uncomposted animal manures, organic industrial by-
products, yard trimmings and other organic residues are used worldwide as
organic soil amendments. Amendments characteristics such as availability,
cost, ease of application, and chemical and biological properties affect
their utility in a specific cropping system. In addition, the problems
and opportunities in the cropping systems that might be ameliorated or
exacerbated by amendments must be considered. Long-term low-rate
annual amendment might be a more economically, agronomically, and
environmentally desirable alternative to single-year high-rate application
(Stone et al., 2004).

Organic amendments also have the ability to promote biodegradation
of certain hazardous chemicals in soils. In the case of herbicide (e.g
Atrazine, trifuralin and so on), application of 0.5% manure, 5% peat, and
5% cornstalk enhanced degradation up to 44% (Moorman et al., 2001). On
the other hand, organic amendments of high N content suppress soilborne
diseases through the toxic effects of NH,, nitrous acid, or volatile fatty
acids on plant pathogen growth and survival (Stone ¢t al., 2004; Lazarovits,

2001).
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Compost

Compost 1s the most popular organic fertilizer that has been used in
agriculture for many years. Compost can be prepared in many ways from
different sources of organic waste such as agricultural, sewage sludge,
animal, household wastes and so on.

The pH of compost are usually around neutral to slightly alkaline and
rarely acidic even though a slight pH drop may occur during the first few
days of anaerobic composting due to the production of volatile organic
acids. After this period, the pH becomes neutral or slightly alkaline again
because these acids are converted to methane and carbon dioxide by the
reaction of methane forming bacteria (Ahmed ¢t al., 2004). The CEC of the
compost, a measure of the capacity of the compost to hold exchangeable
cations, such as K, Ca, Mg and Na to the negatively charged surfaces
of the compost (e.g. OH, COOH, when dissociated) also increased from
an initial value of 32 to 68.32 cmol kg™'. This high CEC of the compost
indicates that the organic material of the compost has become more
humified (Sullivan and Miller, 2000).

Application of vermicompost significantly increases yield, enhances
transplant growth rate, fresh weight, and the vase life especially for
flowers (Nethra et al, 1999). Composted manure increases pH, electrical
conductivity (EC), CEC and NO,  concentration. It also decreases
temperature, moisture and organic matter content, NH,* concentration,

and C:N ratio (Gil et al., 2008).

Manure

Animal manures were the first fertilizers used in agriculture (Gascho, 2006).
Animal manures normally contain more N compared to P and K. The
products of those manures must be odourless or odour-free, pathogen-
free and dewatered. The chemical activity of dissolved organic carbon
(DOC) fractions can be particularly important in soil systems amended
with sludge or manure, in which dissolved matter increases the dissolution
of sorbed organic and inorganic elements and facilitate transport through
the soil profile (Kaschl ¢t al., 2000).
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Benefits and Functions

Organic matter plays a major role in nutrient availability to plant roots
in time, space, and form and retention of water in sufficient quantities
with appropriate potential energy to be available for root uptake on an
almost continuous basis. It provides a network of interconnected pores
sufficient to provide pathways of low physical resistance to root growth
and meet plant root needs by supplying oxygen and removing carbon
dioxide and toxic gases. Plant growth promoting soil organisms, sufficient
rooting depth and physical support for optimal plant growth are also some
of the indirect functions of organic matter (Weil and Magdoft, 2004). High
levels of soil organic matter reduce soil erosion and runoff, enhance soil
aggregation and nutrient cycling, besides improving infiltration, movement
and retention of soil’s water (Greenland and Szabolcs, 1994; Woomer and
Swift, 1994).

Total porosity and bulk density also relates directly to soil organic matter
content. The relationship between soil organic matter and bulk density is
linear in the presence of limited range of soil organic matter contents and
curvilinear in the wide range of organic matter. Low particle density due
to the presence of organic matter is a major cause for the effect in soil
aggregation and bulk density (Franzluebbers et al., 2001). Organic matter
increases the capability of holding plant available water in soil, where the
difference between the water content at field capacity and that held at the
permanent wilting point occurs (Hudson, 1994). According to Stevenson
(1994), the presence of organic matter helps in preventing shrinkage and
drying of the soils. Besides improving moisture-retaining properties, it also
stabilizes soil structure that indirectly affects gas exchange. Organic matter
is also involved in solubility of minerals in soil, soil buffering properties
thus making soil a better medium for plant growth (Stevenson, 1994).

Soil organic matter serves as both the principal long-term storage
medium and as the primary short-term source of N, P and S and other
nutrients. Most of the N taken by crops is claimed to come from organic
pools that cycle through microbial biomass. Only 10 to 50% of inorganic
N fertilizers could be taken up by such N-demanding crop (Omay et al.,
1998; Reddy and Reddy, 1993) whilst almost 70% of N could be taken
by plant from organic soil pools (Weil and Magdoff, 2004). Crop response
to mineral fertilizer inputs 1s increased in soils in the presence of organic
matter (Cassman, 1999; Avnimelech, 1986).
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Soil organic matter can also be a source or sink of plant nutrients.
Approximately 90 to 95% of the soil N, 40% of the soil P, and 90% of the
soil S is associated with soil organic matter. Generally, the C:N:P:S ratio
1s 100:10:1:1 (Rice, 2006). However, all of these nutrients are in organic
forms that need to go through other processes to make it available. As an
example, 90 to 95% organic N needs to be mineralized before it is used
by plants.

Roles of Humic Substances

Humic substances are known to play significant roles in agriculture. Some
of the roles are subsequently discussed.

Nitrogen Loss Control by Humic Acids

Humic acids as part of humic substances reduce ammonia loss from urea.
As stated by Susilawati et al. (2009), mixture of liquid HA with urea has
reduced N loss for about 29% (Table 1). Although urea has been diluted
at 4:50 [urea (g):distilled water (mL) / liquid HA / liquid FA / mixture of
HA and I'A] ratio before it was applied onto the soil surface, the reduction
1s still significant. Addition other types of CEC sources like zeolite might
increase the reduction for about 60% although lower rate (0.75 and 1 g
kg') of HA was used in combination with zeolite (Ahmed ¢t al., 2006). The
ability of HA to retain NH, " (Ahmed et al., 2006) at their negatives charges
and the acidic nature of HA might contribute to this significant findings
(Siva et al., 1999).

Interaction with Metal lons

The use of humic substances in chelating metal ions has been reported.
The acidic functional groups play a crucial role in the interactions of
humic substances with metal ions as well as with some organic pollutants
(Janos et al., 2008). The oxygen-containing groups which widely exist in
humic substances represent the most important metal binding sites in the
humic substances molecules (Janos et al., 2008).
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Table 1 Cummulative NH, loss for 30 days of incubation

Label Treatment Nloss  Reduction obtained as
(%o) compared to T2 (%)

TO Control 0° Nd

T1 Urea (liquid) 48.74* 3.88

T2 Urea (solid) 50.71* nd

T3 LHA plus urea 35.90¢ 29.21

T4 LFA plus urea 44.91° 11.44

TS LHA + LFA (acidified) + urea 46.60* 8.11

T6 LHA + LFA (unacidified) + urea  48.65* 4.06

T7 Ammonium sulphate (liquid) 0d 100

Adapted from Susilawati et al. (2009)

Nutrients Availability

In acid soils, there is P deficiency due to strong fixation of inorganic P
to iron and aluminum oxide surfaces under low pH conditions. Organic
substances from organic matter provide a source of P from mineralization
and also reduce the capability of acid soils to lock up P by fixation (Weil
and Magdoff, 2004). Addition of HA increases K availability and plant
K uptake (Olk, 2006). Humic substances have the ability to store N, P, S
and Zn in soils. Thus they can enhanced nutrients uptake and reduce N
fertilization in particular (Mayhew, 2004). Use of HA together Zn humate
eliminated Zn efficiency symptoms and enhanced dry matter production
by 50% in soybean and 120% in wheat. The humate increased soybean
dry matter more than ZnSO, (Ozkutlu et al., 2006).

Enhancement of Plant Growth

Plant growth could be enhanced using organic substances, as an example,
HA enhances plant growth. Nitrogen, P, K, Ca, Mg, Fe, Zn and Cu
uptake increased because of the presence of HA (Adani et al, 1998;
David et al.,, 1994). The salt of HA such as humates have a great effect on
photosynthesis, chlorophyll density and plant root respiration (Chen and
Aviad, 1990; Sladky, 1959; Smidové, 1960). Potassium humate however
enhances microbial population of the soil as compared to non humate
fertilizer (Bhuma and Selvakumari, 2003).
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In case of liquid humic fractions, their uses gave different effect to the
plant growth. As stated by Susilawati ez al. (2011) the efficiency of N, P and
K were affected by application of humic fractions but the effect was not the
same in roots, stems and leaves (Table 2). Eight treatments namely liquid
urea (T'1), solid urea (12), urea + liquid HA (T'3), urea + liquid FA (T4),
urea + liquid mixture of acidified HA + FA (T5), urea + liquid mixture of
unacidified HA + FA (T6), liquid ammonium sulphate [(NH,),SO,] (T7)
and control (no fertilizer) (1T0) were evaluated in their study:.

Table 2 Effect of different treatments on N, P and K uptake efficiency

Plant  Treatment Nutrient efficiency (%)

Part N P K

Leaf TO Nd Nd Nd
T1 7.18" 4.18° 14.79
T2 7.22° 4.03° 14.18
T3 7.26" 3.38° 12.26%
T4 9.63 4.05° 15.39°
TS 8.56% 3.74° 10.84°
T6 8.85% 3.84° 15.45
T7 2.51¢ 1.02° 4.19°

Stem  TO Nd Nd Nd
T1 9.01° 4.55 13.51%
T2 7.85 4.18° 14.91°
T3 7.14¢ 4.45° 14.47%
T4 9.37 4.20° 13.84
T5 7.27¢ 4.23° 11.85°
T6 6.80¢ 4.26* 12.34"
T7 1.69¢ 0.96" 1.32¢

Roots  TO Nd Nd Nd
Tl 3.67* 0.97 2.73¢
T2 3.66* 1.45* 3.47*
T3 2.18¢ 0.71¢ 2.16°
T4 3.46* 1.09" 3.17
TS 3.08* 1.03" 3.15%
T6 2.67" 0.94" 2.64"
T7 0.68¢ 0.25¢ 0.144

Different letters indicate significant difference between means within column using Duncan’s New Multiple
Range Test (DNMRT) at p< 0.05.

* Nd — not determine

Adapted from Susilawati et al. (2011)
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They found that T4, TS5 and T6 significantly improved N used
efficiency in leaves by 34, 19 and 23%, respectively (Table 2). Application
of HA alone or both (HA and FA) however reduced N used efficiency
in stems and the highest N efficiency was shown by FA treatment. The
uptake efficiency for P and K in leaves and stems was not affected by humic
fractions types. The use of both (HA and FA) has caused the lowest N use
efficiency in roots and this has also led to the poor uptake of P and K.

Conclusion

Organic matter is essential in sustaining soil quality or optimum plant
growth and development. Many types of fresh or composted organic
matter sources are available in our environment that are not yet been
utilized optimally to enhance either soil fertility or plant production. This
little information could provide some information on the beneficial effect
of organic matter or organic substances to the soil and plants.
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Introduction

The increasing demand of palm oil was driven by the increasing
consumption of vegetable oil due to the growing human population (Corley,
2009). Due to this condition, palm oil production had grown rapidly and
led to a growing concern about its environmental and ecological impacts.
Increasing global demand for palm oil was mainly supplied by the
increasing production in Malaysia (Lee, 2009) and it was likely to increase
in coming years (Wahid ez al., 2008). The competition for palm oil usage
between food, the feedstock for chemicals and biodiesel had put palm oil
in the limelight and resulted in a controversial global debate (Reijjnder &
Huijbregts, 2008). The debate had revealed the importance of considering
sustainability for palm oil production (Tan et al., 2010).

In Malaysia, there were 4.69 million hectares of land planted with
oil palm with a total annual processing capacity of 92.78 million tonnes
of oil palm fresh fruit (MPOB, 2009; Tan et al., 2010; Wan Razali ¢ al.,
2012). According to Tan et al., (2010), there were 406 currently active
palm oil mills in Malaysia, which produced palm oil efluent mill (POME).
POME was the most polluted organic residue generated from palm oil
mill (Baharuddin ¢t al., 2010). POME was consisting high organic content
mainly oil and fatty acids and able to support bacterial growth to reduce
its pollution strength. Indeed, the anaerobic process was the most suitable
approach for its treatment (Mumtaz e al., 2008). Unfortunately, in
Malaysia, the most popular method for POME treatment was the open
pond system utilized by more than 85% of the mills due to low cost and
economic value (Baharuddin ez al., 2010).
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Current Status of Palm Oil Mills and Processes

Palm o1l mill was a place where the oil is extracted. Significantly, every
commercial plantation had its own mill to extract oil and released waste
such as empty fruit bunches (EFB) and palm oil mill effluent (POME). A
large area was needed for operating the mills starting from grading until
producing the oil product and storage. Crude palm oil was produced from
palm fresh fruit bunches (FI'B) through major operational processes such
as steaming and squeezing (Lam and Lee, 2011). It had been reported
that processing/milling of one ton of FFB requires 1.5 m® of water, and
50% of the water used during milling was released as liquid waste known
as palm oil mill effluent (POME) while the rest was lost as steam in the
boiler blowdown, wash waters and leakage (MPOB, 2008). According to
Lorestani (2006) reported that the oil palm mill in Malaysia is discharged
about 50 million m* of POME each year. In general, the POME
production mainly was low in pH and high concentration of grease, oil,
protein, lipids, and minerals, which important for microbial activity for the
decomposition process (Rupani et al., 2010). This process was crucial for
converting POME into an environmental friendly waste.

Palm Oil Mill Effluent (POME) Sludge

Palm oil mill effluent (POME) consists of suspended solids and dissolves
solids which were left in the mills and discharged into the treatment
ponds commonly named as palm oil mill effluent sludge. Therefore, the
amount of sludge was increased significantly due to the large quantity
of POME production each year (Khairuddin ¢t «/.,2016). POME sludge
was consisting high nutrient value (Zakaria et al., 1994). The contents of
treated POME sludge was identified suitable and in accordance with the
standard of WHO-ML for human consumption and safety in term of
heavy metal elements and microorganism (Table 1). However, the sludge
was having a bad odor and considered as a source of surface and ground
pollution. Therefore, the industries player were focussed on cost-effective
and sustainable technologies to dispose this industrial sludge. According
to Khairuddin ¢ al. 2016 in the recent studies showed that proper
management and treatment processes of POME sludge in the ponds might
utilize this abundant materials into the beneficial organic matter for plant
consumption. Due to that, it is possible in the upcoming years equipped
with proper treatment techniques and methodologies the abundant
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POME sludge issue would be resolved as it was possible to utilize as an
organic fertilizer. Comparison between final compost and POME mixing
with empty fruit bunch (Wan Razali et al., 2012), POME anaerobic sludge
(Baharuddin ¢ a/l., 2010) and POME sludge (Khairuddin et a/.,2016) were
identified that the nutrients and heavy metals showed that there were
insignificant difference. Nevertheless, the content of nitrogen, totally solid,
volatile solid, ferrum, and calcium of POME sludge was higher rather
than final compost and anaerobic POME sludge. In addition, the C/N
ratio value showed that maturity stage of decomposition was below 15

which was already stable.

Table 1 Physicochemical analysis of POME sludge

Parameter POME Sludge Final compost POME
(Khairuddin ezal.,  (Wan Razali e/ anaerobic
2016) al., 2012) sludge
(Baharuddin ez
al., 2010)
Carbon (%) 25.53 38.5 31.5
Nitrogen (%) 4.21 2.7 4.7
C/N ratio 6.35 13.8 6.7
Moisture content (%o) 68.46 49.3 95.0
pH value 7.40 7.5 7.40
Total solid (%) 32.40 - -
Volatile solid (%) 89.43 - -
Heavy metal POME Sludge Final compost WHO-ML
elements (Khairuddin et al., (Wan Razali et al, Standard
2016) 2010)
Copper (mg/kg) 45.05 + 2.87 70.40 + 21.60 75.00
Chromium (mg/kg) 27.86 + 0.55 9.30 £ 0.20 150.00
Cadmium (mg/kg) 0.41 +0.01 4.10 + 0.50 1.90
Zinc (mg/kg) 130.11 + 3.49 90.70 + 10.00 140.00
Plumbum (mg/kg) 0.38 +£0.10 4.20 + 1.60 0.30
Nickel (mg/kg) 10.77 + 0.15 n.d 67.00
Manganese (mg/kg) 422.56 + 12.04 250.40 + 25.10 500.00
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cont’d Table 1

Nutrient elements POME Sludge Final compost
(Khairuddin et al., (Wan Razali et al,
2016) 2010)
Ferrum (%) 2.244+0.02 1.20 + 0.30
Potassium (%) 0.03 +0.01 0.03 +£0.20
Calcium (%o) 1.67 + 0.04 0.70 £0.20
Magnesium (%) 0.55 £ 0.02 1.00 +£0.10
Phosphorus (%) 0.08 + 0.01 1.30 + 0.20
Sulfur (%) 0.30 +0.01 1.20 + 0.40

WHO-ML; Codex Alimentarius Commission (FAO/WHO). Food additives and
contaminants. Joint FAO/WHO Food (2001)

According to Chan and Chooi (1984), palm oil mill effluent sludge
was possible to be dried and used as a fertilizer due to it’s high nutrients
content. Drying was conducted in the open ponds, but during the raining
seasons, this process was disrupted due to the slow rate of drying and
overflow problem. . In the present study, the treated POME sludge was
used as soil amendment for maize growth due to it’s high nutrients content
after adopting some procedures in the open treatment ponds before it was
applied as soil amendment.

Potential Usage of POME Sludge in Agriculture

Usage of organic waste on land was necessary for sustainable agriculture
(Silva, et al., 2010). Furthermore, utilizing POME sludge might increase
soil quality and environment as well as economic performances. On the
other hand, application of organic matter based on oil palm waste such as
empty fruit bunch (EFB), decanter cake and POME in agriculture had been
well utilized (Embrandiri, et al., 2013). However, the actual practices was
different where the POME sludge was still left abundantly and underutilized
by the industrial players. Proper management and treatments of POME
sludge might become possible for the plantation to utilize it as fertilizer.
According to Aroujo ¢t al. (2009), the main intention was finding a solution
in an ecological way to use POME sludge without environmental risks
and recycling it as an organic waste. Meanwhile, the potential of organic
waste with high content of organic matter and nutrients could be used as
fertilizer for the plants (Singh, ez al., 2015; Melo, et al., 2007). Nevertheless,
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the important characteristics of sludge was its nutrient quality, C/N ratio,
trace elements, pH, moisture, and heavy metals. Indeed, these could give
significant effect on soil nutrients and plant performances (Singh et al.,
2015). In the recent studies by Khairuddin ezal., (2016), proper management
and treatment techniques the POME sludge was able to be converted into
an organic amendment (treated POME sludge) for plant establishment.
Significant results were produced on the effect of soil properties and plant
growth after application of treated POME sludge (Khairuddin ¢t al., 2017).

Effects Of POME Sludge on Physicochemical and Soil Properties

Introduction

According to Gasim et al. (2011) recorded that soil was an important
resource in term of land use for sustainable crops. Indeed, it’s determined
the healthy ecosystem promoted by the soil quality indicators (Arshad
and Martin, 2002; Gasim ¢ al., 2011). The deficiency in soil might also
contribute to less production of crops.

Physico-chemical Properties

POME sludge contains 11.1% crude protein, 12% crude lipids (ether
extract), 17% crude fiber, 9% ash and 50.5% carbohydrates (N-free
extract) on a dry matter basis, making it became useful (Ahmed, 2009).
Apart from the organic composition, POME was also rich in mineral
content, particularly phosphorus, potassium, magnesium, and calcium
(Ahmad et al., 2003, Okwute & Isu, 2007). Thus, most of the dewatered
POME (sludge) would be recycled or returned to the plantation as fertilizer,
however, the application must be done correctly to avoid overdose which
might result in nutrient imbalance and led to an undesirable chemical
reactions in the soil. Underutilized of POME might cause the accumulation
of magnesium and inhibited the availability of potassium in the soil. It was
evidence indicating that utilization of POME was limited by the potassium
(or magnesium) value (Kittikun ez al., 2000).

Generally, the POME was found high in heavy metals but in this study,
heavy metal content was important to determine for the safety used of
human consumption, especially as fertilizer. Furthermore, the value of the
heavy metals in treatment pond system was found below the WHO-ML
standard (Khairuddin ez a/. 2017). The heavy metals present in the POME
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were cadmium, plumbum, mercury, chromium, nickel, and manganese.
According to Bigdeli and Seilsepour (2008), cadmium was a highly mobile
metal, casily absorbed by the plants through root surface and moved to
wood tissue and transferred to the upper parts of the plants. The main
source of cadmium in the air was from the burning fossil fuels such as coal
or oil which was also similar to the incineration process by the municipal
waste (EPA, 2000). The treated POME sludge was contained heavy metals
below the WHO-ML standard and safe to use as fertilizer (Khairuddin e
al. 2017).

Soil chemical properties

According to Embrandiri et al. (2013) reported that palm oil mill effluent
(POME), palm kernel cake, decanter cake, empty fruit bunch and palm
kernel shell were potential to use and processed as an organic amendment
for land application. Recently, some studies were using decanter cake
with lady’s finger (Embrandiri ¢f al., 2013), tannery sludge with capsicum
plants (Silva et al., 2010), cowpea (Silva et al., 2013) and olive mill waste
with lettuce and chicory (Kelepsei and Tzortzakis, 2009) as their organic
matter materials for soil amendments. Unfortunately, only a few studies
were utilized the POME sludge as a soil amendment for the plant growth.
According to Khairuddin et al. (2016), the treated POME sludge was
identified equally balance with C, N, and macronutrients (P, K, Ca, Mg, S,
Na). Mostly, these elements were vital in soil fertility and able to increase
productivity of the crops. Moreover, heavy metals content in POME sludge
were determined in accordance with the standard of WHO/FAO that safe
for human consumption. POME sludge increased organic matter content,
decreased bulk density and provided more nutrients to the soil. According
to Hao et al. (2008), stated that the application of organic amendments
generally elevates the soil organic matter and microbial biomass contents
to a much greater extent. Indirectly, it could also assist in producing high
yield as well as the better growth of the plant.

Soil physical properties
Application treated POME sludge might enhance soil physical properties
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and improved fertility status of the soil (Khairuddin et al. 2016). According
to Dexter (1988), organic matter content reduced the soil bulk density
and soil compaction. El-Shakweer ¢t al. (2008) was also reported that
the organic matter elevated soil porosity and infiltration rate. Hati and
Bandyoopadhay (2011) was also reported that the addition of organic
matter increased aggregation and pore volume and showed a positive
effect on the saturated hydraulic conductivity of the soil. Improvement
of soil physical and hydraulic properties would increase crop yield and
quality. The plant available water (PAW) was determined by the different
of water content between field capacity and permanent wilting point in
the soil. In addition, the plant available water might assist the efficiency of
nutrients uptake in the soil by the plant (Karlen et al., 1994).

Effects of POME Sludge Application on Plant Growth

Introduction

Growth morphology and performance was important to determine the
potential biomass of the plant that affected the used of various fertilizer
applications (Silva et al, 2010). Indeed, a similar effect was shown by
organic fertilizer in the growth media (Singh and Agrawal, 2009; Silva et
al, 2010). Some studies were shown the significant growth of shoot, root
and total biomass of plants such as capsicum (Silva et al., 2010), lady finger
(Singh and Agrawal, 2009), Chinese cabbage (Wong, 1996), sesame plant
(Gupta and Sinha, 2006) and beetroot (Aggarwal and Goyal, 2007). Gas
exchanges properties were important to identify the needs of plant growth
(Box, 1996). Moreover, there was important to observe the interaction
between physicochemical needs with the gas exchange parameter
including net photosynthesis (A ), stomatal conductance (G ), internal
CO: concentration (C), and transpiration rate (E,).

i

Growth morphology and performance

The effect of treated POME sludge on the morphology and growth
parameter was vital to observe. Morphology and growth parameter was
observed and measured such as plant height, diameter, leat number, leaf
area, root density, ears length, ears diameter, ears biomass, leaf biomass,
shoot biomass and root biomass. Morphological analysis revealed that the
performance of organic amendment positively affects the plant growth.
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Organic amendment based on oil palm had shown as the suitable substitute
of inorganic fertilizers (Embrandiri ¢t al., 2013). The treated POME sludge
showed a positive effect on the crop, due to the high nutrients content
in the organic matter. All the measurements were directly influenced the
physical growth of maize (Khairuddin ez al. 2016).

Plant biomass was derived from the plant material that included leaves,
brunches, barks, woods, and roots. Dry matter was the basic fundamental
aspect of identifying the importance of biomass for the plant. These could
be observed from the previous research publication on plant physiology.
According to Silva et al. (2010) reported that total biomass was able to
justify the effectiveness of the plant growth in any treatments in the plant
trial. According to Hunt (1982), the growth parameter was formulated by
correction of leaf area ratio (LAR) (1), specific leat” area (SLA) (2), leaf
weight ratio (LWR) (3) and the root-shoot ratio (RSR) (4). Below are the
details:

LAR (cm2 g-1) = Leaf arca Eq. 1
Total biomass

SLA (cm2 g-1) = Leaf arca Eq. 2
Leaf biomass

LWR (em?2 g-1) = Leaf biomass Eq. 3
Total biomass

RSR (cm?2 g-1) = Root biomass Eq. 4
Shoot biomass

Gas exchange properties

According to Abdul-Hamid et al. (2011) the measurement of net
photosynthesis (A ), stomatal conductance (G), internal CO2
concentration (C,), and transpiration rate (E,) were used to measure the
respond of plants towards the environment. According to Silva et al. (2010),
gas exchange content indicates the effectiveness of plant could obtain
nutrients for the growth. An organic fertilizer from tannery sludge (Silva
et al. 2010), POME decanter cake (Embtandiri ¢ al., 2013), and POME
sludge — humic and fulvic acids (Mia and Shamsuddin, 2010) reported

an increase in gas exchange and chlorophyll formation at growing stage.
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Additionally, chlorophyll content had also increased the pigment content
in the plant. Meanwhile, there were no negative effects on plant growth
after application of organic sludge (Silva ez al., 2010).

According to Abdul-Hamid et al. (2011), there was a positive linear
between photosynthesis clean (A ) and stomatal conductance (G
was obviously related to the environment and leaves morphology. In
addition, the correlation could be modulated in the long term with the
growth conditions such as nitrogen, light environment, and high CO,
concentrations (Wong et al., 1979). The combination pattern of stomata-
photosynthesis model was the cause of the changes in physiological
capacities of photosynthesis and patchy stomatal closure (Uddling ez al.,
2005) and low leaf water potential (Kramer and Boyer, 1995 and Abdul-
Hamid et al., 2011). Furthermore, the abundance of CEC in soil affected
the stomata conductivity for the gas exchanges on the guard cells and
epidermal turgor in the cell (Franks e al., 2001).

Effect of POME Sludge Application on Root Length Density and
Shear Strength

Plant root system is important in the interaction with the soil that
contributes more than shoot system. According to Hedley ¢t al. (2010)
reported that evaluations of plant root systems are particular limits with
the soil matrix. However, analysis on the root length density (RLD) could
possibly determine the potential production of the plants. The root length
density (RLD) highlighted the reliability to sequester certain element such
as carbon in the soil properties (Hedley et al., 2010). Indeed, the RLD had
the potential to increase water use cfficiency by optimizing the used of
subsoil water and recapturing the nitrate (Besharat ¢t al., 2010).

Soil strength was derived from direct shear test method which the
frictional resistance met by the soil constituent particles when they were
forced to slide over one another or to move out of interlocking positions
(Khairuddin et al., 2017). The shear strength extent to which stresses
or forces were absorbed by solid-to-solid contact among the particles,
cohesive forces related to chemical bonding of clay minerals, and surface
tension forces within the moisture films in unsaturated soils (Isa et al., 2017).
The presence of roots resulted in an overall increase of the soil strength.
According to Khairuddin et al. (2017), the treated POME sludge was
significantly increased soil shear strength with low cohesion value and high
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angle of internal friction contributed by the root densities. This arises from
the combined effects of soil reinforcement by a mass of roots (Mohamad
Nordin et al., 2011) and soil moisture depletion by evapotranspiration (Ali
and Osman, 2008). Other factors, which affected the soil strength was soil
moisture content, particle size distribution (soil texture), and mineralogical
content of the different soil series.

Generally, the graph (Fig. 1) showed that the shear strength was
obtained after the application of normal stress at 100 kN m™, 200 kN m™
and 300 kN m™? in all samples. The peak strength or shear strength was
plotted for the different POME sludge treatments that were used in the
experiment. The different types of POME sludge were differentiate based
on maturity stage of decomposition in the treatment ponds. Relatively,
the dumping pond (DP) treatment was low cohesion, ¢, while the angle of
internal friction, ¢, increased and the shear stress at failure was obtained
from the shear strength equation. The maximum shear strength in DP
treatment was 500.72 kN m™, ¢ was 30° and the root length density (RLD)
was observed at 334.16 g m™ (Table 2). The treatment with high root length
density (RLD) in algae pond (ALP) with 271.7 g m™ showed the decreased
of cohesion value to 135 and ¢ value was slightly increased. The maize
treated with DP treatment indicated high shear strength compared to all
the treatments (Table 2). According to Ali and Osman (2008) reported that
roots system and roots length density (RLD) increased the shear strength
of the soil. The cohesion value in control treatment was slightly lower than
the other treatments. While the cohesion value (c) was low, the ¢ value
tends to increase.
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Figure 1 Relationship of shear stress and normal stress for POME
sludge treatment (control, MP, ANP, FP, ALP, and DP) (Khairuddin ez al.,
2017)

Table 2 Soil and POME sludge treatment indicated root density and
shear strength parameter of Entisols (Khairuddin et al., 2017)

Treatment Root density Cohesion  Angle of Shear strength
(cm cm®) (c) Internal Friction (kN m™)
@) (¥
Clontrol 75.53 140 25° 422.95
MP 143.69 135 26° 449.67
ANP 203.02 130 27° 454.39
FP 258.24 120 28° 462.83
ALP 271.7 100 29¢ 464.14
DP 334.16 80 30° 500.72

Note: MP sludge (Mixing ponds sludge), ANP sludge (Anaerobic ponds sludge), FP sludge
(Facultative ponds sludge), ALP sludge (Algae ponds sludge) and DP sludge (Dumping
ponds sludge)

Effect of POME Sludge on Microbial Present

Microbial in POME sludge was vital in the digestion process. This study
had identified the present of anaerobic bacteria such as methanogenic
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bacteria (A), acetogenic bacteria (B) and acidogenic bacteria (C) (Fig. 2
and Fig. 3). According to Mata-Alvarez (2003) that these bacterial activities
were important in the decomposition process. According to Kankal, 2012,

the anaerobic breakdown or digestion was assisted by the methanogenic
bacteria.

(a)

Figure 2 FESEM micrograph (Magnification 20000x) treated POME
sludge structure with acetogenic and methanogenic bacteria in dumping
pond. (Khairuddin ¢t al., 2016)

Figure 3 FESEM micrograph (Magnification 20000x) detected
colonization of acidogenic bacteria in treated POME sludge.
(Khairuddin et al., 2016)
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Conclusion

Treated POME sludge was potential and safe to use for the plants as
an alternative of soil organic amendments. The results had proven that
treated POME sludge was low heavy metals and rich in nutrients content
required by the plant growth. Adopting the appropriate management
and treatment processes in the mill treatment pond was vital in order to
produce good quality of organic amendments.
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Greenhouse Gas Emission from Pineapple
Cultivation on Drained Tropical Peat Soils

Liza Nuriati Lim Kim Choo, Osumanu Haruna Ahmed, Mohamadu Boyie Jalloh
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Summary

Pineapple (Ananas comosus (L..) Merr.) cultivation on tropical peats could
affect the release of carbon dioxide, methane, and nitrous oxide emissions
into the atmosphere once the peat is drained. The contribution of soil
greenhouse gases from pineapple cultivation is important as pineapples
are mainly grown in the peat soils of Malaysia. Pineapple is one of the
main export commodities besides oil palm that contributes to the nations’
economic growth in the agriculture sector. It is essential to quantify soil
greenhouse gas emissions before deciding whether pineapple cultivated
peats are net sink or net source of atmospheric greenhouse gases. At
present, information on soil greenhouse gas emission in pineapple
cultivation on tropical peat soils is scarce. This chapter provides general
perspective on tropical peatlands that includes the occurrence of tropical
peat soils, its classification, characteristics, and cultivation trend. Factors
influencing carbon dioxide, methane and nitrous oxide emissions from
pineapple cultivated peats are also discussed. Soil greenhouse gas emission
measurement approach and the need to partition soil respiration from
cultivated peat soils are also included in this chapter.

Keywords: Greenhouse gases, organic soils management, land degradation,
peatland, pineapple
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Introduction

Peat soils in Malaysia are rapidly developed for large-scale agriculture
namely oil palm and pineapple due to their positive contribution to the
nation’s engine of growth in the agriculture sector. However, drainage
that causes water level drawdown of peat soil following land clearing
for agriculture accelerates peat organic matter decomposition (Berglund
and Berglund, 2011). This leads to substantial loss of carbon reserve
and release of greenhouse gases namely carbon dioxide (CO,), nitrous
oxide (N,0O), and methane (CH,) into the atmosphere (Klove ¢t al., 2010).
Carbon dioxide, N,O, and CH, from peat soil are emitted through aerobic
and anaerobic microbial respiration, root respiration, peat oxidation,
nitrification, and denitrification. The emission of peat greenhouse gases is
said to be influenced by land use type (Ismail, 2010), peat type (Kechavarzi
et al., 2010), temperature (Jauhiainen et al., 2012), fertilization (Hadi et al,
2005), water table depth (Chimner and Cooper, 2003), and photosynthetic
activities (Makiranta et al, 2008). Although attempts have been made to
measure greenhouse gases from cultivated tropical peats, such studies
are limited to forest ecosystem, oil palm, paddy, rice-soybean, sago, and
pulpwood (Inubushi e al, 2003; Hadi et al, 2005; Melling et al., 2005;
Watanabe et al., 2009; Jauhiainen et al., 2012).

At present, there is dearth of information on greenhouse gas emission
from pineapple cultivation on drained peat soils. The understanding
and contribution of pineapple cultivation on peats to greenhouse gases
is important, as 90% of pineapples are grown on peat soils in Malaysia
(Raziah and Alam, 2010). Malaysia is one of the top fifteen leading fresh
pineapple exporter in the world (Raziah, 2009) with an export value for
canned pineapples worth at RM 37.2 million in 2011 (MPIB, 2015). From
2006 to 2010, the pineapple industry in Malaysia has been reviving. This
export earning has been improving after a lapse during the 8" Malaysia Plan
(2001 to 2005). The lapse was because of the decline in crop yield that was
caused by attacks from nematode Paratylenchus species (Nik Masdek, 2007).
Pineapple is unique as it is classified as G3 and C4 plant or Crassulacean
Acid Metabolism (CAM) plant (Ritchie and Bunthawin, 2010) that may
well give a different trend of greenhouse gas emission compared with crops
such as oil palm that is widely planted and well studied on tropical peat
soils. Pineapple absorbs CO, at night and keeps them in the form of acid
in the leaves while emitting the gas during the day for it to be processed
into carbohydrates to increase water efficiency. It is able to absorb CO,
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more efficiently with high temperature differences between day and night
(Mohammed Selamat, 1996).

With the growing concern about the effects of greenhouse gases
on environmental quality coupled with the need to achieve sustainable
agriculture, there is a need to account for greenhouse gases from pineapple
cultivation on peat soils to provide a basis for future emission factors.
Failure to account for greenhouse gas emissions from pineapple cultivation
on tropical peatlands could underestimate future rates of increase in
atmospheric greenhouse gases and their effects on global environmental
change processes.

General Perspective on Tropical Peatlands

Occurrence of tropical peat soils

Tropical peatlands occur in East Asia, Southeast Asia, Central America,
South America, and Southern Africa (Rieley, 2008). In Southeast Asia,
there are approximately 27.1 million hectares of peat soil (Hoojier et al.,
2010) that constitute about 6% of the total global peatland area (Jauhiainen
et al., 2012). In Malaysia, peatlands cover about 2.6 million hectares of the
total land, and they are located mostly at the low-lying coastal areas with
excess moisture and having a high annual rainfall (Safford and Maltby,
1998; Ritzema et al., 2004; Ismail and Jamaludin, 2007).

Tropical peat soils are generally defined as soils formed by the
accumulation of partially decayed woody plant materials under
waterlogged condition. Peats are high in organic material with a minimum
of 50 to 65% organic matter or 35% mineral content (Farmer ¢t al., 2011;
Huat ¢t al., 2011), with thickness of 40 cm within the first 100 cm of the soil
surface (Couwenberg, 2011), but may differ in location due to factors such
as climate, temperature, organic content, and degree of decomposition
(Andriesse, 1988; Mutalib ¢t al., 1991; Huat ¢t al.,, 2011).

Peat classification and characteristics

Peat soils can be classified according to their degree of decomposition and
fibre content using the Von Posts Scale (H1 to H10). Based on the American
Society for Testing and Materials (ASTM) standard, peat is classified into
three categories namely fibric, hemic, and sapric peat (Melling, 2005; Huat
et al, 2011). Fibric peat 1s the least decomposed (scale of H1 to H4) with
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a fibre content of over 66%. Hemic peat is partially decomposed with a
scale of H5 to H7, and fibre content ranging from 33 to 66%. The sapric
is a highly decomposed peat with a Von Post Scale of H8 to H9, and less
than 33% fibre content.

In terms of physical properties, tropical peat soils are characterized
by low bulk density, low bearing capacity, high porosity, and high moisture
retention capacity but with a tendency to subside once the soil is drained
(Andriesse, 1988; Ma and Tobin, 2004; Huat e al, 2011). They have a
surface area that is greater than 200 m?/g. Peat soils are also chemically
defined as a naturally polyelectrolyte where their major components
comprises of humic acids, lignin and carbohydrate (Helal Udin ¢t al., 2003;
Allen et al., 2004). Peat soils are generally acidic ranging from pH 3 to 4.5.
They are also low in macro and micronutrients (Safford and Maltby, 1998).
Peat soils have high carbon to nitrogen (C:N) ratio but exhibit high cation
exchange capacity (CEC) which is essential for nutrient storage (Andriesse,
1988; MARDI, 1996; Kasimir-Klemedtsson et al., 1997).

Cultivation of peat soils

Tropical peat soil is considered as a unique natural resource that is
utilizable for a variety of purpose. Peat soils have been used for centuries for
productive purposes especially agriculture and forestry, besides playing a
vital role in ecosystem services including biodiversity conservation, carbon
sequestration, and water regulation. Due to the increasing demand for land
development, peat soils have been encroached, deforested, and drained
for large-scale plantations such as oil palm, sago, acacia, and pineapple
(Ismail, 2008). The cultivation of these plantation crops has the strategic
potential to increase a nation’s economic growth through the production
of agricultural commodities for export. Peat soils are also used for small-
scale agriculture such as vegetables and fruits to increase the livelihood of
rural people (Ismail and Jamaludin, 2007). For these purpose, peatlands
need to be drained as they are highly waterlogged, and are commonly
limed due to their acidic nature. They are also fertilized due to the low
availability of nutrients and deficiency in micronutrients (MARDI, 1996;
Safford and Maltby, 1998; Watanabe et al., 2009).

Presently, 5.1 to 12.9 million hectares of peat in Southeast Asia
(Hoojier et al., 2010; Jauhiainen et al., 2012) have been drained for large-
scale agriculture. The area of peat soils under agriculture 1s expected
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to increase in Malaysia and Indonesia where agriculture is one of their
engines of economic growth. In Malaysia, approximately 600, 000
hectares of peats are cultivated with oil palm, pineapple, rubber, and
sago (Ismail, 2008). In 2015, the Malaysian government announced the
expansion plan to increase pineapple acreage in the state of Sarawak to
3500 hectares for MD2 pineapple cultivars in Kota Samarahan, Saratok,
Mukah, Tanjung Manis, and Bau-Lundu region (Reukeith, 2015). This
rapid agricultural development on peat soils however, 1s currently gaining
widespread criticism from both the scientific community and policy
makers. This is because tropical peats in Southeast Asia are considered as
an important buffer for climate change as they are good in storing carbon
at approximately 68.5 G tonnes of carbon (Page ez al., 2011).

Deforestation and drainage of peats change their physical, chemical,
and biological properties. Peat decomposition is the breakdown of parent
materials by microorganisms in aerobic condition that eventually leads
to carbon loss and contributes to greenhouse gas emission namely CO,,
CH,, and N,O into the atmosphere (Hadi ef al, 2000; Maljanen et al.,
2004; Klove et al., 2010). In addition, clearing and drainage of peat soils
for agricultural development normally involves slash and burn (Ismail and
Jamaludin, 2007; Ismail, 2010). This method is cheap, fast, and reliable
that helps to naturally fertilize peat soils from the ashes of burned plant
materials. Problems arise not only from the degradation of the peat
materials over time but partly due to the risks of peat fires. Burning leads
to CO, and other toxic gases into the atmosphere (Zulkefli ¢t al, 2010).
Greenhouse gas emissions from agricultural activities on drained tropical
peats had since gained the interest of scientific community back in the late
19905’ due to the occurrence of the major peat fires that caused heavy haze
in Southeast Asia in 1997 to 1998. The peat fires were due to large scale
burning of peat areas in Indonesia especially in Kalimantan and Sumatra
for large-scale plantations. This disrupted not only economic activities in
the region but posed environmental pollution and health risks, in which it
was estimated to contribute approximately 0.6 to 3.8 G tonnes of carbon
to the atmosphere (Ismail, 2010).

Greenhouse gas emissions from tropical peatlands

In their natural states, peats emit CH, but sequester CO,. Peatlands
are waterlogged most time of the year and requires drainage to make

104



Greenhouse Gas Emission_from Pineapple Cultivation on Drained ‘Tropical Peat Souls

the soil suitable for agriculture. Although peats store large amount
of organic carbon, peat soils drained for agriculture in particular
accelerate their decomposition rates (Maljanen et al., 2004; Klove et al.,
2010). Biogeochemical processes lead to release of CO,, CH,, and N,O
into the atmosphere (Berglund and Berglund, 2011). In addition, the
biogeochemical processes cause surface subsidence and flooding especially
in low-lying areas (Safford and Maltby, 1998; Kechavarzi et al, 2010). In
recent times, concerns about how this anthropogenic activity from tropical
peats affects the balance of greenhouse gases in the atmosphere and their
role in environmental degradation vis @ vis climate change have been
expressed (Hoojier et al., 2010; Couwenberg, 2011).

Factors such as temperature, water table, and hydrology which affect
GHG emissions in both temperate and boreal peatlands have been well
studied (Waddington and McNeil, 2002; Biasi ¢t al., 2008; Kechavarzi
et al, 2010; Klove et al, 2010). However, studies on greenhouse gas
emissions from drained tropical peatlands are limited. Greenhouse gas
measurements are mostly carried out in the forest ecosystem, oil palm
plantation, paddy field, rice-soybean, sago, and pulpwood (Inubushi et
al., 2003; Hadi et al., 2005; Melling et al., 2005; Watanabe ef. al., 2009;
Jauhiainen ez al, 2012). Additionally, factors influencing greenhouse gas
emissions on drained peatlands are poorly understood. At the moment,
greenhouse gas emission studies are focused on the palm oil industry, as it
1s the major crop that is widely planted on drained peats in Indonesia and
Malaysia. However, current studies have failed to address greenhouse gas
emissions from drained peatlands cultivated with pineapples as pineapples
are widely grown in peat soils of Malaysia.

Carbon Dioxide and Factors Affecting Its Emission

Carbon dioxide is emitted from peatlands when peat materials are
decomposed because of accelerated oxidation of peat materials (Hoojier
et al., 2010; Jauhiainen et al., 2012). Carbon dioxide may also be emitted
from peat soils through burning by wildfires, root respiration, and physical
oxidation (Kasimir-Klemedtsson, 1997; Kuzyakov, 2006). Carbon dioxide
emission 13 influenced by depth of water table (Chimner and Cooper,
2003; Berglund and Berglund, 2011) and temperature (Berglund et al.,
2010; Jauhiainen et al, 2012).
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It is generally believed that higher CO, emission occurs by lowering
the water table of peats because the process leads to exposure of the peat
to oxidation through microbial processes. However, there are conflicting
findings on the effect of water table fluctuation on CO, emission. Chimner
and Cooper (2003) observed that lowering of water level within microcosm
(fen peat) doubled the rate of CO, emission only at certain depth (e.g.
when the water table dropped from just above to just below the soil surface)
but had little effect on the emission rate upon further lowering of water
table. Zulkefli et al. (2008) reported that soil CO, flux under different
agricultural systems in tropical peatland varied with crop types but no
clear evidence was found for the effect of water table depth. Among the
explanations include stable soil thermal conductivity and labile carbon
pool (Parmentier ¢t al, 2009; Berglund and Berglund, 2011). However,
findings by Jauhiainen et al. (2012) show that soil moisture content in the
top soil above the water table affect CO, emission by influencing oxygen
availability in the peat pore space (aerobic condition) and not water table
depth. Hence, there is a need to take into account soil moisture when
evaluating greenhouse gas emission. Furthermore, Kechavarzi et al. (2010)
stated that soil moisture content may not directly affect CO, respiration in
well decomposed peat but observed higher emission rate for fibrous peat
at higher moisture content in which CO, emission is influenced by peat
type. Other studies that monitored the relationship between water table
and CO, emission from drained peat by estimating CO,, flux based on soil
subsidence, carbon content, and bulk density showed that CO, emission
increased approximately 9.1 t CO, ha™' yr! when water table was lowered
every 10 cm depth by assuming the carbon content as 60 kg m™ (Hoojier
etal., 2010).

The other factor that affects CO, emission from peat decomposition
is temperature. Temperature affects CO, emission by increasing peat
oxidation through microbial activities. Higher soil temperature (25°C
to 30°C) favours microbial activity but higher temperature (> 30°C)
above the optimal activity may inhibit microbial respiration because of
inactivation of biological oxidation system (Petterson, 2004; Pietikdinen
et al, 2005; Zulkefli et al, 2010). Most studies on greenhouse gas
measurements have revealed good correlation between temperature and
CO, emission (Berglund ez al., 2010; Kechavarzi et al., 2010; Zulkefli et al,
2010; Jauhiainen et al, 2012).
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Carbon dioxide emission from agricultural activities on drained
peatlands is currently gaining momentum and attention from the scientific
community because of the direct CO, emission from decomposition of
organic carbon in soils. This is because tropical peat store large amount
of carbon (11 to 14% of the global peat carbon) (Jauhiainen ez al., 2012).
Peats in the tropics are rapidly being depleted mostly for agricultural
development. Hoojier ef al. (2010) estimated that CO, emission from
decomposition of drained peats in Southeast Asia contributed to 1.3 to
3.1% of the present global CO, emission which is said to be equivalent
to the combustion of industrial fossil fuel. Current review by Couwenberg
(2011) showed that estimates for CO, emission from cultivated drained
peats is based on subsidence data (assuming that 40% of surface height loss
1s due to decomposition). However, this assumption might not be accurate
as carbon loss measurement based on subsidence causes high variation
taking into consideration the heterogeneity of the organic material
and peat type under different climates. Furthermore, subsidence based
measurements for CO, emission must only be made after an equilibrium
state had been achieved. This is to ensure that the emission solely
comes from microbial derived decomposition and not from the physical
oxidation through shrinkage and consolidation of the peat after drainage
(Kasimir-Klemedtsson ef al, 1997). Hence, there is a need for direct CO,
measurements from drained and cultivated peats to ensure that emissions
are neither underestimated nor overestimated.

Carbon Dioxide Emission in Pineapple Cultivation on Tropical
Peat Soil

Peat soils cultivated with Moris pineapple in Malaysia released 179.6 t CO,
ha/yr on a yearly basis and emissions were affected by seasonal variation
(Lim Kim Choo and Ahmed, 2014). Soil CO, emission in the wet season
was reported to be influenced by the heterogeneity of the soil organic
matter and the diversity of microbial structure in peat (Kechavarzi et al.,
2010). Although soil temperature regulates soil CO, emission, emissions in
the dry season were reported to be low. This findings suggested that higher
soil temperature may have partially inhibited microbial respiration through
the inactivation of biological oxidation system (Zulkefli ez al., 2010) and
emissions across time rather depends on the moderate fluctuation in soil
temperature (0.2 and 1.6°C) of the tropics (Lim Kim Choo and Ahmed,
2014).
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Peat soils cultivated with pineapple was regulated by photosynthetic
activity, heterotrophic respiration, and decomposition of root exudates at
the rhizosphere (Kuzyakov, 2006; Makiranta et al., 2008). Carbon dioxide
emissions were affected by time of sampling. Soil CO, emissions increased
during night time but were lower during day time. These observations were
found to be consistent with the significant negative correlation between
soil CO, emission and soil temperature reported by Lim Kim Choo
and Ahmed (2014). These findings further suggested that CO, emission
increased with decreasing temperature. Luta et al. (2017) reported that
peat soil water table fluctuation does not significantly affect the emission
of CO, in pineapple cultivation under field lysimeter study but emissions
under low water table during the dry season was higher compared than
that of high water table during the wet season. The findings by Luta et al.
(2017) corroborates that of Jauhiainen et al. (2012) who confirmed that
water table depth does not affect CO, emission but soil moisture content
in the top soil above the water table affect CO, emission by influencing
oxygen availability in the peat pore space.

Methane and Factors Affecting Its Emission

In their natural state, tropical peats emit methane (CH,). Both disturb
and undisturbed peatlands are sources of atmospheric CH,. Methane
1s produced during microbial decomposition of organic matter under
anaerobic condition (IAEA, 1992). Tropical peat soils are waterlogged
under natural condition. This condition restricts diffusion of atmospheric
oxygen into peats. This inhibits microbial decomposition of organic
materials (Chimner & Gooper, 2003). Hence, microorganism are not able
to metabolize organic matter into CO, instead, anaerobic degradation of
carbon is carried out by methanogens to produce CH, (Parmentier et al.,
2009).

Methane production in the anaerobic layer occurs in the form of
dissolved species or as bubbles. Methane is released into the atmosphere
through: molecular diffusion (peat pore spaces), ebullition (a process where
bubbles in gas are formed from a dissolved state in water and channel their
way to surface to the atmosphere) at the water table interface, and vascular
plants with aerenchymous porous tissues which transport gases through
plant roots into the atmosphere (Dinsmore ef al., 2009; Watanabe et al.,
2009; Farmer et al., 2011; Zhang and Jiang, 2014). Methane can also be
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emitted through non-microbial CH, production from soil organic matter
under favorable conditions such as high temperature, UV radiation, and
reactive oxygen species (Wang et al., 2013).

Methane emission from tropical peatlands seems to be influenced by
water table (Moore and Dalva, 1993) and soil temperature (Nyakanen et
al., 1995; Hargreaves and Fowler, 1998). Drained tropical peatlands emit
low methane through microbial processes in which CH, produced at the
saturated layer (at the interface or beneath the water table) is oxidized at
the unsaturated soil into CO, by methanotrophs (Parmentier et al., 2009).
However, methane could be influenced by fertilization (Watanabe et al.,
2009). Methane emitted through vascular plant mediated transport could
as well be substantial on drained peats that are cultivated with crops
(Watanabe et al, 2009). In addition, methane emission from drained
peatlands is low and negligible but emissions from available ditches and
during flooding could be substantial (Couwenberg, 2011). Couwenberg
(2011) reported that study on CH, emission from paddy ecosystem on
peats was within uncertainty range of the Intergovernmental Panel on
Climate Change (IPCC) CH, default emission factor.

Methane Emission in Pineapple Cultivation on Tropical Peat Soil

Lim Kim Choo and Ahmed (2017a) have reported that peat soils cultivated
with pineapple contributed to low CH, emission (0.65 t CH, ha/yr) on
a yearly basis and emissions were not affected by seasonal variation and
time of sampling. Soil CH, emissions for pineapple cultivated peats were
turther reported to be affected by nitrate-based fertilization through nitrate
electron acceptors by inhibiting CH, production (Jassal et al, 2011; Sirin
and Laine, 2012) but emissions were neither affected by soil temperature
nor by soil moisture. The findings by Lim Kim Choo and Ahmed (2017a)
on the insignificant correlation between soil temperature and CH,
emissions corroborates that of Jeffary et al (2016) who suggested that
the factor controlling CH, emission was mainly related to the fluctuation
of water table at the soil-water interface. It was also possible that CH,
emissions were emitted from non-microbial production of CH, sources
such as lignin and humic acids (Wang ez al., 2013). This might have occurred
under moderate temperature fluctuation of the tropics as peats are high in
organic matter besides being a natural polyelectrolyte with substances such
as humic acids, fulvic acids, humin, lignin, and carbohydrate (Helal Udin e
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al., 2003; Allen et al., 2004; Zulfikar et al., 2013). Jeftary et al. (2016) reported
that horizontal emissions of CH, in pineapple cultivated peats were higher
than that of vertical emissions with increased emissions particularly in the
wet seasons due to the increase in water table. Nevertheless, the lower CH,
emissions from the reported findings are consistent with the general believe
that CH, emission from drained cultivated tropical peat is lower than those
of anaecrobic or water logged peat soils.

Nitrous Oxide and Factors Affecting Its Emission

Nitrous oxide is produced from two main processes, firstly through
denitrification. Denitrification is defined as the reduction of nitrate to
N,O and consequently to dinitrogen. The second process nitrification,
whereby ammonium is oxidized to nitrate. These processes are regulated
by microbial activities which are influenced by soil nitrogen and nitrogen
fertilization (IAEA, 1992; Saggar et al., 2013; Uchida ¢ al., 2013). Nitrous
oxide is considered as one of the greenhouse gases that must be accounted
for under the United Nation Framework Convention on Climate Change
(UNFCCC) due to its ozone depleting properties and effect on global
warming (Hadi et al, 2000; Jassal et al, 2011; Chen et al, 2014). The
lifespan of N, O is approximately 120 years compared to other greenhouse
gases and the global warming potential of N,O is 310 times greater than
CO, (Reth et al., 2008).

Nitrous oxide from peatlands is derived from both nitrification and
denitrification processes (Maljanen et al., 2007; Jauhiainen et al, 2012).
Nitrification occurs in acrobic condition in drained and fertilized peat soils
(van Beek et al, 2010). This is because decomposition of organic nitrogen
which in turn accelerates soil mineralization, thus increasing inorganic
form of nitrogen which is commonly accompanied by the release of N,O
into the atmosphere. Anaerobic condition in peats favours N,O emission
through nitrifying bacteria which use nitrate for their metabolic processes.
This ends up releasing N,O as a by product to the atmosphere.

Both aerobic and anaerobic conditions cause N,O emission, but the
release is influenced by nitrogen fertilization in particular because N,O
emission increases through mineralization (Couwenberg, 2011; Saggar et
al, 2013; Uchida et al, 2013). However, N,O emission is reported to be
regulated by soil moisture as the emission of this gas is high at intermediate
soil moisture content (Kasimir-Klemedtsson et al, 1997). Fluctuation in
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water table also affects N,O emission (Hadi et al., 2000; Klove et al., 2010;
Berglund and Berglund, 2011). At the moment, there are limited studies
on N,O emission from pineapple cultivation on drained peat soils. Nitrous
oxide emission studies from drained tropical peats are limited to paddy,
cassava, and rice-soybean fields (Hadi ¢t al, 2000; Inubushi e al, 2003;
Hadi et al., 2005). Existing reported data on N,O emission from drained
tropical peatlands is based on similar studies in the temperate grasslands
and temperate croplands (Couwenberg, 2011). Hence, there is a need for
direct N,O measurement from tropical drained cultivated peats to provide
basis for future emission factors under different land use.

Nitrous Oxide Emission in Pineapple Cultivation on Tropical
Peat Soil

Cultivation of Moris pineapple on drained peat soils was reported
to release 15.7 t N,O ha/yr on a yearly basis and N,O emissions were
influenced by seasonal variation (Lim Kim Choo and Ahmed, 2017b).
Seasonal variation in soil N,O emissions could be ascribed to fertilization
management in pineapple cultivation in which nitrogen based fertilization
may have contributed to N,O emission through mineralization (Kasimir-
Klemedstsson et al., 1997; Couwenberg, 2011; Jassal et al,, 2011). It 1s also
possible that soil N,O emissions were influenced by root exudates at the
rhizosphere. These root exudates are low in nitrate due to plant nitrogen
uptake (Saggar et al, 2013) that contributes to a different rate of N,O
emission. Although fertilization regulates N,O emission, soil N,O emission
from pineapple cultivated peat was reported not to be affected by soil
temperature nor by soil moisture (Lim Kim Choo and Ahmed, 2017b).
Due to the limited reports available on N,O emissions from pineapple
cultivated peat soils, further research is needed to assess N,O emissions
from cultivated peats as N,O emissions from drained peats seems to be
influenced by nitrogen fertilization, diversity of microbial structure, and
the heterogeneity of the soil organic matter.

Soil Greenhouse Gas Flux Measurement Approach on Cultivated
Peat Soils

Generally, there are three established methods to quantify soil greenhouse
gas emissions on peat soils. The methods are soil subsidence based

111



Advances in "Tropical Soil Science Vol. IV

estimation, eddy covariance and chamber method. A simplified schematic
diagram showing the principle approach and disadvantage for each
method for greenhouse gas flux measurement is illustrated in Figure 1.

‘ Greenhouse gas flux measurement on peat soil I
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Measurement may be affected
by chamber humidity and
temperature headspace.

Figure 1 Methods to quantify greenhouse gas emissions on peat soil.

Quantification of greenhouse gas flux based on soil subsidence
estimation is applicable to CO, emission only. The principle of this
approach is by calculating GO, emission based on the carbon content of
the soil, bulk density, and subsidence. This is a direct approach, simple,
and clearly defined when all required data is complete. However, problems
arise by taking into consideration the carbon content of the soil as flux
measurement from tropical peat utilizing this method assumes carbon
contentof the tropical peatto be 60 kg m™ or 60% of organic matter (Hoojier
et al., 2012). Carbon varies because of the heterogeneity of peat materials.
It is also influenced by degree of decomposition, type of peat, and location
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in response to changing environmental processes under different climate
(Klove ¢t al., 2010; Berglund and Berglund, 2011; Sirin and Laine, 2012).
In addition, peat soil subsidence is affected by microbial decomposition
of organic matter and physical oxidation of shrinkage and consolidation
due to the loss of water volume after peat drainage. To accurately estimate
CO, emission, flux quantification must only be taken into account after an
equilibrium state of peat subsidence has been achieved. This is because
subsidence due to physical oxidation is continuous and may take several
years (three to five years) after the peat is drained (Kasimir-Klemedtsson et
al., 1997; Berglund and Berglund, 2011; Couwenberg, 2011).

The second method that is also used to measure greenhouse gas flux
from tropical peats is the micrometeorological eddy covariance method.
This approach allows the continuous and long term monitoring of
greenhouse gas fluxes. It measures the net greenhouse gas flux between
the ecosystem and the atmosphere including tall vegetation (Couwenberg,
2011). However, the limitation of this method is that it is unable to directly
quantify the emission coming from below ground biomass including litter
stocks. Furthermore, this approach can only quantify total soil respiration
but cannot separate its individual respiration components and normally,
closed chamber method is applied together to measure the emission
coming from the soil (Kuzyakov, 2006). In addition, by combining the
micrometeorological eddy covariance and chamber method, the net
carbon and nitrogen cycle and the associated sequestration can be
obtained. However, eddy covariance method is relatively expensive with
high maintenance costs (Kuzyakov, 2006).

The widely used method to measure greenhouse gas fluxes is the direct
measurement approach using the closed chamber method (Kleve et al.,
2010; Berglund and Berglund, 2011; Couwenberg, 2011). The principle
of this method is based on trapping of gasses for a certain time interval
in a static chamber that is inserted into the soil at certain depths in which
the trapped gases is either analyzed i situ with a gas analyzer or collected
and analyzed ex sifu using gas chromatography (IAEA, 1992). This
method quantifies total soil respiration without separating the individual
components of soil respiration into autotrophic and microbial respiration
(Kuzyakov, 2006).

Although the chamber method is well established and widely used
for greenhouse gas flux measurement in tropical peat, questions arise in
terms of coverage of the chamber, sampling time of the gas from the
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chamber headspace and limited number of sampling cycles carried out
under different land use. This is because the limited studies available on
greenhouse gas measurements using closed chamber method on drained
tropical peat has failed to provide standard approach. This has resulted in
controversial findings where most measurements are made in small plots
(few cm?) and duration (few minutes) (Inubushi et al., 2003; Hadi et al., 2005;
Zulketli e al., 2008). The coverage of the chamber must take into account
the inherent heterogeneity of the peats. Furthermore, limited number
of time interval during sampling (for a few minutes) will not be able to
represent the emission of gases from the soil. This is because emission may
be influenced by gas diffusion through pores into the air. However, if the
sampling time interval is extended excessively (for example 30 minutes),
gas fluxes may not be accurately measured as it could be affected by the
chamber humidity and temperature headspace (Couwenberg, 2011). In
addition, because greenhouse gas studies on drained tropical peats are
carried out during day time (Inubushi ez al, 2003; Hadi ez al., 2005; Zulkefli
et al., 2010), the chamber method fails to account for emissions during the
night. This is because greenhouse gas fluxes are regulated by temperature
(Berglund et al, 2010; Kechavarzi et al, 2010; Jauhiainen et al, 2012).
Furthermore, differences between day and night temperatures could show
different trends of greenhouse gas emissions under different land uses.

At present, there are no specific guidelines on the size of the
chamber and interval sampling time at the chamber headspace to allow
for accurate measurements of greenhouse gas fluxes from drained
cultivated peat. Therefore, measurement of greenhouse gas fluxes must
take into consideration the appropriate size of the chamber which relates
to the type of peat and land use management at the experimental site.
Furthermore, intermediate sampling time interval must be considered to
avoid high humidity in the chamber and temperature headspace. This
allows for accurate measurements for greenhouse gas emission from the
soil. Moreover, increasing sampling periods to include not only day but
also night measurements could clarify how greenhouse gas fluxes respond
to certain environmental factors such as temperature and moisture.
Generally, the chamber method seems to provide a direct measurement of
soil greenhouse gas emission which is reliable, relatively inexpensive and
applicable for most ecosystem and land use.
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Partitioning Soil Respiration From Cultivated Peat Soils

Most greenhouse gas studies on cultivated drained tropical peats only
quantified total soil respiration (mainly for CO, emission) without
partitioning greenhouse gas emission into individual components that
contribute to the total soil respiration (Inubushi et @/, 2003; Hadi et al.,
2005; Melling et al, 2005; Vasender and Jauhiainen, 2008; Zulkefli e
al., 2008). Sources of soil respiration can be divided into autotrophic
respiration by plant and heterotrophic respiration by microorganisms.
Partitioning soil respiration is gaining research interest in the tropics.
This 1s because total soil greenhouse gas emission does not account for
which respiration component (plant or microbial respiration) responds
to changing environmental condition such as temperature, soil moisture,
water table, land use management, and intensity of different weather
patterns that clarifies whether the soil is a sink or source to atmospheric
greenhouse gases (Mikiranta et al, 2008; Kuzyakov, 2006; Klove et al.,
2010).

Components of soil respiration from plant derived respiration can be
divided into root respiration, rhizo-microbial respiration, and microbial
respiration of dead plant residues, or, in other words, respiration that
occurs in the rhizosphere (Baggs, 2006; Kuzyakov, 2006; Mikiranta et
al., 2008). On the other hand, soil microbial respiration is divided into
microbial decomposition of soil organic matter in root free soil and
microbial decomposition of soil organic matter with plant residues. It also
includes microbial respiration of dead plant residues and rhizo-microbial
respiration where both respirations fall under plant derived respiration at
the rhizosphere (Kuzyakov, 2006). A simplified schematic diagram showing
the individual components which contribute to the total soil respiration
comprising plant and microbial derived respiration is illustrated in Figure

2.
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Figure 2 Partitioning of soil respiration into its individual respiration
sources (Adapted from Kuzyakov, 2006)

Soil respiration is commonly divided into autotrophic and microbial
respiration using non-isotopic method. The most commonly used methods
are trenching and component integration methods. The trenching method
measures differences in soil respiration from planted soil with crops (by
severing roots to prevent further respiration) and without trenched roots
while the component integration method measures soil respiration
by manually separating respiration sources. The two approaches are
simple, experimentally easy to carry out and implement, inexpensive,
and applicable to various ecosystems (Baggs, 2006; Kuzyakov, 2006).
Apart from these methods, another approach is the isotopic method that
commonly uses isotopic "*C and "C labeling. This method allows i situ
separation between root and soil respiration by eliminating soil-plant
disturbance. This isotopic technique is expensive, experimentally complex
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and it requires special equipment as well as maintenance (Baggs, 2006;
Kuzyakov, 2006).

At the moment, partitioning of soil CO, emission from drained
tropical peats cultivated with pulpwood in Sumatra, Indonesia has been
reported by Jauhiainen ¢t al. (2012). In this study, both trenching and
component integration methods were used to separate autotrophic and
microbial respiration. Jauhiainen ef al. (2012) reported that root respiration
contributed to 21% of the total soil CO, emission while the remaining
79% was from heterotrophic microbial respiration. Partitioning of soil
CO, emissions into root respiration, microbial respiration, and oxidative
peat decomposition of a drained peatland cultivated with pineapple in
Malaysia has been reported by Lim Kim Choo and Ahmed (2014). In this
study, partitioning of soil CO, emission was achieved using component
integration method based on the differences between planted soil and
unplanted soil utilizing the lysimeter approach. The authors reported
that microbial respiration were largely responsible for CO, emission that
contributed to 36% (218.8 t CO, ha/yr) of the total soil CO, emission on
a yearly basis, followed by oxidative peat decomposition (34% at 205 t CO,
ha/yr) while root respiration contributed to a lower CO, emission (30% at
179.6 t CO, ha/yr). Soil CO, emissions reported by Lim Kim Choo and
Ahmed (2014) were higher than those reported by Jauhiainen ez al. (2012).
The difference in the CO, emission rate can be ascribed to several reasons
including different type of pulpwood plant physiology, plant density,
and canopy coverage which affect solar radiation. I'urthermore, the
heterogeneity of the peat type which is mainly fibric to hemic in the study
by Jauhiainen ez al., (2012) compared with sapric peat in the study by Lim
Kim Choo and Ahmed (2014) may have accelerated peat decomposition
process characterized by higher CO, emission (Berglund ez al.,, 2010). In
addition, the study of Jauhiainen et al. (2012) was limited to day time CO,
emission measurement compared with the 24 hour monitoring period in
the study by Lim Kim Choo and Ahmed (2014) where differences in day
and night soil temperatures may have affected CO, emission.

Conclusion

Peat soils cultivated with pineapple contributed to the release of CO,
and N,O emissions into the atmosphere but were a negligible source
of CH, under drained condition. Soil greenhouse gas emissions were
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influenced by pineapple photosynthetic activity, heterotrophic respiration,
decomposition of root exudates at the rhizosphere, heterogeneity of
soil organic matter, and nitrogen based fertilization for pineapple. Soil
greenhouse gas emissions were neither affected by soil temperature nor
soil moisture but the emissions seemed to be controlled by moderate
soil temperature fluctuation throughout the wet and dry seasons. Flux
measurement during soil greenhouse gas monitoring using the closed
chamber method may have been influenced by gas diffusion through peat
pores. Thus, greenhouse gas emission studies should take into consideration
the lateral and vertical gas diffusion movement as the transport mechanism
of gas fluxes may be affected by peat macro and micropores at different
soil depths. Further research is also needed on partitioning soil respiration
at the rhizosphere. This is important as most of the greenhouse gas
emissions from drained peat were contributed by heterotrophic and
autotrophic respiration at the rhizosphere. This study will pose a challenge
as rhizosphere derived greenhouse gas emission include respiration from
rhizomicrobial respiration, microbial respiration of dead plant residues,
microbial decomposition of soil organic matter in root affected soil, and
root respiration. Different technique of flux measurement may have to
be considered to partition soil rhizosphere derived respiration including
isotopic method. Mitigation measures from drained cultivated peat are
needed to control greenhouse gas emissions from pineapple cultivation.
Identification of beneficial microorganisms that reduce peat decomposition
may help to minimize CO, emission from cultivated peats. Quantification
and identification of the ratio of active methanogenic and methanotrophic
communities in peat and the possibility of pineapples as plant-mediated
CH, transport may help to further verify whether drained peats are net
sources or sinks of GH,. Further research is needed to assess non-microbial
CH, production in peat as this soil contains high organic matter with lignin
and humic acids as its major components. Application of potential natural
materials to replace nitrogen based fertilization for pineapple is needed to
minimize N,O emissions.
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Distribution of Microbial Biomass, Carbon and
Nitrogen in a Forest Reserves of Perak, Malaysia
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Introduction

Soil microorganisms are an important aspect in the evaluation of soil
quality. This includes determining the soil microorganisms’ abundance,
biodiversity, food web structure and community. This is due to the sensitive
nature and rapid response of soil microorganisms to environmental changes
(Karam et al., 2016). Furthermore, soil microorganisms are correlated
with important soil ecosystem functions, such as moisture storage,
decomposition of forest debris or litter, nutrient cycling, detoxification
of toxicants and suppression of noxious and pathogenic organisms.
Therefore, soil microorganisms give a clear picture of the cause and effect
chain that involves land use management decisions and an approach to
optimize plant and animal productivity. Biological parameters that are
widely recommended to quantify changes due to land conversion are
microbial population counts, enzymatic activity and biomass (Briones et
al., 2010; Karam et al., 2013b). Many studies of soil properties neglect
the importance of biological elements, due to the lack of adequate
and appropriate equipment; preparations for microbial studies require
precision and caution (Miller ez al., 2009).

Microbial biomass is the mass of living microorganisms in a particular
ecosystem at a given time. Microbial biomass responds rapidly to different
land use management techniques, and is also very dependent on the
climatic conditions (Raubuch and Joergensen, 2002). Karlen et a/l. (1997)
stated that microbial biomass should be included as a biological indicator
because it reflects land use history and management. Nsabimana et al.
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(2004) stated that soil microbial community’s biodiversity are essential
for soil function sustainability. Kwabiah et al. (2003) found that microbial
biomass enhanced the process of transforming organic compound into an
inorganic form that would be made available for plant uptake. Groffman
et al. (2001) and Salamanca ¢t al. (2006) in a study on soil microbial
biomass and activity in tropical forests found that in disturbed forests left
for natural regeneration growth, microbial activity was low, but there was
a faster growth rate for vegetation that supplied soil microbial biomass
with a considerable and adequate amount of organic matter. This finding
indicates that microbial biomass is an important constituent of soil organic
matter, and the availability of soil microbes in organic matter shows the
recovery process of rehabilitated and natural regenerated forests. Moreover,
through deforestation and the establishment of forest plantation projects,
land managers can quantify and relate the structure and function of soil
microbial activities at particular forest sites to the current soil properties
(Karam ¢t al., 2012; Karam ¢t al., 2014; Karam ¢t al., 2015). Hence, the
objective of this study is to determine whether there’s a difference in soil
microbial activities between natural forests and rehabilitated forests. By
comparing these two forests types, we would be able to determine whether
enrichment is able to replicate natural forest’s microbial activity over time.

Forest Rehabilitation

Forest rchabilitations are established to nurture or restore degraded
forest areas to its original state. Most of the forest lands degrade due to
lack of forest treatments, which is essential to restore the trees’ growth.
Furthermore, forest plantation establishment is carried in order to curtail
the overexploitation of natural forest resources (ITrockenbodt ez al., 2002;
Malik ¢t al., 2015; Mohd-Aizat ¢t al., 2015). Through forest plantation, the
demand for specific tree species can be countered according to the need
whether the planting would be mono-cultured or mix planted. The planted
forest seedlings used can be from indigenous or exotic species, depending
on the survival rates and demand for the wood production. For example, A.
mangium plantations are important plantation estates, especially in Sabah,
Malaysia. An introduced species, Acacia mangium is a fast growing hardwood
tree that has high demand for wood chips and fiber production.
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Another approach of forest rehabilitation through the introduction
of valuable tree species to degraded forest areas without the elimination
of valuable individual trees that already exist is known as enrichment
planting (Montagnini e al., 1997; Karam et al., 201 1b; Karam et al., 2014).
Enrichment planting is more effective in lowering negative impacts on
soil quality compared to monoculture techniques because it results in
less susceptibility to pests and diseases, higher biodiversity, better water
conservation and less soil erosion. Many dipterocarps or timber tree species
are shade tolerant; thus, shade trees or canopies protect seedlings from
direct sunlight. As for multi-storied forest management, the technique of
forest rehabilitation in which high quality timber trees are employed to
create two or more layers of canopies. The upper canopies are secondary
forest or planted Acacia mangium, while the lower canopy consisting of
planted or introduced dipterocarps trees species.

In Malaysia, Multi-Storied Forest Management Project started from
1991 to 1999 and was divided into two distinctive phases. Multi-storied
planting technique is a method of replanting trees by using fast growing
trees to act as a canopy sheltering shade tolerant tree species. The Forestry
Department Peninsular Malaysia (2002) stated that multi-storied forest
management has gained significant attention as an ideal forest management
technique for conserving biodiversity, preserving the environment and
producing timber. Chikus and Bukit Kinta Forest Reserves in Perak have
been subjected to this planting technique. Acacia mangium and indigenous
high quality timber species including Shorea and Hopea were planted in
the ecarly stages of the project.

Chikus and Tapah Hill Forest Reserves

Sampling was carried out at a natural forest (N 04.10076° E101.19411°,
+ 28 m a.s.l) and an 18-year-old stand of Shorea leprosula (N 04.09197° E
101.19499°, £ 28 m a.s.]) plots from 21* to 23" July 2010. The area has
an average annual precipitation of 3 223 mm and a mean temperature
of 27.7°C. . leprosula was planted in 1992 through collaborative work
of the Multi-Storied Forest Management System involving the Forestry
Department of Peninsular Malaysia, Perak State Forestry Department and
Japan International Cooperation Agency (JICA). The planting distance
for each tree was 10 m x 3 m. The study was also carried out in planted
forest (I'1) (N 04.179394° £ 101.31998°, + 46 m) and secondary forest (I'2)
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(N 04.17336" £ 101.31974°, = 32 m) at Tapah Hill Forest Reserve, Perak
from 21* to 23" July 2010 in which both selected plots were adjacent to
each other, respectively. All of the tree species planting was done on 2™
February 1968 and the trees were 42 years old. The adjacent secondary
forest had been left idle to undergo natural regeneration without any forest
treatment. Twenty six thousand five hundred and forty four saplings were
planted with 304 saplings per hectare and the rates of survival recorded
in 1970 found that only 9,158 trees managed to grow well and survive
with 105 saplings per hectare, respectively. Shorea leprosula, S. parvifolia, S.
bracteolata, and S. macroptera were the main species of Dipterocarpaceac
planted in the compartment 13 enrichment planting plot. The distance
between each tree was 10 m x 3 m.

Soil Microbial Biomass C and N Distribution

Differences in the MBG/MBN ratio between natural forest and planted
forest plots indicate that qualitative changes take place in microbial
biomass; these changes are believed to be enhanced by the cycling and
turnover process of microflora in the soil (Behera and Sahani, 2003). The
MBC/MBN ratios found at 0-15 cm and 15-30 cm depths in the natural
forest were within the optimum ranges of 5-8 (Iigure 1). However, the
higher MBC/MBN ratio in the planted forest plot compared to natural
forest could be due to high amount of microbial biomass N compared
to microbial biomass N (Joergensen e/ al, 1995; Karam et al., 2011a).
Furthermore, immobilization of nutrients as a result of tremendous
high amounts of microbial biomass C compared to microbial biomass N
contributes to the higher MBC/MBN ratio observed in the soil of the
planted forest plot; the higher MBCG/MBN ratio in the lower soil layer
of both the natural forest and planted forest plots indicates a low level of
accumulation of organic matter and fine roots (Bremer and van Kessel,
1992; Maithani ¢ al., 1996; Karam et al., 2011b). Longer period of time
after rchabilitation of degraded forest needed to be given so that soil
biological properties could present with a better results due to formation
of more organic matter that could act as an essential medium for microbial
growth which normally takes long period of time to form (Arunachalam
and Pandey, 2003; Arifin ¢f al., 2012). Dinesh e al. (2003) studied the effects
of deforestation and cultivation of wet tropical forest on the soil microbial
indices found that the range of MBC in the moist deciduous forest with
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less human interferences possess 623 + 11 to 674 14 pg g soil that is
near to natural forest of Chikus Forest Reserve. As for planted forest of
Tectona grandis and Pterocarpus dalbergioides in the previous study by Dinesh
et al. (2003), the range of MBC was 143 £ 6 up to 154 £ 8 pg ¢! soil, but
lesser than the amount of MBC possessed by planted forest of Chikus
Forest Reserve. These results showed that multi-storied forest management
enhances the MBC and MBN of soil at rehabilitated forests. The range of
MBN for moist deciduous forest was between 50 + 5 and 54 £ 5 pg ¢! soil.
As for planted forest of P dalbergioides and T grandis, the range was between
11 + 3 and 14 % 4 pg g' soil. Planted forest of P dalbergioides and I grandis
was established for more than 41 and 53 years, respectively (Dinesh et al.,
2003). However, the amount of MBC and MBN did not reach an equal
or higher level as compared to planted forest of Chikus Forest Reserve
which proves technique of forest rehabilitation gives a significant impact
on the changes of soil microbial. As for correlation analysis carried out
between soil microbial biomass C with organic matter and also between
soil microbial biomass N with total N, results showed that the availability
of the current amount of soil microbial biomass C and N did not show any
positive contribution towards the availability of organic matter and total N
in the natural and planted forests. (Karam et al., 2013b; Singh ez al., 2013).
Availability of organic matter also showed that it does not have positive
contribution on MBC/MBN ratio.

Table 1 Sclected soil physico-chemical properties Chikus and Tapah Hill
Forest Reserves

Parameters Natural Planted Enrichment Secondary
0-15 cm depth

Organic 1231 £ 1.47a 852+ 0.55b 16.99 £ 0.84a 12.12 £

matter (%o) 0.35b

Organic 7.14 +£0.85a 4.94+0.32b 9.86%0.49a 7.03+0.47b

carbon (%)

Total nitrogen ~ 1.66 £ 0.20a  1.10 £0.15b  1.55+0.09a 1.11 £0.09b
(o)

pH-H,O 416 +0.08a 4.22+0.03a 4.36 £0.1l1a 4.19 £ 0.05a
Bulk density (g 1.21 £0.05a  1.36 £0.02b 1.16 £ 0.0la 1.24 +0.02b
cm™)

Moisture 52.83 +29]a 17.67 + 26.33 £ 0.61a 20.50 +
content (%) 1.33b 1.91b
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cont’d Table 1

15-30 em depth

Organic 9.63+ 1.62a  8.07 £ 0.45b 14.29 £ 0.35a 11.27 £
matter (%o) 0.78c
Organic 558+ 0.94a 4.68£0.26b 8.29%0.20a 6.54 £ 0.45¢c

carbon (%)

Total nitrogen ~ 1.26 £ 0.25a  0.87 £ 0.06a 0.81 £0.05a 0.77 £ 0.10a
(o)

pH-H,O 4.65+0.10a  4.30£0.04b 4.42£0.10a 4.23 £0.08b
Bulk density (g 1.35 £0.06a  1.39+0.02a 1.22+0.0la 1.26 +0.02a
cm)

Moisture 50.50 £ 2.67b 19.50 £ 23.33 + 19.17 £
content (%o) 1.78b 0.49b 2.60b

Note: Different letters in each row indicate significant differences between the means of

soil properties at between forest plot using a ¢-test (p<0.05).

Table 2 Microbial biomass carbon (C) and nitrogen in Chikus and
Tapah Hill Forest Reserves, Perak

Chikus Tapah
Parameter ~ Depth Natural Planted Enrichment  Secondary
(cm)
MBC 0-15 824 + 34a 542 £329b 465 £ 105b 158 £ 66¢
15-30 524 £ 115a 337 £233b 325£58b 124 % 35¢
MBN 0-15 149 £ 20a 37 £4c 239 £ 8a 162 = 18b

15-30 113 £ 20a 9 =+ 4c 134+ 12a 78 £ 11b

Note: Different letters in each row indicate significant differences between the means of soil
properties at between forest plot using a ¢-test ($<0.05).
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Figure 1 Total means of MBC/MBN ratio N of C1 and G2 plots.
Different letters indicate significant differences between means for the
same soil depths in natural forest (C1) compared to planted forest (C2)

plots, using a Student’s i-test (p<0.05). (Bars are means, whiskers indicate
standard error of five soil replicates)

A greater amount of organic matter in planted forest is a valuable
indication of greater amount of MBC. Islam and Weil (2000) suggested
that abundance and thickness of the layer of litter as observed on the
forest floor promote high decomposing processes by soil microorganisms.
In addition, Powlson e al. (1987) claimed that the sensitivity posed by
labile C is proportional to the limitation of soil microbial biomass and this
affects organic C aggradation. MBN is greater in planted forest than in
secondary forest for both soil depths (Figure 2). Higher MBN could be due
to the higher total N availability possessed by planted forest compared to
secondary forest. Kandeler ¢t al. (2006) found that an increase in microbial
N might be reflected by the competition between microorganism and
plants in limited N ecosystem condition. Hence, these results proved that
changes in N whether it increases or decreases catalysed the level of MBN
as what we can observe in planted forest and secondary forest, respectively.
Variation of the MBG/MBN ratio between planted forest and secondary
forest showed the qualitative changes occurring in the soil biological
composition as an effect of rehabilitation activities. The level of microbial
biomass C was high for both planted and secondary forests compared
to its microbial biomass N which indicated that mineralization of soil
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nutrients are higher compared to the rate of immobilization. Barbhuiya
et al. (2004) explained that reasonably high soil organic substrate and
low total N compared to organic C at both sites are believed to be the
catalyst for MBC/MBN ratio. Comparing the amount of MBC found in
the planted forest of 1. grandis and P dalbergioides is studied by Dinesh et
al. (2003) showed that the amount of MBC (143 + 6 to 154 * 8 pg g
soil) was lower compared to planted forest (325 £ 58 to 465 £ 105 pg
g soil) of Tapah Hill Forest Reserve. The MBN levels of planted forest
in Tapah Hill Forest Reserve (134 12 to 239 * 8 pg ¢! soil) also higher
compared to planted forest of 1. grandis and P dalbergioides (11 £ 3 to 14 *
4 pg g soil) indicates enrichment planting technique gave better results of
soil microbial compared to monoculture planting technique. Correlation
analysis done between soil microbial biomass C with organic matter, soil
microbial biomass N with total N and organic matter with MBC/MBN
ratio results showed that the availability of the soil microbial biomass does
not have any positive contributions towards organic matter constituents for
planted and secondary forests.

MBC/MBN Ratio
o
(=]

Topsoil subsoil
Soil depth

Figure 2 Ratio of microbial biomass C to microbial biomass N (MBC/
MBN) between the same soil depths in planted forest (F1) and secondary
forest (F2) plots. Different letters indicate significant differences between
means for the same soil depths comparing planted forest (F1) to secondary
forest (F2) plots, using a Student’s -test ($<<0.05). (Bars are means,
whiskers indicate standard error of five soil replicates).
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Conclusion

Studies on forest soil fertility typically focus only on the physical and
chemical properties, while the biological properties are always neglected.
However, this study has shown that biological properties like microbial
biomass carbon and nitrogen has the potential to provide faster indicators
on current changes in the soil environment like deforestation and also
rehabilitation. Microbial biomass carbon and nitrogen in the natural forest
were found to be higher compared to the rehabilitated forests studied.
However, the level of microbial biomass in planted forest of Chikus and
Tapah Hill forests showed better results compared to secondary forest that
underwent natural regeneration without any forest silviculture. Besides
that, longer periods of time need to be given for forest soil to rehabilitate.
As the study has proven, planted forests are able to reach the level of
microbial biomass that is similar to a natural forest.
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Introduction

Soils in Malaysia are highly weathered soils classified as Ultisols and Oxisols
under the USDA Soil Taxonomy classification. These soils are known to be
moderately acidic to highly acidic in nature with soil pH range from pH
2.9 to 5, low in essential macro-nutrients such as N, P, K, Ca and Mg, plus,
low in micronutrients such as Mn, Zn and Fe. The prevailing condition
of Ultisols and Oxisols are not suitable for sustainable rice production.
Besides that, these soils are also known to be deficient in available Si, arisen
from extensive leaching processes (Crooks and Prentica, 2012) . However,
in Malaysia, part of these soils known as an acid sulphate soils have been
used for rice production with an average yields of 3.7 t ha! season™ in year
1995 (Najim et al., 2007).

Rice is a staple food in Malaysia, and the Malaysian Government
acknowledges the need to achieve 100% self-sufficiency level in paddy
production by year 2020. Thus, the need to increase rice production is
paramount. Following that, rice production can be increased in two
possible way: 1) physically increase the rice production area, and/or 2)
increase the rice yield per unit area. In the past 30 years or so, with no rice
area expansion and decline in rice yield per unit area, rice production has
fallen below the Malaysia market demand (Shamshuddin, 2006).

Land is valuable comodity, open new area for agriculture (especially
to increase rice production is not feasible), thus one good alternative is the
use of marginal land. One of the marginal land with some potential is an
acid sulfate soils like in Merbok paddy granary area (Fig. 1) of Peninsular
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Malaysia. Mainly, acid sulfate soils is not suitable for crop production
without proper soil amelioration (i.e., liming the soil). As such, liming is a
common approach to improve acidic soil prior to crop production.

Fig. 1 Satellite photo of Peninsular Malaysia. The Merbok paddy
granary area at northern region of Peninsular Malaysia (red circle).
Source: Google Earth.

In Malaysia, various liming materials are available locally, such as
ground magnesium limestone (GML), hydrated lime (Ca(OH),) and
liquid lime. Britestone Sdn. Bhd is one example of a local liming material
company. This company mines limestone from the limestone hills of Ipoh,
Perak, west coast of Peninsular Malaysia, and the product called as ground
magnesium limestone (referred as GML) after finely ground. Liming
practices improves soil pH and subsequently precipitates Al as inert Al-
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hydroxides, thereby reducing Al toxicity (Shamshuddin, et al., 2010) in an
acid sulfate soils. Besides that, GML also supply significant amount of Ca
and Mg into the soil system for cop uptake.

Rice yield can be increase to 4.5 t ha' season” with annual GML
application of 2 t ha'! (Ting et al., 1993). Whereas, application of 4 t ha'
GML produce yield of 3.53 and 4.21 t ha! in Kedah and Kelantan areas,
respectively (Elisa e al., 2014; Shazana et al., 2014). In some instance,
application of 4 t ha! GML showed a beneficial effect that lasted for eight
years with the effect being comparable to application of 1 t ha' GML
anually (Shamshuddin et al., 1998).

Secondly is hydrated lime (Ca(OH),) referred as HL.. According to the
rice farmers, hydrated lime shows immediate effect upon application to the
soil; therefore, they apply hydrated lime every season prior to rice planting.

Third is the liquid lime referred as LL was introduced by Humibox (M)
Sdn. Bhd., a private company. The company claims that the application of
lime in a liquid form is more effective in correcting soil acidity compared
with the powder form such as GML and HL (http://www.humibox.
com/products/soil-acidity-correctors/liquid-lime). The field trials were
conducted in Seberang Perak area and the rice yield increased by 28.5%
after application of liquid lime in 2004 compared to 2003 (unpublished).

A fact to note that, liming material (GML, HL and/or LL) application
is able improve the fertility of marginal acidic soil for crop production.
Therefore, the objectives were to access the efficiency and cost-effectiveness
of GML, HL and LL as selected liming materials to increase rice yield
under an acid sulfate soils granary area in Peninsular Malaysia.

Soil Chemical Properties Prior to Rice Planting

Initial soil chemical characteristics for an acid sulfate soils prior rice planting
are given in Table 1. Soil pH for topsoil (0—15 cm) indicated high acidity
with a pH < 3, whereas exchangeable Al (6.7 cmol_kg™) exceeded the
critical Al level for rice growth (2 cmol_kg') according to Dobermann and
Fairhurst (2000) and Hiradate and Matsumoto (2007). Soil pH decreased
with soil depth, whereas exchangeable Al increased with soil depth. Soil
pH values clearly indicated high soil acidity within the studied areas.
Exchangeable calcium (Ca) was relatively low compared to the minimal
requirement of Ca for rice growth at 2 cmol_kg' (Table 1), according to
Palhares et al. (2001).
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In contrast, magnesium (Mg) met the Mg requirement of 1 cmol_kg!
for rice plants (Dobermann and Fairhurst, 2000). It was clear that both
Ca and Mg increased with soil depth. Total nitrogen (ITN) was low. Total
carbon (TC) was above 2%, thereby providing a C:N ratio of between
14.6-32.5, sufficient to support microbial activity in the root-rhizosphere
system. The higher carbon content of these soils can be attributed to
the residual effect of m-situ rice straw decomposition after each harvest.
Available P was noted to be sufficient, within the 7-20 mg kg P for rice
growth (Dobermann and Fairhurst, 2000).

Field Condition of An Acid Sulfate Soils

Besides, the physical-chemical limitation of cultivating rice in an acid sulfate
soils, generally, in Peninsular Malaysia, several other challenges are present,
such as rice blast (Figure 2), dry condition (Figure 3a), and excess water
(Figure 4) in the paddy field. Rice blast is caused by the Magnaporthe grisea
fungus. It is also known as rice blast fungus, rice rotten neck, rice seedling
blight, blast of rice, oval leaf spot of graminea, pitting disease, ryegrass
blast, and Johnson spot. It is a plant-pathogenic fungus that causes a
serious disease affecting rice, thus decrease rice yield within 3-5 days after
infection.

In some season, the changes in the Peninsular Malaysia climatic
condition makes the soil dry and hard, this scenario often makes the soil
hard to till, thus water have to be pumped from the nearby water source
(Figure 3b). This all add up to the rice cultivation cost.

Peninsular Malaysia is classified as A4 [, under Kdppen  climatic
classification. Under such scenario it represent tropical rainforest climate
marked with average precipitation of atleast 60 mm (2.4 in) in every month.
This indicate high amount of rainfall, thus, flooding hazard is another
important factor in rice cultivation (Figure 4) in Peninsular Malaysia.
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.

Fig. 2 Rice field condition after being attacked by rice blast at 90 days
after sowing (DAS).
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Fig. 3 Dry conditions the first week after sowing (a) and water was
pumped in from a drainage canal (b) (for 1* season).
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Fig. 4 The experimental field condition during the second season with
excess water (flooding hazard).

Effect of Various Liming Materials Treatment on pH, Al and Fe
Content of The Acid Sulfate Soils

Soil pH of the topsoil before liming materials application was pH 2.63.
Figure 5 shows soil pH improvement between 2.99 to 3.36 with application
of various liming materials as shown in Table 2. Furthermore, Table 3
shows the elemental composition of the selected liming materials used for
the rice cultivation, with GML used in the powder form contains about
30-35% of available Ca (in the form of CaO) compared to LL with about
99% of available Ca (in the form of CaCO,).

In the first season, the soil treated with 2 t ha! HL showed a significant
increment of soil pH compared to soil treated with 20 L ha' LL. Meanwhile,
for the second season, the soil pH of the soil treated with 4 t ha”! increase
significantly compared to soil treated with 20 L ha™! LL.
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No significant effect for exchangeable Al was noted among treatments
after the first and second seasons of rice cultivation. However, the
exchangeable Al after the second season harvest decreased compared to
the first season. The reductions in exchangeable Al were between 7.43%
to 21.55% for all treatments, except for the soil treated with 2 t ha' HL
without fertilizer application. In addition, there was no significant effect
among treatments for Ie, available P, total C, and total N after the first and
second seasons, as shown in Table 4.

The effects of treatments on the pH, Al and Fe content in water during
the first and second seasons are shown in Figure 6. During the first season,
the water samples were analyzed every week from 14 DAS until 119 DAS,
whereas during the second season, the water samples were analyzed only
up to 77 DAS due to dry conditions. The pH of water ranged from 3.43
to 5.96 (first season) and from 3.46 to 7.13 (second season). The pH values
of water for soil treated with GML and HL were higher compared to the
control and soil treated with LL throughout the first season. During the
second season, the pH of water increased proportionally with rice growth
from 28 DAS until 64 DAS for all treatments. Aluminium (Al) content in
water for the first season was higher than during the second season, with
the value ranging from 0.06 to 39.85 mg ! and from 0.15 to 4.12 mg L',
respectively. During the first season, the Al content was < 2 mg L from
49 DAS onwards until the harvest. Water samples from soil treated with LL
contained higher amount of Al compared to soil treated with GML, HL
and untreated soil. The iron content values were > 1 mg L' throughout
rice cultivation for both season, except during the first season at 21 DAS
with the highest value of 87.53 mg L' (soil treated with LL).
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Fig. 5 Effect of treatments on soil pH. Means marked with the same
letter for each season were not significantly different at p < 0.05

(Tukey’s test).

Table 2 Selected liming materials used for the rice
cultivation experiment.

Symbol Treatments

Tl Control (no liming material)

T2 *Ground magnesium limestone (GML) (4 t ha™)

T3 ‘Hydrated lime (2 t ha™)

T4 "Liquid lime (applied only for first season) (20 L ha™)

TS5 " Liquid lime (applied only for first and second season) (20 L ha™')
T6 *Hydrated lime (no fertilizer applied) (2 t ha™)

* Applied one month prior rice seeding
> Applied one day prior rice seeding
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Table 3 Elemental composition of the selected liming materials used for
the rice cultivation.

Elemental Ground magnesium Hydrated lime Liquid lime (LL)
composition  limestone (GML) (HL)

pH 8.93 9-10 9.1

CaO (%) 31-38 65 99% as CaCO,
MgO (%) 15-18 n.a 0.2

Si0, (%) <0.2 n.a n.a

Fe, O, (%) <0.2 n.a n.a

AL O, (%) n.a n.a n.a

Particle size 100% passing thrua 20 200 mesh size 1.5-5 pm
mesh screen,
70% passing thru a 100
mesh screen and
> 40% passing thru 200
mesh screen.

Chemical CaMg (CO,), Ca (OH), CaCoO,
formula

Calcium 109 135 100
carbonate

equivalent
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Rice Yield Components Analyses

Table 5 shows the rice yield components for two consecutive rice-cultivation
seasons. During the first rice-season, the yield ranged from 1.79 t ha! to
3.71 t ha'', whereas for the second rice-season, the yield ranged from 3.21
t ha'! to 4.34 t ha'. A significant difference was observed in rice yield
among treatments during the first season: 1) the rice yield for soil treated
with 4 t ha' GML was significantly higher than soil treated with LL; 2)
soil treated with HL. in-combination with GML showed significant effects
compared to untreated soil and LL treatments on 1,000 grain weight. A
significant effect was observed between the two seasons of rice cultivation
for tillers number (1 m?), 1,000 grain weight (g), spikelets per panicle, and
percentage filled spikelets. The excess of water in the experimental plots
(during seeding) may have promoted rice plant growth. This effect was
observed in significantly lower tillers number during the second season.
During the second season, no significant effects were found for rice yield
and rice yield components among treatments. The rice yield increased by
21.21% to 49.15% during the second season.

Calcium and Aluminum Content in Rice Plants

Calcium and aluminum contents in the aboveground parts and root at
75 DAS for both seasons are shown in Figure 7. The calcium content in the
root was lower than in the aboveground parts of rice plants. A significant
effect was observed for Ca content between seasons in the aboveground
parts and roots. No significant effects of Ca among the treatments during
the second season in aboveground parts and roots were observed. Soil
treated with 4 t ha! GML showed a similar effect with 2 t ha'! HLwithout
fertilizer, and these treatments were significantly higher than in soil treated
with LL from first season. Calcium content in roots ranged from 1) first
season: 0.0003% to 0.0019% and, 11) second season: 0.0020% to 0.0040%,
with increment of Ca in root rice root system up to 90%.

Aluminum content in the root was higher than in the aboveground
parts. No significant effect on Al content among treatments was observed
in aboveground parts during the second season. Soil treated with 4 t ha'!
GML was significantly higher in Al content compared to untreated soil
during the first season. In addition, no significant effect was observed on
Al content in roots among treatments for both seasons.
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Fig. 7 Calcium and aluminum content in the aboveground parts and
roots at 75 days after sowing (DAS). Means marked with the same letter
for each season were not significantly different at p< 0.05 (Tukey’s test).
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Ameliorative Effect of Selected Liming Materials

The soil investigated was low in pH and high in exchangeable Al (Table 1).
Soil pH throughout the soil profile was < 3.5. Exchangeable Al in the
soil was very high throughout the soil depth. The topsoil (0-15 cm depth)
comprises the zone where development of rice roots occurs. The pH
values and exchangeable Al of the topsoil were 2.63 and 6.70 cmol_ kg’
!, respectively. The pH values were lower than the critical level for rice
production, whereas exchangeable Al exceeded the critical level for rice
production of 1-2 mg kg as suggested by Dobermann and Fairhurst.
(2000). The pH and concentration of Al in the water at the soil pit was
3.70 and 878 pM, respectively. The concentration of Al far exceeded the
critical toxic level of 74 pM for rice growth (Dent, 1986).

The favorable pH for optimal rice (MR 219) root growth is 6 (Elisa
et al., 2011; Alia et al., 2011). However, to raise the pH up to this level is
costly, and many ordinary farmers may not be able to afford the measures
required. Aluminium toxicity can occur in soil when pH < 3.5 (Van
Breemen and Pons, 1978). A study conducted in Japan showed that the
growth of an Al-tolerant rice variety began to be inhibited when the AI**
ion concentration exceeded 900 pM (Cate and Sukhai, 1964). This value
is close to the aluminium concentration observed in the current study at
878 pM; thus, rice growth in the current study area can be inhibited by
Al. However, the rice plants grew well and provided a reasonable yield
(Shamshuddin et al., 2013) stated that Al’* is attracted to the negatively-
charged cell walls of rice roots, thereby triggering the rice roots to secrete
citric, oxalic, and malics acids. These acids in turn chelate the AI**,
rendering it inactive. This defense mechanism allows rice plants to reduce
the effects of Al’* toxicity.

A total of three liming materials were studied, namely ground
magnesium lime (GML), hydrated lime (HL), and liquid lime (LL). The
rate of liming materials studied were based on the farming practice in
Malaysia, as shown in Table 2. All the liming materials used are available
locally. Normally, farmers at the study area apply 2 t ha”' HL during the dry
season (approximately March to April), because it is easier for machinery
to enter the plot for lime application during this period. The farmers select
HL because it provides rapid effects on their rice field upon application.
From this experiment, the soil pH for soil treated with 2 t ha HL (T3)
showed the highest soil pH value of 3.36 compared to other treatments
during the first season (Fig. 5). However, the soil pH decreased by 6.84% to
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a value of 3.13 during the second season. This indicated that the effect of
HL on soil pH was fast and significant, however only short-term.

Soil treated with 4 t ha”' GML provided the highest rice yield for
both seasons with 3.71 t ha'! and 4.34 t ha'! (Table 5), respectively. Besides
increment of rice yield, 4 t ha' GML also significantly increased 1,000
grain weight compared to the control and soil treated with LL (Table 5).
No significant effect of treatments on spikelet panicle” and tillers number
for soil treated with 4 t ha' GML, however they produced the highest
spikelet and panicle and tiller numbers of 132 and 228 m™, respectively.
This finding 1s further supported by Ting ¢t a/ (1993), noted that application
of 2 t ha'! GML annually increased the rice yield to 4.5 t ha'!, which is
higher than the national average rice yield of 3.8 t ha'. The rice yields
achieved with the selected liming treatments are all higher compared to
normal farming practices (£ 2 t ha™).

GML application showed positive effect as it significantly increased
exchangeable Mg compared to other treatments, with values achieved
during the first and second seasons of 3.39 and 3.99 cmol_kg'. This value
was above the critical value of 1 cmol_ kg' (Dobermann and Fairhurst,
2000). In addition, GML significantly increased exchangeable Ca for
both seasons. However, exchangeable Ca was below the require level of
2 cmol kg™ (Palhares ¢t al., 2001). A higher amount of Ca in the soil results
in rice plants that are able to assimilate higher amounts of Ca as shown
in Figure 7. The positive effects shown by GML occur according to the
following reactions:

(Ca, Mg)(CO,), = Ca’ + Mg* + CO,* (Equation 2)
CO,” + H,O = HCO, + OH (Equation 3)
AP* + 30H" — Al(OH), (Equation 4)

GML dissolves readily on application to the acidic soil, releasing Ca
and Mg (Equation 2), and these macronutrients could be assimilated by the
growing rice plants. Subsequently, hydrolysis of CO,* (Equation 3) would
produce hydroxyls that neutralized Al by forming inert Al-hydroxides
(Equation 4). In addition, soil to which GML was applied showed
significantly increased cation exchange capacity (CEC) compared to soil
which received LL (Table 4).

The ameliorative effects of liming materials were improved during the
second season (Fig. 8 and 9). The relationships between soil pH and relative
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rice yield during the first and second seasons are shown in Figure 8, as this
indicates that the relative rice yield positively correlated with soil pH. The
regression line for the second season shifted to a higher level, showing that
the relative rice yield had increased after the first season, even though the
soil pH ranged between 2.9 to 3.4 (high acidity) for both seasons. Despite
this fact, there was only a 10% drop in relative rice yield corresponding to
a change in soil pH of 3.38 and 3.17 for first season and second seasons,
respectively.

The relationship between exchangeable Al and relative rice yield are
shown in Figure 9. After the second season, the regression line shifted to the
left. Thisindicated that the Al toxicity had been reduced (ameliorative effect)
after the second season. A 10% drop in relative rice yield corresponding
to exchangeable Al of 6.13 and 6.67 cmol_kg™' for first season and second
seasons, respectively was evident. However, no significant difference was
observed among treatments for exchangeable Al (Table 4).

Soil treated with LL produced a rice yield of < 2 t ha' during the
first season, and consistently acidic soil pH of 3 was noted. Liquid lime
(LL) applied in liquid form, and lime in solution form is suspected to be
quickly leached through the soil column. In addition, the particle size of
LL (1.5-5 pM) 1s far smaller than GML (20-200 mesh size) and HL (+ 200
mesh size), which are in a powdered form. Smaller size particles are often
subjected to faster losses through leaching than larger size particles.

# 1st Season M 2nd Season
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g ©
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Fig. 8 Relationships between soil pH and relative yield during first and
second seasons.
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Fig. 9 Relationships between exchangeable Al and relative yield during
the first and second seasons.

Growing rice in an area with low pH and high Al concentration would
inhibit the elongation of plant roots (Elisa et al., 2011; Alia et al., 2015;
Horst et al., 2009). The disruption of the root cap forming processes and
a decline in cell division and deposition of lignin would occur (Susan e
al., 2007). As a result, nutrient uptake is curtailed, and multiple nutrient
deficiencies occur (Godbold et al., 1988; Ridolfi and Garrec, 2000). These
assertions have been confirmed which showed that the concentration
of Ca in roots was significantly higher with 4 t ha' GML application
compared to control, 2 t ha' HL, and 20 L ha' LL application (Fig. 7). As
an improved ameliorative effect was shown during the second season, Ca
content in the rice root increased by 33.33% to 90.20% during the second
season for all treatments. However, no significant difference was observed
among the treatments.

Besides soil acidity and Al toxicity, farmers in the area face additional
challenge of drought (Fig. 3a and 3b). Lowland rice is extremely sensitive
to water shortages and drought problems when soil water contents drop
below saturation (Bouman and Tuoang, 2001) and this scenario will
reduce leaf area expansion and result in closure of stomata, leaf rolling,
deeper root growth, enhanced leaf senescence, reduced plant height,
delayed flowering, and reduced number of tillers, panicle, spikelet, and
grain weight (Bouman and Tuoang, 2001).
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The paddy field was dry when the seeds were sown during the first
season. There was no proper water irrigation and drainage system in
place, resulting in dependence solely on rain water, which falls erratically
throughout the growing season; hence, crop watering was insufficient. As
a result, the sown seeds did not germinate well, and the seedlings suffered
because their roots were unable to tap the underground water. Therefore,
water was pumped in from the nearest canal to germinate the seeds (Fig.
3b). This had affected the subsequent growth of rice seedlings and hence,
the eventual rice yield. However, treatments with GML and hydrated lime
raised the pH of water throughout rice planting, with pH ranging from 4
to 6, as shown in Figure 6.

An ameliorative effect was shown during the subsequent season
(second season) as water pH was increased drastically between 28 to 64
days after seeding for all treatments. In addition, Al and Fe of water were
also alleviated from 4.12 to 0.3 mg L' and from 0.84 to 0.02 mg L7,
respectively.

Cost-Benefit Analysis of Liming Materials

Based on the farmer common practice, rice yields are often £ 2 t ha' in
the Merbok acid sulfate areas, and this is far below the national average
of 3.8 t ha'. Soil amendment with liming materials (GML, hydrated lime,
and liquid lime) are noted to increase rice yield at an average of 30%.
Thus, to increase the income of farmers and reduce production costs,
a cost-benefit indicator is presented in Table 6. Fertilizer and pesticides
used by farmers are subsidized by the Malaysian government to promote
agricultural sustainability in the rural areas. Therefore, the cost for liming
materials and labor cost to apply the selected liming materials were taken
into account.
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The net profit was calculated based on rice yield for a year per hectare.
Rice yield had increased by 14% to 50% during the second season due
to treatments applied along with fertilizers. The rice yield for soil treated
with 2 t ha' HL without fertilizer recorded a minimal decrease of 1.55%.
Application with 4 t ha” GML recorded the highest rice yield for both
seasons, with yields of 3.71 t ha-' season” and 4.34 t ha' season™ for
the first and second seasons, respectively. GML application produced
significantly higher yield, however, the total cost was higher compared with
other liming materials application. The cost to treat the soil with 4 t ha'!
GML was USD 380, providing the highest rice yield with 8.05 t ha! year
' compared to other treatments. The selling price of rice is USD 315 t',
and for 8.05 t ha' year”, this roughly provides a profit of USD 2,156 per
hectare per year.

Treatment Without Fertilizer

No significant effects were observed on rice yield and rice yield components
between plots treated with 2 t ha' HL with fertilizer (T3), and without
fertilizer application (16) for both scasons. However, plots treated with
2 tha'' HL with fertilizer (T3) showed a yield increment during the following
season (second season) of 21.21%, whereas plots treated with 2 t ha' HL
without fertilizer showed a small decrease in rice yield of 1.55%. The
total yields obtained for T3 and T6 for a year were 7.67 t ha'! year' and
6.47 t ha'! year, respectively. The differences between the two season was
1.2 t ha'! of rice yield. From the result, it is evident that the application of
fertilizer is not necessary for at least one season (16) at the respective area.
Therefore, farmers could reduce costs by reducing fertilizer application.

Conclusion

Application of ground magnesium limestone (GML) and hydrated lime
(HL) increase rice yields for both seasons. In contrast, liquid lime (LL)
application showed no signifiant increment of rice yield on acidic sulfate
soil as compared to the control for both seasons. Therefore, ground
magnesium limestone (GML) is a suitable liming material under acidic
sulfate soil conditions of Merbok, Kedah (MALAYSIA). Application of
4 t ha'! year!' increased rice yield by 31.39%, with the highest recorded
rice yield was 8.05 t ha! year' and, with a calculated profit of USD 2,156
compared to other treatments.
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