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Ammonium production in wetland soils and sediments is the key process that
impacts nitrogen (N) availability, wetland productivity and environmental
quality. Significant relationships between organic matter content and mineraliz-
able N have been reported for diverse groups of wetland rice soils. However,
recent research also showed that in soils under intensified wetland rice production
systems, the relationships between organic matter and mineralizable N are poor
or not significant. The review of recent research suggests that both organic matter
quantity and quality are influenced by prolonged submergence, which in turn
affects mineralization and N supply in wetland soils. While organic matter
quantity increases following prolonged submergence of soil; submergence also
changes the chemistry and quality of soil organic matter, which influences N
mineralization. The increase in N mineralization as a result of increase in organic
matter quantity is countered by the change in the chemistry and quality of organic
matter. The changes in chemical composition of soil organic matter and their
influence on N mineralization in submerged soils are discussed with examples
from recent research.

Keywords: ammonium production; organic matter fractions and Nmineralization;
retardation of ammonium release; wetland productivity

Introduction

Rice (Oryza sativa L.) is the main staple food in Asia, and the crop is typically
produced on submerged soils. Indeed, lowland rice makes a major contribution to
global rice supply and rice-rice system (where two or three rice crops are con-
tinuously grown each year on the same piece of land) is often cited as an example of
sustainable production system (De Datta 1981; Sahrawat 2007). The main reason
for sustainable maintenance of soil fertility in the lowland rice paddies is the
conservation and accumulation of organic matter (organic carbon and nitrogen)
under prolonged submerged soil conditions. The preferential accumulation of
organic matter in submerged soils as compared to upland systems is primarily caused
by slow, incomplete and inefficient decomposition of organic matter under anaerobic
(lack of oxygen) condition; and this results in the net accumulation of soil organic
matter (for detailed discussion see Sahrawat 2004b). On the other hand, the decom-
position of organic matter is rapid in presence of oxygen (O2) under upland crop or
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lowland rice-upland cropping systems, resulting in the decline of soil organic carbon
(Kyuma 2004; Sahrawat 2004b, 2007; Zhang and He 2004; Nishimura et al. 2008).

Submerged or lowland soils differ considerably from their arable counterparts in
physical, chemical and biological properties. This distinction between submerged
and arable soils is caused primarily by the absence or lack of molecular oxygen in the
soil. Because of a layer of standing water, the diffusion of atmospheric oxygen into
the soil is extremely slow. The oxygen entrapped in the soil-water system following
the submergence of soil under water is quickly exhausted by microbial activity, and
in a few days the submerged soil becomes devoid of free oxygen (Ponnamperuma
1972, 1984).

In submerged or wetland soils and sediments, because of the absence or lack of
molecular O2, nitrogen (N) mineralization, i.e., the conversion of organic N, stops
at ammonium-N production (also termed ammonification). Unlike in submerged
soils, in upland soils the ammonium formed is readily oxidized to nitrate via nitrite
(termed nitrification).

Nitrogen mineralization or ammonification is defined as the biological trans-
formation of organic N to ammonium, and the process can occur in either aerobic or
anaerobic conditions. However, the ammonification or mineralization process is
slower under anaerobic conditions due to less efficient and incomplete decomposi-
tion (White and Reddy 2001; Sahrawat 2004a). Ammonium-N is the most reduced
form of inorganic N with an oxidation state of 73. Ammonium-N is stable under
reduced conditions of wetland soils (Ponnamperuma 1972; Narteh and Sahrawat
1999; White and Reddy 2001).

Ammonification in wetland soils is carried out by a diverse group of heterotrophs
(mainly bacteria). Moreover, because of the lack of oxygen, the oxidation of organic
matter and the release of ammonium from organic N in submerged soils and
sediments depend on the availability of other electron acceptors such as ferric iron
and sulfate (D’Angelo and Reddy 1994; Lovley 1995; Sahrawat and Narteh 2001;
Roden and Wetzel 2002; Sahrawat 2004a). Throughout this article, N mineralization
or ammonification in submerged soils or sediments refers to ammonium production.

Nitrogen is the most important nutrient constraint to the productivity of lowland
rice. According to Raun and Johnson (1999), worldwide N recovery efficiency for
cereal production including rice is approximately 35%. The N recovery efficiency for
lowland rice is even lower than that reported for other arable crops (De Datta 1981,
1986). Low N recovery efficiency means increasing economic loss of fertilizer N,
especially with the escalating costs of fertilizer production. Moreover, inefficient use
of soil and applied N is also of major concern due to the impact of N losses on
environmental quality and un-sustainability of the production systems (Crutzen and
Ehhalt 1977; Robertson et al. 2000; Tilman et al. 2002).

The mineralization of organic N or ammonium production is the key process for
N nutrition of wetland crops such as rice; and it controls the overall net primary
productivity of wetlands. Also, soil N supply in wetlands plays a dominant role in
the N nutrition of wetland rice because about half to two-third of total N taken up
by rice crop even in N fertilized rice paddies has its source from the soil N pool
(Sahrawat 1983a).

For judicious use of externally applied N, which is a prerequisite for making
production systems more efficient and maintaining environmental quality, it is
imperative to assess the indigenous soil N supplying capacity. Measurement of
mineralizable N in soils is used for assessing the soil’s indigenous N supplying
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capacity. However, most of the tests involving soil incubation for a few days to
weeks are time consuming and not easily adapted to situations where rapid estimates
of mineralizable N are needed for formulating N fertilization protocols.

For rapid evaluation of soil’s indigenous N supply, chemical indices such as
organic carbon (C) and total N have been proposed for assessing the N supplying
capacity of wetland rice soils. This is based on the results that showed that organic C
content in wetland soils is significantly correlated to mineralizable N (ammonium-N)
produced under anaerobic (waterlogged) incubation in a wide range of wetland rice
soils. Indeed, significant correlations of organic C with mineralizable N, yield, or N
uptake of tropical wetland rice have been reported (Sahrawat 1983a). However,
some reports, especially from intensified lowland rice systems, indicated poor or non-
significant correlations of organic C and total N with mineralizable N, yield, or N
uptake by wetland rice (Sims et al. 1967; Dolmat et al. 1980; Cassman et al. 1996;
Adhikari et al. 1999).

The causes of variability in the relationship between organic C and mineralizable
N have not been critically assessed, although such information could help in
developing N management strategies for increasing N efficiency by crops such as
rice as well as for maintaining environmental quality. Moreover, the relationship
between organic matter and mineralizable N is a prerequisite for determining the N
requirement of wetland production systems.

The objective of this paper, therefore, is to critically review the current literature
on the role of organic matter quantity and quality on N mineralization in wetland
rice soils and sediments. Throughout this paper, soil organic matter is meant to
signify soil organic C and total N. The future research challenges in this important
area including the role of organic matter chemistry and quality on N mineralization
are also examined.

Organic N mineralization in submerged soils

Ammonium in waterlogged or anaerobic soils and sediments is produced by
reductive deamination (conversion of amino acid-N to ammonia via saturated acids)
of amino acids and degradation of purines, with ammonia, carbon dioxide and
volatile fatty acids as the end products (Ponnamperuma 1972; Kyuma 2004). The N
mineralization process or conversion of organic N to ammonia in anaerobic soil
environments is carried out by heterotrophic microorganisms, mainly bacteria
(Kyuma 2004).

A comprehensive review by Harmsen and Van Schreven (1955) covers the
research on mineralization of organic N in the soil carried out up to early 1950s.
However, a large part of the research reviewed in this paper pertains to arable or
upland soils. Perhaps, the review paper by Harmsen and Van Schreven (1955)
reflected the focus of soil N research on upland soils at that time, with little emphasis
on organic N mineralization in wetland soils (Sahrawat 1983a, 1983b; Narteh and
Sahrawat 1997).

A part of ammonium produced as result of the mineralization of organic N
in submerged soils becomes a part of soil solution and the rest remains in the
adsorbed phase on the soil exchange complex; and there is a dynamic equilibrium
between ammonium in solution and in the adsorbed state (Ponnamperuma 1972;
Narteh and Sahrawat 2000; White and Reddy 2001). In some submerged rice soils, a
considerable portion of ammonia (NH3 þ NH4OH þ NH4

þ ) may be found in the
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solution phase, depending especially on the organic matter content and texture of the
soil (Ponnamperuma 1972; Narteh and Sahrawat 2000). The N in the soil solution
phase of submerged soils is a ready source of N to the growing rice plant
(Ponnamperuma 1972) and forms an important part of the available N pools in
wetland rice soils. However, in wetland rice soils rich in decomposable organic
matter, very large amounts of ammonium-N in soil solution can be toxic to the
young growing rice plant (Ponnamperuma 1972).

Factors influencing N mineralization

The ammonification of soil organic N in wetland soils and sediments is influenced by
soil type, environmental and agronomic management factors. Among these factors,
temperature, moisture regime, microbial activity and microbial biomass, pH, C:N
ratio, redox potential, availability of electron acceptors, cation exchange capacity,
amount and nature of clay, nature and amount of salts, inputs and nature of organic
materials, soil organic matter content and quality and the supply of nutrients such
as phosphorus (P) among others, are important for ammonium production in
submerged rice soils (Broadbent 1979; Savant and De Datta 1982; Sahrawat 1983a;
Updegraff et al. 1995; Clement et al. 1995; Ireneo et al. 1996; White and Reddy 2001;
Li et al. 2003; Sano et al. 2006; Inamura et al. 2009). Temperature and moisture
regime are perhaps the most important factors controlling the release of ammonium-
N in submerged soils. Laboratory incubation studies show that the mineralization
of organic N in soils under waterlogged condition increases with increase in
temperature up to 508C (Ponnamperuma 1972; Sahrawat 1983a, 1998b).

The mineralization of organic N in aerobic soils, on the other hand, results in the
formation of nitrate-N as the final inorganic N; and nitrification has been reported
to be more sensitive than ammonification to high temperature (for review see
Sahrawat 2008). However, aerobic mineralization is equally influenced by content of
organic matter and organic matter quality, microbial biomass, the inputs and quality
of organic materials (Hassink 1992; Collins and Allinson 2002; Balkcom et al. 2009).

As mentioned in the introduction, ammonification or mineralization of organic
N can take place under both aerobic and anaerobic conditions of drained and
waterlogged soils, respectively. However, the decomposition of organic matter is less
efficient and incomplete under anaerobic conditions of submerged soils and con-
sequently the production of ammonium is slower under anaerobic conditions than
under aerobic conditions (White and Reddy 2001; Sahrawat 2004b). Under aerobic
conditions, oxygen is the most efficient electron acceptor involved in the decom-
position of organic matter and the release of ammonium. While under anaerobic
conditions the decomposition of organic N is dependent on the availability of
alternate electron acceptors such as ferric iron and sulfate, which are far less efficient
electron acceptors than O2 is (Sahrawat 2004a).

Ammonium-N is the most reduced form of inorganic N and accumulates under
submerged conditions because it is stable under reduced conditions of submerged
soils. This is the reason why ammonium accumulates in wetland soils and sediments
at times in toxic concentrations, especially in soils high in soil organic matter or
when easily decomposable organic matter is added in high amounts (Ponnamperuma
1984; Narteh and Sahrawat 1999, 2000). On the other hand, in aerobic or well-
drained upland soils, the ammonium formed is rapidly converted to nitrate via
nitrite. As a result, nitrate is the dominant inorganic N form and ammonium is in the
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transient phase in aerobic, upland soils (Savant and De Datta 1982; White and
Reddy 2001; Sahrawat 2008).

However, nitrification can be supported at the rice plant root-soil interface in
wetlands soils by O2 transport through the air spaces or aerenchyma tissue of the
stem and roots of rice plant. Under submerged conditions, the nitrate formed
diffuses to the adjacent anaerobic zone of the flooded soil system where it is lost
by denitrification. Indeed, Reddy et al. (1989) demonstrated the occurrence of
nitrification-denitrification process in the root zone of three aquatic macrophytes:
Rice (Oryza sativa L.), pickerel weed (Pontederia cordata L.) and soft rush (Juncus
effuses L.) grown in submerged soil columns using 15N labeled ammonium-N as the
source of N. The detection of gaseous 15N2 in the air above the flood water of the soil
column with the three aquatic plants provided direct evidence of nitrification-
denitrification in the root zone. On the other hand, such losses of N were not
measurable in soil columns without the plants (Reddy et al. 1989).

The diffusion of O2 into the soil is highly restricted by the column of flood water
and this is further influenced by the depth of flood water. A greater depth of flood
water further reduces the diffusion of O2 into the floodwater-soil system. Moreover,
the consumption of O2 in the flooded soil system is high and the small amount of O2

that reaches the soil is quickly exhausted; and the flooded soil becomes devoid of O2.
However, the transport of O2 through the air spaces remains the mechanism to keep
the rhizosphere at least partially oxidized (Reddy et al. 1978; Ponnamperuma 1984;
Reddy and Patrick 1986; White and Reddy 2001).

Another important factor that greatly influences the ammonification in
submerged soils is the redox potential (Lindau et al. 1989; White and Reddy
2001), which in turn is controlled by the quantity of organic matter and organic
matter quality and loading of alternate electron acceptors (Narteh and Sahrawat
1999; White and Reddy 2001; Sahrawat 2004a, 2004b; Alewell et al. 2008).

It has been shown that redox potential has impact on organic N mineralization
in flooded soils; and aerobic mineralization of a wetland soil was 4, 7 and 12
times greater than that under nitrate-reducing, sulfate-reducing, and methanogenic
conditions, respectively (White and Reddy 2001). The N mineralized in surface
samples (0–10 cm) of wetland soils after 15 days of incubation followed the
order: Oxygen or aerobic (143 mg kg71 soil) 4 nitrate reducing redox potential
(17 mg kg71 soil) 4 sulfate reducing redox potential (9 mg kg71 soil) 4
methanogenic redox potential (5 mg kg71 soil) (White and Reddy 2001). Clearly,
the mineralization of organic N was influenced by the degree of soil reduction
measured by redox potential; and amount of mineralized N released was highest
under aerobic condition and the lowest under highly reduced conditions
(methanogenic). A range of redox potentials are found in wetland soils (Table 1)

Table 1. The range of oxidation-reduction potential found in rice soils ranging from well
drained to waterlogged conditions*.

Soil water condition Redox potential (mV)

Aerated or well-drained þ700 to þ500
Moderately reduced þ400 to þ200
Reduced þ100 to 7100
Highly reduced 7100 to 7300

*Adapted from Patrick and Reddy (1978).
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depending on the soil moisture regime, quantity and quality of organic matter and
the loadings of electron acceptors (Ponnamperuma 1972; Sahrawat 1998a, 2004a).
The loadings of electron acceptors such as O2, nitrate, ferric iron, sulfate and carbon
dioxide influence redox potential in submerged soils; and the reduction process in
submerged soils follows the sequence: Oxygen, nitrate, manganese, iron, sulfate and
carbon dioxide (Table 2).

Sahrawat (1998b) studied the mineralization of soil organic N in the profiles
of an Alfisol (Udic Rhodustalf) and a Vertisol (Typic Palustert). Three versions of
anaerobic incubation procedure were used to determine the production of
ammonium; they involved the incubation of soil samples at 308C for 14 days, at
408C for 7 days, and 508C for 2 days (Sahrawat 1998b). The results showed that the
rates of N mineralization increased with increase in temperature from 30–508C; and
the rate of ammonium-N released from the soil organic matter was highest in the
Ap horizon compared to other soil sub-horizons of the two soils. The rates of
ammonium production in the lower horizons of the Vertisol profile were similar and
showed little variability, whereas the rate of ammonium production decreased
gradually with soil depth in the Alfisol profile. The temperature coefficients, or Q10
values, for soil N mineralization in the profiles of the Alfisol and Vertisol soils in the
temperature range of 30–408C and 40–508C varied from 2.2–2.8 (Sahrawat 1998b).

Soil drying followed by flooding enhances soil N mineralization. For example,
Sahrawat (1981a) found that in permanently waterlogged Histosols from the
Philippines, there was virtual absence of N mineralization. However, air-drying of
the soils, before incubation under anaerobic conditions, led to a surge in the release
of ammonium-N. Similarly, imposing of alternate flooding and drying moisture
regimes on mineral wetland rice soils enhanced soil N mineralization (Sahrawat
1980; Savant and De Datta 1982). The drying effect on the mineralization of soil N
and its availability to growing plants in paddy rice in the field was reported by Shiga
and Ventura (1976) and Sahrawat (1981b).

Although soil characteristics such as pH, cation exchange capacity (CEC), clay
and reducible iron may not be directly significantly correlated to N mineralized
under anaerobic condition, the inclusion of these soil properties along with organic
C or total N, using multiple regression or principal component analysis, have been
found to improve the prediction of mineralizable N in a range of wetland rice soils
from Asia and West Africa (see, e.g., Sahrawat 1983b; Narteh and Sahrawat 1997).

In a study of 15 rice soils from the humid zone in West Africa, it was found that
ammonium production under anaerobic incubation was controlled by organic C and
reducible iron extracted by EDTA or ammonium oxalate (Sahrawat and Narteh

Table 2. The range of redox potentials in which the main oxidized components in submerged
soils become unstable*.

Reaction Redox potential (mV)

O2 – H2O þ380 to þ320
NO3

7 – N2, Mn4þ – Mn2þ þ280 to þ220
Fe3þ – Fe2þ þ180 to þ150
SO4

27 – S27 7120 to 7180
CO2 – CH4 7200 to 7280

*Adapted from Patrick and Reddy (1978).
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2001, 2003). The inclusion of EDTA or ammonium oxalate extractable (a measure of
reducible iron) iron with organic C improved the prediction of ammonium
production in diverse West African rice soils (Sahrawat and Narteh 2003). Clearly,
in wetland soils and sediments, which generally are rich in iron, the reducible iron
plays an important role as an electron acceptor in the oxidation of organic matter
and the release of ammonium-N and other nutrients (Lovley 1995; Sahrawat 2002,
2004a; Sahrawat and Narteh 2002).

In addition to soil and environmental factors, the incorporation of organic
matter as crop residues (e.g., rice straw) or in any other form influences soil N
mineralization. For example, Acharya (1935) demonstrated that, although the
decomposition of crop residues was slower under anaerobic condition, the net
immobilization and nitrogen factor were lower for the anaerobic decomposition than
for aerobic decomposition.

Among the organic matter-related factors, both quantity and quality of organic
matter are important for ammonium production and N supplying capacity. In
practical terms, the quantity and quality of organic matter (e.g., C:N ratio, lignin
content, lignin:N ratio) added influence ammonium production and N availability in
submerged soils and sediments (Mitsuchi 1974; Savant and De Datta 1982; Sahrawat
1983a; Updegraff et al. 1995; Kumar and Goh 2000; Kyuma 2004).

Agronomic management factors that influence ammonification in submerged rice
soils include land preparation and tillage practices, soil drying, cropping pattern,
especially those involving other upland crops, nature and length of the fallow period
and the applications of amendments including nutrients, liming materials, pesticides
and other agricultural chemicals (De Datta 1981; Savant and De Datta 1982;
Sahrawat 1983a). The preparation of land by puddling (cultivation of soil in the
flooded or saturated state) has been reported to stimulate soil N mineralization, as
do other tillage operations (Kyuma 2004). Similarly, soil drying during the fallow
period has also been found to enhance organic matter oxidation and the release of
mineral N (De Datta 1981; Sahrawat 1983a; Calderon and Jackson 2002; Kyuma
2004).

From this discussion on the factors influencing ammonium production in
submerged soils and sediments, it can be summed up that the main environmental
factors that govern the decomposition of organic matter and release of ammonium-
N, which also govern the primary productivity of wetlands, include temperature,
water regime and the availability of electron acceptors (in anaerobic conditions)
(Sahrawat 2004a, 2004b; Kyuma 2004).

Organic matter quantity and soil organic nitrogen mineralization in submerged soils

The results of studies made with a number of diverse sets of wetland soils from Asia
showed that ammonium produced under waterlogged incubation is significantly
correlated with organic matter, as determined by organic C and total N (Sahrawat
1983a). Ponnamperuma and Sahrawat (1978) reported that the N-supplying capacity
of 506 diverse wetland rice soils from the Philippines, measured by anaerobic
incubation, ranged from 13–637 mg N kg71 soil, and the mineralized N was highly
significantly correlated with soil organic C.

Sahrawat (1983a) reviewed literature on the N-supplying capacity of rice soils.
Based on the review of results for more than 750 diverse soils from the Philippines,
he reported that ammonium-N produced under waterlogged incubation was highly
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significantly correlated with organic C and total N content. The results on the
correlation between ammonium-N produced under anaerobic incubation and
organic C and total N content of 885 lowland Philippine soils are summarized in
Table 3.

In a study of organic N mineralization under waterlogged incubation in 39
diverse wetland rice soils from the Philippines, it was found that ammonium-N
produced was highly positively correlated with organic C (r ¼ 0.91, p 5 0.01) and
total N (r ¼ 0.94, p 5 0.01). The soils had a wide range in ammonium-N produced
and the mineralized N formed, termed ‘N mineralization quotient’, varied from
1.8–26.0% of the total N (Sahrawat 1983b). The N mineralization quotient is
defined as the percentage of total N mineralized during a defined period of time in a
study in laboratory, greenhouse or field conditions. The results also showed that
C/N ratio of the soils was significantly negatively correlated to mineralizable N.
Although, simple correlation study showed that soil pH, cation exchange capacity
(CEC), and clay were not significantly correlated to mineralizable N, multiple
regression analyses showed that the inclusion of these soil characteristics improved
the prediction of ammonium production over that predicted by organic C or total N
alone (Sahrawat 1983b).

Zhu et al. (1984) reported results of experiments made to determine the influence
of organic matter and other soil properties on the mineralization of soil organic N
in 68 soil samples from the Tai Lake region of China. Anaerobic incubation
method was used to determine mineralizable N. The soil samples had a range in
mineralizable N, which varied from 80 to 160 mg N kg71 soil. The mineralizable N
constituted 0.8–7.6% of total soil N. The mineralized N was significantly correlated
to total N (r ¼ 0.689; p 5 0.01; n ¼ 68); and there was a significant negative
correlation between mineralization percentage and soil pH (r ¼ 70.542; p 5 0.01;
n ¼ 68; soil pH ranged from 5.6–8.5). A significant positive correlation was also
observed between mineralizable N and amorphous iron oxide (r ¼ 0.46; p 5 0.01;
n ¼ 59; soil amorphous iron oxide varied from 0.27–2.19%). Amorphous iron oxide
participates in ferric-ferrous redox reactions; and ferric iron acts as an electron
acceptor in organic matter decomposition and release of ammonium-N (Sahrawat
2004a). Moreover, the amorphous iron in tropical rice soils is also involved in the
sorption or fixation of ammonium, especially during submerged-nonsubmerged
water regimes (Sahrawat 1979).

Table 3. Correlations between ammonium-N produced under anaerobic incubation and
organic C and total N content of 885 Philippine rice soils.

No. of soil samples

Correlation coefficient (r)

ReferencesNH4
þ vs. organic C NH4

þ vs. total N

483 0.72 0.79 IRRI (1973)a

280 NAb 0.79 IRRI (1978)a

43 0.86 0.85 Gaballo (1973)a

39 0.91 0.94 Sahrawat (1983b)
31 0.81 NA IRRI (1964)a

9 0.90 0.91 Sahrawat (1982a)a

aThese references are cited in Sahrawat 1983a; bNA, not available. Source: Adapted from Sahrawat
(1983a).
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Narteh and Sahrawat (1997) reported similar results on the influence of soil
characteristics, especially pH, CEC, and easily reducible iron, on the mineralizable N
in 15 diverse West African rice soils. The potentially mineralizable N released in the
15 West African rice soils under waterlogged incubation varied from 21–166 mg
kg71 soil; the mineralized N released was highly positively correlated with soil
organic C (r2 ¼ 0.62, p 5 0.01) and total N (r2 ¼ 0.62, p 5 0.01). The mineraliz-
able N released under waterlogged incubation constituted 2–7% of total soil N
(Narteh and Sahrawat 1997).

Manguiat et al. (1996) studied the N mineralization potential using anaerobic
incubation method in 30 diverse flooded rice soils from the Philippines, Indonesia,
Malaysia and Thailand. The soils had a wide range in pH (4.6–7.9), organic C
(0.39–2.55%) and total N (200–2800 mg N kg71). The results showed that the
mineralizable N was significantly related to organic C, total N, soluble carbohydrates
and microbial biomass; the correlation coefficients of soluble carbohydrates with N
mineralization were the largest. However, the results indicated that the prediction of
N mineralization from soil properties was highly variable and not satisfactory. These
results are in accord with those earlier reported by Inubushi and Wada (1987) who
found that the quantity of water-soluble carbohydrates was closely related to N
mineralizable potential of easily decomposable organic matter in lowland rice soils.

A study of the relationships of indigenous N supply in lowland rice soils,
determined by anaerobic incubation of soil samples using an ion exchange capsule
procedure, with organic C and total N in surface soils of a long-term experiment at
11 sites in Asian countries, showed that ammonium-N released in soil samples was
poorly correlated with soil organic C or total N (Cassman et al. 1996). It was
hypothesized that inputs of N from sources other than N mineralization of organic
matter and the differences in soil organic matter chemistry and quality related to
intensive cropping in submerged soils influenced the relationships between
mineralized N and soil organic matter (Cassman et al. 1996).

The results by Cassman et al. (1996) support the findings from field studies,
which showed that soil organic C or total N was a poor predictor of N supply to the
rice crop (Sims et al. 1967; Dolmat et al. 1980; Adhikari et al. 1999).

The review of research indicates that organic matter quantity, as measured by
organic C and total N, plays a critical role in contributing to the pool of mineralizable
N in paddy soils. It is also clear that in addition to organic C and total N or organic
matter, other soil properties directly or indirectly impact and contribute to the release
of mineralizable N. A review of selected literature on the relationship between N
mineralization and organic C or total N in submerged rice soils clearly suggest a close
relationship between organic C or total N and N mineralization under anaerobic
conditions. However, some research does indicate weak or non-significant relation-
ship between N mineralization and organic C or total N (Table 4). But as can be seen
from the review of literature, the majority of the authors have reported a close
relationship between N mineralization and organic matter as measured by organic C
and total N. It should, however, be noted that organic matter is the substrate for
ammonification or mineralization, but also other factors, especially those related to
the nature or quality of organic matter (easily decomposible fraction of soil organic
matter), are important. Moreover, N mineralization is also greatly modified by
soil characteristics including soil status relative to nutrients other than N and
environmental factors (Sahrawat 1983a, 2004a, 2004b; Inubushi and Wada 1987;
Ireneo et al. 1996).
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Moreover, the role of organic matter in contributing to mineralizable N is
modified by the changes in the chemistry and quality of soil organic matter by
prolonged submergence, as found under continuous lowland rice cropping systems.
Obviously, both organic matter quantity and quality contribute to mineralizable N
pools. The next section discusses the role of organic matter chemistry and quality on
N mineralization in submerged soils and sediments.

Organic matter quality and soil nitrogen mineralization in submerged soils

Evidently, the role of organic matter quantity on organic N mineralization in
submerged soils and sediments is modified by the quality of organic matter; and the

Table 4. Selected references on the relationships between N mineralization and soil organic
C or total N in submerged rice soils.

Authors Main findings of the study

Ponnamperuma and
Sahrawat (1978)

N mineralization in 506 diverse soil samples, collected
from lowland rice soils from the Philippines, was
significantly correlated to soil organic C and total N.

Sahrawat (1983b) N mineralization in 39 lowland rice soils, collected
from the Philippines, was significantly correlated
to organic C and total N. Anaerobic incubation
test was used for determining N mineralization.

Zhu et al. (1984) N mineralization in 68 soil samples, collected from
Tai Lake region of China, was significantly
correlated to total N

Narteh and Sahrawat (1997)
and Sahrawat and
Narteh (2003)

N mineralization in 15 lowland rice soils, collected
from the West Africa region, was significantly
correlated to organic C and total N. The correlation
was further improved by the inclusion of reducible
iron in the regression analysis (Sahrawat and
Narteh 2003).

Mangiuat et al. (1996) N mineralization in 30 lowland rice soils, collected
from the Asian countries, was significantly
correlated to organic C and total N, but the
prediction of N mineralization was influenced
by the amount of easily decomposable organic matter.

Cassman et al. (1996) N mineralization in soil samples, collected from
11 sites under submerged rice in Asia, was
poorly correlated to organic C and total N.
N mineralization was measured using an ion
exchange capsule procedure.

Nguyen et al. (2004a) N mineralization in soil samples, collected
from 12 sites under continuous submerged rice
culture in Asia, had a weak simple correlation
with organic C. The correlation between
N mineralization and soil organic C or total
N was curvilinear in nature.

Pampolino et al. (2008) N mineralization in soil samples, collected from
four long-term experiments under submerged rice,
was significantly correlated to soil organic C and
total N. N mineralization pool in the surface soil
was maintained by balanced fertilization of
lowland rice under irrigated conditions.
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change in the chemistry and quality of organic matter are brought about by
prolonged submergence, for example, in soil under continuous rice cropping systems.
The influence of soil organic matter composition or quality on mineralizable N,
although of critical importance, has not received the research attention it merits
(Cassman et al. 1996; Witt et al. 2000; Olk et al. 2007).

Nevertheless, research reported by Yonebayashi and Hattori (1986) and Olk
et al. (1996) indicated that the proportion of soil organic N fractions and chemical
structure of specific soil organic matter pools and the chemical environment of
submerged soil have a far greater influence on the mineralization of N, especially on
the slow-phase N mineralization rates, than that by soil organic C or total N. Indeed,
Devêvre and Howarth (2001) and Bird et al. (2003) reported that the stabilization of
applied organic matter and fertilizer N in the humic fractions of organic matter in
submerged conditions of lowland rice soils influenced mineralization of organic N
and release of ammonium-N.

The retardation of soil organic N mineralization is caused by formation of stable
complexes of humic substances with cations such as ferrous iron that protects the
humic substances from degradation (Schnitzer and Skinner 1966; Kalbitz et al.
2005). Moreover, the accumulation of lignin and the subunits of lignins, which are
resistant to degradation in the absence of oxygen, contribute to the changes in
chemistry and quality of organic matter in submerged soils (Colberg 1988; Olk et al.
1996, 2002). Also, accumulation of phenol in the mobile humic acid fraction of soil
organic matter has been linked to the retardation of N mineralization in tropical
lowland rice under continuous wetland rice cropping (Olk 2006).

Schmidt-Rohr et al. (2004) studied the mobile humic acid fraction extracted
from two similar soils on the research farm of the International Rice Research
Institute in Los Banos, Laguna, Philippines. One soil has been triple-cropped to
irrigated lowland rice for 30 years before sampling; the other soil had been annually
to dryland rice under rainfed conditions for at least 30 years. The results revealed
that almost 45% of the N was bonded to aromatic carbons, whereas this fraction was
less than 30% of total N in the dryland mobile humic acid fraction. The mobile
humic acid fraction from the submerged rice soil was also rich in lignin-derived
residues (445%). In comparison, the mobile humic acid fraction from the dryland
rice soil had less than half the content of lignin and anilide N. Because N bonded to
an aromatic ring is not readily mineralized and thus is less available to rice plant. It
was suggested that the significant excess of anilide N in the mobile humic acid
fraction of the triple cropped, submerged rice can explain the rice yield decline
(Schmidt-Rohr et al. 2004), earlier reported by Cassman et al. (1995).

Moreover, the stabilization of soil organic matter by formation of complexes
with lignin and lignin derivatives in submerged soils is the reason not only for
preferential accumulation of organic matter in submerged soils (Sahrawat 2004b),
but also for poor or nonsignificant correlations between organic matter (organic C
and total N) and mineralizable N, mainly due to changes in the chemistry and
quality of organic matter in intensified wetland rice soils (Nguyen et al. 2004b).

Nguyen et al. (2004a) studied the influence of two humic acid fractions, mobile
humic acid and calcium humate, on N mineralization in lowland rice soils of the
Philippines and Vietnam. The prediction of N mineralization parameters was
improved with the inclusion of properties of two distinct humic acid fractions, the
mobile humic acid and calcium humate, which together contained 15–30% of total
soil N. The results further showed that the degree of humification in these humic acid

Archives of Agronomy and Soil Science 347

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
S
a
h
r
a
w
a
t
,
 
K
a
n
w
a
r
 
L
.
]
 
A
t
:
 
0
4
:
1
2
 
8
 
A
p
r
i
l
 
2
0
1
0



fractions was negatively associated with net N mineralization, suggesting that more
recalcitrant forms of these humic acids are formed under anaerobic conditions,
which result in retarded rates of N mineralization per unit of accumulated N in
mobile humic acid and calcium humate pools.

The results by Nguyen et al. (2004a, 2004b) clearly demonstrated the relevance
and role of extracted humic acid fractions on soil N mineralization and N supply to
wetland rice in intensified, irrigated systems of tropical Asia. The results further
showed that mobile humic acid and calcium humate fractions of soil organic matter
are significant contributors to N mineralization in lowland rice soils, as measured by
anaerobic incubation procedure. Also, the rate of N mineralization in these humic
acid fractions in submerged soils is controlled by their chemical composition
(Nguyen et al. 2004a, 2004b). Nitrogen mineralization is retarded by reduced and
incomplete humification of soil organic matter, whereas the decreased humification
of soil organic matter enhances the accumulation of organic matter in submerged
soils (Sahrawat 2004b). Similarly, the stabilization of soil organic matter results in
organic matter accumulation, but at the same time it reduces the availability of soil
organic matter for decomposition, leading to reduced rate of release of ammonium-
N. Also, the accumulation of phenol in the mobile humic acid fraction of soil organic
matter is reported to inhibit the mineralization of soil organic N (Olk 2006). It is
suggested that the chemical fractionation is suitable for studying N dynamics,
especially in wetland rice soils enriched in phenolic compounds, for establishing
linkage of soil organic matter with chemical composition (for review, see Olk 2006).

Pampolino et al. (2008) studied the changes in soil carbon and nitrogen under
long-term continuous lowland rice. The authors sampled four long-term experiments
in the Philippines, with two or three rice crops grown each year with continuous soil
submergence, to determine the effects of nutrient management on long-term changes
in soil C and N, N balance and anaerobic nitrogen mineralization potential. The
result showed that anaerobic N mineralization in the top soil was maintained during
15 years of continuous rice cropping with N-P-K fertilization in all four experiments.
The results also suggested that continuous cultivation of irrigated rice on submerged
soils maintained or increased soil organic matter and maintained soil N-supplying
capacity. It was concluded from the study that submerged soils can sustain a long-
term N-supplying capacity even when cultivated intensively with two or three rice
crops per year. More importantly, the results of this study across four experiments
found consistently no evidence for a net decline in N-supplying capacity during 15
years of continuous cropping (Pampolino et al. 2008).

Discussion and perspectives

The review of literature on the role of organic matter quantity and quality (chemical
composition) on N mineralization in lowland soils shows that: (i) Significant
relationships between ammonium-N produced under anaerobic incubation and
organic C and total N content in wetland rice soils have been reported with diverse
sets of lowland rice soils (see e.g., results in Table 3), and that (ii) the role of soil
organic matter quantity in intensified, irrigated lowland rice systems is modified by
changes in the chemical composition of soil organic matter. The continuous growing
of lowland rice crop on the same piece of land for prolonged period leads to the
accumulation of organic matter with decreased humification of the organic matter.
It has been reported that lowland rice soils had a lower proportion of extractable
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humus in total C than upland soils. Lowland rice and upland soils differed in the
composition of humic acids in the soil layers below the layer that had accumulated
iron. Furthermore, the humification degree of the sodium pyrophosphate-extractable
humic acids decreased with depth in the upland soils, but was high even in deeper
layers of Japanese lowland paddy soils (Maie et al. 2000). However, it should be
noted that the humification process in soils is affected by climatic conditions,
especially soil water regime and temperature, and the humification processes in soils
of the tropical climates may differ from those in temperate climates (Haider 1992;
Sahrawat 2004b). Nevertheless, prolonged soil submergence has an over-riding
influence on humification of soil organic matter (Sahrawat 2004b).

It has been hypothesized that prolonged submerged soil conditions as found in
rice paddies, where two or three crops of lowland rice have been grown over a long
period, the changes in the chemistry or quality of organic matter lead to retarded rates
of organic matter mineralization and release of ammonium-N (Olk et al. 1996, 2002,
2007). For example, Olk et al. (2007) showed that at site, where lowland rice crop has
been grown continuously for prolonged periods, phenol that accumulated in a young
humic fraction in the soil was associated with the retardation of soil N mineralization
from that fraction during the rice growing season. It was postulated that decreased N
mineralization was caused by covalent binding of soil organic N with the phenols,
resulting in the formation of N compound that is more recalcitrant under submerged
conditions of lowland rice than are other organic N compounds (Schmidt-Rohr et al.
2004; Olk et al. 2007). This organic N fraction was found to decompose very slowly
and hence the release of ammonium-N was retarded as compared to soil under
lowland rice upland cropping systems (Schmidt-Rohr et al. 2004; Olk et al. 2007).
Thus, according to these authors, the changes in organic matter chemistry probably
provide a plausible explanation for the poor or nonsignificant relationships between
organic matter and mineralizable N in soils that remain in prolonged submergence
state. The results of this research also showed that the inclusion of properties of humic
acid fractions that contribute to N mineralization improved the predictability of
mineralized N in lowland rice soils (Schmidt-Rohr et al. 2004).

However, recent study of organic N mineralization in soils under continuous
long-term lowland rice culture at four locations in the Philippines (Pampolino et al.
2008) showed that the anaerobic N mineralization in the top soil was not retarded
but maintained during 15 years of continuous rice cropping in all four experiments.
These results do not support the hypothesis that the mineralization of organic N is
retarded by continuous long-term lowland rice culture as put forward by Schmidt-
Rohr et al. (2004) and Olk et al. (2007). The authors (Pampolino et al. 2008)
suggested that continuous cultivation of irrigated rice with balanced fertilization on
submerged soils maintained or slightly increased soil organic matter and maintained
soil N supplying as measured by anaerobic incubation method. Probably, balanced
fertilization helped not only in maintaining the soil organic matter level but also
alleviated the problem related to the retardation in soil N mineralization as observed
by Olk et al. (2007).

Obviously, more research is needed in the future to further elucidate the role of
the chemistry of soil organic matter fractions that contribute to N mineralization.
Also, the role of balanced fertilization and addition of fresh organic matter appear
to influence the decomposition of soil organic matter and N mineralization in
continuously submerged rice soils, where two or three crops of rice are grown on a
long-term basis (e.g., see Sahrawat 2004b).
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Conclusion

Ammonium production in wetland soils is the key process, which impacts N
availability, wetland productivity and environmental quality. Organic matter is the
substrate for N mineralization; and both organic matter content and quality influ-
ence the N mineralization process. A large body of literature suggests that generally
organic matter is correlated to potential N mineralization in wetland soils and
sediments. While organic matter quality impacts N mineralization, the results are
contradictory and there is a need to further elucidate the role of the chemistry of soil
organic matter on N mineralization in wetland rice soils maintained under prolonged
submerged condition.
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