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Abstract
Rice is the primary energy source of more than half of the global population. Challenges persist in managing phosphorus 
(P) in paddy soils of tropical rice-growing countries. In Sri Lanka, one specific challenge is the inconsistent yield response 
observed when inorganic P fertilisers are applied to paddy soils. Previous research conducted in Sri Lanka has shown that 
the rice yield response to added P fertilisers cannot be adequately explained by factors such as soil available P, irrigation 
schemes, soil texture, pH, electrical conductivity, total carbon content and available Fe and Mg concentrations. Due to the 
submerged conditions in which rice is grown for a significant portion of its lifespan, a unique environment controlled by 
redox-driven processes is developed in paddy soils. Therefore, releasing P from submerged soils is an outcome influenced 
by complex hydrological and biogeochemical processes, strongly influenced by inherent soil characteristics. The present 
review paper aimed to critically examine existing literature on soil P behaviour in submerged paddy soils of Sri Lanka, to 
clarify the behaviour of P under submergence, identify the factors affecting such behaviour and highlight the research gaps 
that need to be addressed, in order to effectively manage P in the paddy soils of Sri Lanka.
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1  Introduction

Rice (Oryza sativa L.) is among the top three cereal crops 
grown worldwide, alongside wheat and maize. It serves as 
a vital source of energy and nutrients for over 3.5 billion 
people across the globe (Gadal et al. 2019). Approximately 
164 million ha of agricultural land worldwide is under rice 
cultivation (FAOSTAT 2022). The global production of 
rice was estimated as 757 million tons in 2020 (FAOSTAT 
2022). The majority of rice is grown in the tropical belt 
(23° N–15° S), and approximately 92% of rice is produced 

in Asia (FAOSTAT 2022). According to the Food and Agri-
culture Organization’s projections, the demand for rice is 
expected to increase by around 1.1% per annum until 2035 
(FAO 2017). However, matching the demand of the growing 
population by increasing the productivity of rice-growing 
areas is challenging. Paddy soil is specifically used for the 
cultivation of rice, and the proper management of nutrients 
in paddy soil plays a crucial role in the economic production 
of this staple crop.

Phosphorus is essential for rice plants in all-development 
stages from germination to maturity, as for any other crop. 
Since the plant available P concentration in many agricul-
tural soils fails to compensate for the continuous removal 
of P at harvest, P fertiliser is added to soils either in the 
inorganic or organic form (Dougherty et al. 2004). However, 
being non-renewable, the natural P reserves (rock phosphate 
deposits) in the world used to produce inorganic P fertilisers 
are limited in both quantity and distribution (Cordell and 
White 2013; Roberts and Johnston 2015). At the same time, 
P enrichment in agricultural lands contributes to declining 
water quality in surface water bodies and raises agricul-
tural production cost. Further, the demand for P fertilisers 
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worldwide is expected to be increased up to 199 Mt in 2023 
(Lizcano-Toledo et al. 2021). This situation has created 
the need for further research into the efficient use of P in 
agriculture.

Rice is a semi-aquatic plant. It is cultivated in submerged 
conditions mainly due to agronomic advantages such as 
suppression of weeds, storage of rainfall water during rainy 
seasons, reduced labour in land preparation and increased 
nutrient availability to plants (Datta et al. 2017). The pres-
ence of aerenchyma tissues in rice allows them to grow 
under submerged condition as they can transport oxygen 
from leaves to roots which are in water. The paddy soils 
are kept submerged especially during the vegetative growth 
period of rice. These waterlogged conditions generally last 
for 2–3 months depending on the age of the variety and this 
can significantly influence the P transformations within soil. 
Proper understanding of P dynamics in paddy soils is essen-
tial to minimise the loss of P to water sources and improve 
P utilisation to improve rice yield. Therefore, it is important 
to underpin the P behaviour under paddy soils in relation 
to applied organic or inorganic fertiliser for rice-growing.

Rice serves as the primary food for the majority of Sri 
Lanka’s population, which is currently estimated at 22.1 
million. Sri Lankan rice consumption is 300.6 g/capita/day, 
ranking 9th highest in the world (Kadupitiya et al. 2022). 
Rice covers about 43% of the land relative to the total har-
vestable area of agricultural land in Sri Lanka (FAOSTAT 
2022). It is grown in approximately 1.2 million ha and pro-
duces a total production of over 3.3 million tons (Central 
Bank Annual Report 2022).

Climate‐related challenges, production issues in paddy 
soils and systematic disfunctions in the industry are the 
major challenges in rice cultivation in Sri Lanka. Other 
than salinity and iron toxicity issues with paddy soils, the 
inconsistency of the yield response of rice to added P fer-
tilisers remains as one of the primary challenges faced in 
rice cultivation in Sri Lanka. Field studies conducted over a 
short-term have revealed that rice yield does not respond to 
added P fertilisers in most of the rice-growing paddy soils 
of Sri Lanka (Kulasinghe et al. 2020; Sirisena et al. 2013). 
Unfortunately, this has led to a situation where many farm-
ers overuse P fertilisers, despite the recommendations from 
the Department of Agriculture, Sri Lanka. This overuse of 
fertilisers poses immediate environmental issues, such as 
potential contamination of freshwater bodies surrounding 
paddy fields, and economic issues such as the high cost of 
importing fertilisers. It also causes long-term environmental 
issues such as such as cadmium and fluoride contamina-
tions (Geretharan et al. 2018; Ubeynarayana et al. 2021) and 
residual P build up in soils (Menezes-Blackburn et al. 2018) 
which have not much been studied in Sri Lanka. The residual 
P can cause nutrient imbalances in soils such as changing 
N:P stoichiometry which regulates microbial P solubilisation 

and mineralisation (Dai et al. 2020) and thereby negatively 
affects plant growth over the long-term.

Phosphorus behaviour in soil is well studied including 
in submerged soils (Fageria et al. 2011; Kögel-Knabner 
et al. 2010; Ponnamperuma1972). Although P solubility 
increases with submergence, this is not visible through 
the yield response studies to added P fertilisers in paddy 
soils in Sri Lanka. Soil P management is more challenging 
in tropical acidic soils rich in Fe and Al oxy(hydr)oxides, 
compared to temperate soils. A comprehensive analysis on 
inherent soil characteristics that affect P behaviour in paddy 
soils is needed to make provisions to solve issues related to 
inconsistent yield response to added P fertilisers leading to 
efficient P management in paddy soils. Therefore, the objec-
tives of this literature review are to analyse the previous 
research conducted on soil P behaviour in submerged paddy 
soils of Sri Lanka and to discuss the current understanding 
of soil P behaviour under submergence in order to identify 
research gaps relating to the inconsistent yield response of 
rice to added P fertilisers in Sri Lanka. In this review, we 
discuss an overview of paddy soil types, P fertiliser usage, 
soil available P levels and yield response studies to added P 
fertilisers in rice-growing paddy soils of Sri Lanka. We also 
examine subsequent impacts on biochemical changes and P 
dynamics in soil under submergence and factors affecting P 
dynamics under submergence, as well as suitable methods 
and techniques to identify P dynamics under submergence 
and future perspectives.

2 � Topography, Climate and Rice‑Growing 
Paddy Soils in Sri Lanka

Sri Lanka possesses two significant topographical features, 
namely the central highland and lowland plains. The low-
land plains encompass the highland and extend to the sea. 
The country is divided into three regions based on elevation, 
namely low country (< 300 m), mid country (300–900 m) 
and up country (> 900 m). Sri Lanka experiences two dis-
tinct monsoonal seasons; the Southwest monsoon, locally 
known as the Yala season occurs from May to September, 
while the Northeast monsoon, referred to as the Maha sea-
son takes place from October to January. The mean annual 
rainfall varies significantly across the country, ranging 
from 900 to 5700 mm. Sri Lanka is divided in to three cli-
matic zones based on the mean annual rainfall: dry zone 
(< 1750 mm), intermediate zone (1750–2500 mm) and wet 
zone (> 2500 mm). The average annual temperatures also 
differ among these zones with the dry zone experiencing 
temperatures of around 28 °C, the intermediate zone rang-
ing from 24 to 26 °C and the wet zone maintaining 24 °C. 
The combination of rainfall and elevation has resulted in 
seven main agro-climatic zones in Sri Lanka. These zones 
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are identified as low country dry zone (DL), low country 
intermediate zone (IL), low country wet zone (WL), mid 
country intermediate zone (IM), mid country wet zone 
(WM), up country intermediate zone (IU) and up country 
wet zone (WU).

Sri Lanka has highly weathered tropical soils in most part 
of the country (Indraratne 2020). The soils of Sri Lanka 
are categorised locally into 12 Great Soil Groups. Of these 
groups, Reddish Brown Earth (Alfisol), Low Humic Gley 
(Alfisol), Non-calcic Brown (Alfisol), Red/Yellow Latosol 
(Oxisol), Immature Brown Loam (Inceptisol), Solodized 
Solonetz (Alfisol), Regosol (Entisol) and Alluvial (Entisol) 
are present in the dry zone of Sri Lanka (Dassanayake et al. 
2020a). Red Yellow Podzolic (Ultisol), Low Humic Gley 
(Ultisol), Reddish Brown Latosol (Ultisol) and Bog and Half 
Bog (Vertisol) soils can be observed in the wet zone of Sri 
Lanka (Dassanayake et al. 2020b).

Rice covers 14% of the total land area of Sri Lanka, 
occupying the largest extent devoted to a single crop (Mapa 
2020). Of this area, 50% is grown in the dry zone and 30% 
and 20% are grown in the wet and the intermediate zones, 
respectively. The distribution of lowland paddy lands across 
the agro-climatic zones of Sri Lanka is shown in Fig. 1. Red-
dish Brown Earth, Non-calcic Brown, Low Humic Gley and 
Alluvial soils are major rice-growing soils in the DL. Red 
Yellow Podzolic, Low Humic Gley, Non-calcic Brown, Red-
dish Brown Latosol, Immature Brown Loam and Alluvial are 
rice-growing Great Soil Groups in the IL. Red Yellow Pod-
zolic and Reddish Brown Loam are the main rice-growing 
soils in the WM.

3 � Phosphorus Fertiliser Usage in Rice 
Cultivation in Sri Lanka

In Sri Lanka, there is a tendency among farmers to exces-
sively utilise inorganic fertilisers, despite the recommenda-
tions of the Department of Agriculture (Wimalawansa and 
Wimalawansa 2015). Since 1962, Sri Lanka has imple-
mented a fertiliser subsidy programme, which has under-
gone various subsidy policies (Kanthilanka and Weerahewa 
2018). These fertiliser subsidy programs were suspected to 
play a major role in encouraging farmers to overuse ferti-
lisers as they received fertilisers at a low price (De Silva 
et al. 2020). Considering the consequences of P accumula-
tion in surface water bodies, and the lack of a good yield 
response, it is vital to promote rational use of P fertilisers 
in rice cultivation.

Around 76,856 MT of Triple superphosphates (TSP; 
⁓45% P2O5) has been applied to the crop sector of Sri Lanka 
in 2020 (AgStat 2021). About 59% of the TSP was used for 
rice cultivation which accounted for an average application 
rate of 59 kg P2O5/ha for paddy soils (AgStat 2021). Rice 

crops with an average grain yield of 6 Mt/ha remove about 
20 kg of P per season (Rathnayake et al. 2015). However, 
P fertiliser requirements of paddy soils under sustainable 
production show a large difference among paddy soils in Sri 

Fig. 1   Distribution of lowland paddy lands (purple colour) in Sri 
Lanka across the seven agro-climatic zones. Mean annual rainfall 
(mm) and the elevation (m) of each zone are also provided. DL, low 
country dry zone; IL, low country intermediate zone; WL, low coun-
try wet zone; IM, mid country intermediate zone; WM, mid country 
wet zone; IU, up country intermediate zone; WU, up country wet 
zone
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Lanka. For example, P fertiliser requirements vary from 25 
to 75 kg P2O5/ha/season in different paddy soils, even when 
the fields have sufficient level of soil P for optimum soil 
fertility (Wickramasinghe et al. 2009).

4 � Rice Yield Response Studies for Added P 
Fertilisers in Sri Lanka

The Olsen P method is widely used in Sri Lanka to deter-
mine available P concentration in soil. The optimal threshold 
of Olsen P in rice-growing paddy soils varies across the 
agro-climatic regions in Sri Lanka. For example, in the DL 
and IL, the threshold ranges from 3 to 5 mg/kg, while in the 
WL and WM, it ranges from 10 to 35 mg/kg (Wickramasin-
ghe et al. 2009). Approximately 44% of rice-growing soils in 
Sri Lanka have Olsen P concentration < 10 mg/kg (Sirisena 
and Suriyagoda 2018). However, these thresholds of Olsen P 
are not practicable in the field scale and needed to be refined 
as they do not comply with yield response of rice in paddy 
soils as explained below.

The rice yield response to added inorganic P fertilisers 
in paddy soils in Sri Lanka cannot be explained by Olsen P 
concentrations (Sirisena and Suriyagoda 2018; Suriyagoda 
et al. 2014). For example, Sirisena et al. (2013) conducted 
a field experiment in four farmer fields representing Low 
Humic Gley and Alluvial soils in the DL over four con-
secutive seasons using P fertiliser application rates of 45 kg 
P2O5/ha in every season and in alternative seasons, sepa-
rately (Table 1). Regardless of the initial Olsen P concentra-
tion of these four fields before commencing the experiment 
which ranged from 1.5 to 18 mg/kg, they did not observe 
a significant (p > 0.05) yield increase in four seasons, 
whether P application was done in every season or in alter-
native seasons. Another study conducted at 71 experimental 
sites in three rice-growing districts with a range of initial 
Olsen P concentrations before commencing the experiment 
(2.7–34.2 mg/kg) showed no significant (p > 0.05) increase 
of rice yield to added P fertilisers (Kulasinghe et al. 2020). 
Although the same P fertiliser rate (59 kg P2O5/ha) had been 
applied to every plot in this study, the authors reported that 
as their general practice, most of the famers who cultivated 
in these experimental sites previously had applied lower or 
higher rates of P fertilisers than the recommendation of the 
Department of Agriculture, Sri Lanka. This indicates a het-
erogeneity of soil P management practices in the experimen-
tal sites which might have influenced the variability of initial 
Olsen P concentrations. An increasing trend of soil Olsen P 
in two paddy soils (Reddish Brown Earth and Low Humic 
Gley) were observed in relation to P fertiliser application in 
a short-term study conducted by Kendaragama et al. (2003). 
However, they also failed to observe a significant (p > 0.05) 
yield increase of rice with different P fertiliser rates (0, 25, 

50, 75 and 100 kg P2O5/ha) in two consecutive seasons, 
despite of having high variance in soil Olsen P concentra-
tions in the tested sites before commencing the experiment 
(4–49 mg/kg).

The existing literature on long-term research investi-
gating the rice yield response to added P fertilisers in Sri 
Lanka is limited (Table 1). In the same manuscript, Kend-
aragama et al. (2003) reported results of a long-term (over 
2 ½ years) research where they observed seasonal variation 
in soil Olsen P, with greater availability of P, and rice yield 
responses at high P fertiliser rates (> 75 kg P2O5/ha) during 
the Yala season. This research was conducted for five con-
secutive seasons in Low Humic Gley soil in the dry zone and 
recorded a significant rice yield increase (p < 0.05) only in 
Yala seasons with P fertiliser application. Since two differ-
ent rice varieties were used in Yala (BG 276–5) and Maha 
(BG 450) seasons in this experiment, the significant yield 
increase in Yala season could be related to the performance 
of the variety. However, a study conducted for ten consecu-
tive seasons in the same soil in the dry zone where the same 
rice variety (BG 300) was cultivated in both Yala and Maha 
seasons failed to report a significant (p > 0.05) yield increase 
despite different fertiliser rates added (25–75 kg P2O5/ha) 
to the experimental site where initial Olsen P concentration 
was 16 mg/kg (Senevirathne Banda et al. 2002). This study 
also reported higher yield in Yala than Maha within the ten 
consecutive seasons. Another study conducted in a farmer 
field in the dry zone having the same soil type where P fer-
tiliser had not been applied for 10 years prior to the experi-
ment demonstrated no significant (p > 0.05) yield response 
to the added P fertilisers in the subsequent three consecutive 
seasons including two Yala seasons and one Maha season 
(Kodagoda et al. 2022). These studies pinpoint the necessity 
for future research on residual or legacy P in paddy soils, 
the modelling of long-term changes in soil P in paddy soils, 
and the potential for developing separate P fertiliser recom-
mendations for Yala and Maha seasons.

There are no detailed studies published on P sorption 
capacity of paddy soils in Sri Lanka. However, it has been 
reported that the P sorption capacity varies among major 
rice-growing soils of Sri Lanka under both dry and sub-
merged conditions (Damayanthi 2001). This factor, along 
with stress conditions such as iron toxicity, nutrient deficien-
cies (e.g. Zn) and low pH, have been suspected as reasons 
that complicate the accurate assessment of yield response 
to added P fertilisers in most studies (Wickramasinghe et al. 
2009). Kulasinghe et al. (2020) revealed that factors such as 
irrigation schemes, soil texture, pH, electrical conductivity, 
total carbon content and available Fe and Mg concentrations 
did not affect yield response to added P fertilisers in paddy 
soils tested in the three rice-growing districts. They further 
highlighted the importance of assessing the other factors 
related to rice yield response to added P fertilisers. However, 
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no comprehensive study on the effects of these factors on 
inconsistent rice yield response to added P fertilisers has 
been undertaken to date. Further, soil P species and their 
transformations during submergence could play a significant 
role in the yield response of rice plants to added P fertilisers.

For an extended period, the factors behind the inconsist-
ent yield response of rice to added P fertilisers in Sri Lanka 
have remained elusive (Sirisena and Suriyagoda 2018). In 
order to address this issue, it is vital to gain an understanding 
of P behaviour in rice-growing environments, particularly 
under submerged condition, and analyse the factors influ-
encing P behaviour in such settings. Given the absence of 
relevant research conducted in Sri Lanka examining these 
factors, it becomes necessary to draw upon research con-
ducted in similar environments internationally.

5 � Biochemical Changes in Soil Under 
Submergence

Submerged soils are defined as “soil having free water at the 
surface at least during the growing season of arable crops or 
at least during the 2 months of the growing season of peren-
nial crops, grassland, forest or other vegetation” (Sahrawat 
2004b). Submergence causes changes in soil properties 
(Fig. 2) due to physical reactions and chemical and biologi-
cal processes of soil–water-microbes’ interaction (Siam et al. 
2019). These changes vary in different soil types based on 
various factors such as soil fertility levels, microbial bio-
mass, quality and quantity of organic matter and the type of 
cultivar planted in soil (Fageria et al. 2011).

Generally, when a soil is submerged, there is a signifi-
cant reduction in gas exchange between soil and the air 
(Ponnamperuma 1972). During this time, aerobic microbes 
present in the soil will utilise the limited oxygen available 
for their respiratory processes. As a result, the oxygen level 
in the soil declines rapidly. The rate of oxygen diffusion 
through water filled pores of a submerged soil is around 
1/10000th of that of a well-drained soil with air filled pores 
(Howeler and Bouldin 1971). The rate of oxygen movement 
to soil through the overlaying water layer is slower com-
pared to the rate of oxygen reduction inside the soil profile 
(Fageria et al. 2011). This creates two distinct layers in the 
profile: an oxidised top layer (usually 1–20 mm in thickness) 
and a reduced soil layer underneath (Fageria et al. 2011). 
The oxygen content in a submerged soil becomes depleted 
within a day after submergence (Kögel-knabner et al. 2010; 
Ponnamperuma 1972). The aerobic microbes in soil become 
quiescent due to a lack of oxygen under submergence and 
anaerobic microbes proliferate (Fageria et al. 2011). Anaero-
bic microbes proliferate because they use electron accep-
tors other than oxygen for their respiration in the following 
sequential order: nitrate (NO3

−), Mn4+, Fe3+ and sulphate 

(SO4
2−) (Sahrawat 2012). In addition, anaerobic microbes 

both facultative and obligate, use dissimilation products of 
carbohydrates, carbon dioxide (CO2), nitrogen gas (N2) and 
hydrogen ions (H+) as electron acceptors (Fig. 2) in their res-
piration process (Fageria et al. 2011; Ponnamperuma 1972; 
Sahrawat 2005). Further, several electrochemical changes 
occur in a submerged soil, such as reduction of soil, altera-
tion of soil pH, increasing ionic strength and specific con-
ductance of soil solution, large shifts in mineral equilibria 
and availability of nutrients due to sorption/desorption reac-
tions (Ponnamperuma 1972; Sahrawat 2005).

Respiration of anaerobic microbes results in reduced 
soil conditions (Ponnamperuma 1972). During this process 
of respiration, organic matter is oxidised, while soil com-
pounds are reduced. Therefore, the main requirements for 
soil reduction are the presence of decomposable organic 
matter, availability of other electron acceptors, the absence 
of oxygen and anaerobic microbial activity (Ponnampe-
ruma 1972). Redox potential (Eh) of soils varies across a 
broad range in approximately the following manner: aerated 
soils (+ 700 to + 500 mV), moderately reduced soils (+ 400 
to + 200 mV), reduced soils (+ 100 to − 100 mV) and highly 
reduced soils (− 100 to − 300 mV) (Sahrawat 2004a, 2005). 
The Eh of submerged soils generally ranges from + 200 to 
–300 mV, depending on organic matter content and reducible 
species (Sahrawat 2005). An incubation study conducted 
using paddy soils in the IL of Sri Lanka reported an Eh 
range of + 312 to − 368 mV during first week of submer-
gence (Akter 2018).

Soil Eh controls the stability of several chemical com-
pounds under submergence (Fig. 2). Under submergence, 
reduction of oxygen (O2) to dihydrogen oxide (H2O), 
NO3

− to nitrogen gas (N2) and nitrous oxide gas (N2O), 
Mn4+ and Mn3+ to Mn2+, Fe3+ to Fe2+, SO4

2− to sulphide 
(S2−), CO2 to methane (CH4), N2 to ammonia (NH3) and 
H+ to hydrogen gas (H2) occur (Gao et al. 2002; Marschner 
2021; Ponnamperuma 1972). Even though some overlap 
may occur, the sequential reduction of the above soil com-
ponents generally occurs only when the level of the previous 
oxidant in soil is negligible. For example, NO3

− reduction 
begins only when the oxygen concentration of soil is very 
low and nitrate stabilises the redox potential at 0.2–0.4 V, 
preventing the reduction of the oxidants that comes later 
(Mn4+, Fe3+, SO4

2− and CO2) in the sequential reduction 
process (Ponnamperuma 1972). Parallel to these redox reac-
tions, gasses such as CO2, CH4, N2 and H2 will accumulate 
in submerged soil (Fageria et al. 2011).

Generally, the pH of submerged soils changes towards 
neutrality (an equilibrium in between 6.5 and 7.5) (Fageria 
et al. 2011). The pH of acidic soils increases, and the pH 
of alkaline soils decreases under submergence. Most of the 
redox reactions in submerged soils involve the consumption 
of H+ ions (Ponnamperuma 1972). The main determinant of 
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an increase of pH in acidic soils is the reduction of Fe and 
Mn oxides, which consumes H+ ions (Eqs. 1 and 2) (Fageria 
et al. 2011).

(1)Fe
2
O

3(s) + 6H+
(aq)

+ 2e ↔ 2Fe2+
(aq)

+ 3H
2
O(1)

The decomposition of organic matter causes the pH to 
decrease in both acidic and alkaline soils under submer-
gence. The CO2 produced in organic matter decomposi-
tion remain in soil due to restricted diffusion through the 

(2)MnO
2(s) + 4H+

(aq)
+ 2e ↔ Mn2+

(aq)
+ 2H

2
O(1)

Fig. 2   Major biochemical 
changes in soils under submer-
gence with special reference 
to redox potential, soil pH and 
changes in nutrient availability. 
P, phosphorus; K, potassium; 
Na, sodium; Ca, calcium; Al, 
aluminium; Mg, magnesium; 
Mn, manganese; Fe, iron; 
Cu, copper; Mo, molybdate; 
S, sulphur; Zn, zinc; NH4-N, 
ammonium nitrogen; NO3-N, 
nitrate nitrogen; NO3

−, nitrate; 
NO2

−, nitrite; Mn2+, Mn3+, 
Mn4+, manganese cations; Fe3+, 
ferric ion; Fe2+, ferrous ion; 
SO4

2−, sulphate; S2−, sulphide; 
CO2, carbon dioxide; CH4, 
methane; N2, nitrogen gas; 
NH3, ammonia; H+, hydrogen 
ion; H2, hydrogen gas; O2, 
oxygen gas; H2O, dihydrogen 
monoxide; Fe2O3, ferric oxide; 
e−, electrode; H2CO3, carbonic 
acid; MnO2, manganese diox-
ide; HCO3

−, bicarbonate
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standing water layer on the soil surface. Carbon dioxides 
react with H2O and form carbonic acid which dissociates 
into H+ and bicarbonate ions as illustrated in Eqs. 3 and 
4. Thus, accumulation of CO2 will lower the pH of sub-
merged alkaline soils (Najafi 2013; Ponnamperuma 1972). 
Although both consumption of H+ ions by reduction of Fe 
and Mn oxides and releasing of H+ ions by carbonic acid 
formed in organic matter decomposition occur simultane-
ously in acidic soils, as the net effect, the soil pH will be 
increased.

The redox reactions and pH changes under submergence, 
therefore, change the concentrations and forms of soluble 
nutrients in the soil (Fageria et al. 2011; Sahrawat 2012). 
Submergence improves the availability of several macro 
and micronutrients for plants and reduces the availability of 
some nutrients depending on other soil properties (Table 2).

6 � Phosphorus Dynamics Under 
Submergence

The P solubility of soil increases under submerged condi-
tions (Fageria et al. 2011; Ponnamperuma 1972; Weil and 
Holah 1989), and this is directly associated with the redox 
and pH changes which occur in submerged soils. Phosphorus 

(3)CO
2(g) + 2H

2
O(l) → H

2
CO

3(aq)

(4)H
2
CO

3(aq) → H+
(aq)

+ HCO
3−(aq)

is sorbed to different kinds of minerals or compounds and/or 
exists in the form of precipitates depending on soil proper-
ties such as pH and availability of associated ions and miner-
als (Fig. 3). In acidic tropical soils, P is mainly adsorbed by 
the Al and Fe hydrous oxides and 1:1 type clay (Sanyal and 
De Datta 1991). Mineralogical evidence reported the pres-
ence of Al oxy(hydr)oxides such as gibbsite and boehmite 
and 1:1 type clay minerals such as kaolinite in acidic wet 
zone soils of Sri Lanka (Indraratne 2020), thereby provid-
ing possible sources of P sorption in such soils. The water-
soluble P concentration increases in acidic soils as a result of 
(1) hydrolysis of Fe(III) and Al phosphates, (2) release of P 
held by anion exchange sites on clay and hydrous oxides of 
Fe(III) and Al, and (3) reduction of Fe(III) to Fe(II) releas-
ing sorbed and chemically bound P (Ponnamperuma 1972). 
Phosphorus release by the first two reactions is due to a pH 
increase in acidic soils. In neutral and alkaline soils, differ-
ent forms of calcium phosphates (e.g. dicalcium or octa-
calcium phosphates, hydroxyl apatite and apatites) govern 
P concentration in the soil solution (Abolfazli et al. 2012; 
Sanyal and De Datta 1991). Phosphorus solubility increases 
in alkaline soils mainly due to release of P from Ca-P com-
pounds when pH decreases following submergence (Fageria 
et al. 2011). These compounds are found in alkaline soils in 
the DL of Sri Lanka such as Reddish Brown Earth and Low 
Humic Grey, thereby providing a possible mechanism of P 
release under submergence in such soils. The maximum P 
availability to plants occurs at nearly pH 6.5 where the fixa-
tion by Fe, Al and Ca minerals is minimum as described by 
Penn and Camberato (2019) and Price (2006).

Table 2   A summary of changes in nutrient availability following submergence in soils

P phosphorus, K potassium, Ca calcium, Mg magnesium, Na sodium, S sulphur, Fe iron, Mn manganese, Cu copper, Mo molybdate, Zn zinc, Al 
aluminium, Fe and Al-P iron and aluminium bound P, Ca and Mg-P calcium and magnesium bound P, HCO3

− bicarbonate, NH4
+ ammonium, 

Ammonium-N ammonium-nitrogen, Nitrate–N nitrate-nitrogen

Nutrient Changes following the submergence References

Ammonium-N Production and accumulation favoured Sahrawat (2012)
Nitrate–N Reduced availability due to reduction into nitrite Ponnamperuma (1972)
P Improved availability via reductive dissolution of Fe(III) and Mn(IV)/Mn(III) oxy(hydr)oxides and 

hydrolysis of Fe and Al-P (in acidic soils), dissolution of Ca and Mg-P (in alkaline soils)
Fageria et al. (2011)

K Improved availability as K ions being replaced from the exchange complex to the soil solution by 
substantially available Fe, Mn and NH4

+ ions
Fageria et al. (2011)

Ca, Mg and Na Release of cations to soil solution Sahrawat (2005)
S Reduced availability due to the formation of sulphides Fageria et al. (2011)
Fe Improved availability via reductive dissolution of Fe(III) oxy(hydr)oxides and phosphates but Fe toxic-

ity may occur in acidic soils due to high content of reducible Fe
Sahrawat (2005)

Mn Improved availability via reductive dissolution of Mn(IV)/Mn(III) oxy(hydr)oxides Ponnamperuma (1972)
Cu and Mo Improved availability because of the reduction of Fe(III) and Mn(IV)/Mn(III) oxy(hydr)oxides and the 

production of organic complexing agents
Ponnamperuma (1972)

Zn Reduced availability due to increase in soil pH in acidic soils and formation of HCO3
− ions Ponnamperuma (1972)

Al Except perhaps in acid sulphate soils, Al toxicity is generally absent because the solubility of Al min-
erals reduces due to the increase in soil pH with submergence

Sahrawat (2005)
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The released phosphate ions by the above reactions 
and those released from organic matter decomposition 
can then become available to be uptaken by plants, re-
adsorbed by hydrous oxides of Fe and Al and clay in the 
anaerobic zone or may be diffused into the oxidised zones 
and reprecipitated (Ponnamperuma 1972). Release of P 
under submergence depends on a collection of complex 
hydrological and biogeochemical processes (Dharma-
keerthi et al. 2019a; Jayarathne et al. 2016). The amount 
and time of P release and its cumulative effect on pore-
water P concentration will depend on soil properties and 
other related factors as illustrated in Fig. 4.

7 � Factors Affecting P Release in Submerged 
Soils

Phosphorus release under submergence mainly depends 
on inherent soil characteristics, external factors such as 
soil amendments, water management, and the cultivar 
grown in the soil (Fig. 4). Both organic and inorganic 
P pools release P under submergence. Therefore, clay 
mineralogy, soil microorganisms and organic matter con-
tent/quality of soil can be considered as the main factors 
influencing P release under submergence. In addition, P 
sorption capacity; soil temperature; ions such as Fe, Al, 
Ca and Mg; and cation exchange capacity affect P release 
under submergence.

7.1 � Clay Mineralogy

There are over 400 known phosphate minerals on earth 
(Pasek et al. 2017). The main mineral groups involved in P 
release under submergence are clay minerals, such as Fe and 
Mn hydroxides and oxyhydroxides, Fe phosphates (Hutch-
ison 2003; O’Loughlin et al. 2013; Smith et al. 2021), Al 
hydroxides and Ca minerals (Schmieder et al. 2018). Amor-
phous minerals present in clay fraction (e.g. amorphous 
Fe(OOH)) are also capable of P sorption by complexation 
(Watts 2000). Several examples of the minerals involved in 
P sorption and release in soil are shown in Table 3.

7.2 � Iron and Aluminium Ions

Tropical soils usually contain high amounts of Fe and Al 
oxy(hydr)oxides that sorb dissolved inorganic P (Agbenin 
2003; Rakotoson et al. 2016). A study conducted using 97 
paddy soil samples covering the dry and wet zones of Sri 
Lanka reported high total Fe content with a high variabil-
ity. According to the study, total Fe content in the dry zone 
paddy soils varied from 4255 to 31028 mg/kg, and it varied 
from 2923 to 78400 mg/kg in the wet zone (Rubasinghe 
et al. 2021). Furthermore, Fe toxicity is largely reported in 
paddy soils in the WU, WM and WL of Sri Lanka (Siri-
wardana et al. 2019). Sorption and precipitation are the main 
mechanisms involved in P sorption to Fe and Al oxy(hydr)
oxides. Adsorption occurs at low inorganic P concentrations, 

Fig. 3   Comparing the behav-
iour of phosphorus before and 
after submergence of soil. Top: 
phosphorus sorbed to differ-
ent surfaces such as colloids, 
amorphous materials, organic 
matter and other elements 
before submergence. Bottom: 
phosphorus release into the soil 
solution upon submergence of 
soil. P, phosphorus; Fe, iron; 
Mn, manganese; Al, aluminium; 
Ca, calcium; Mg, magnesium; 
Am, amorphous materials
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and precipitation of Fe and Al phosphates occurs at high 
inorganic P concentrations (Darke and Walbridge 2000).

Generally, Fe is considered the most abundant redox sen-
sitive species in soil (Kirk 2004). However, soils with high 
Fe content will hinder the increases of soluble P content in 
submerged soils by reprecipitating with or resorbing P onto 
Fe(II) minerals (Amery and Smolders 2012). Reductive dis-
solution of Fe(III) oxy(hydr)oxides increases Fe(II) concen-
tration of soil solution even above 1 mM under submergence 
(Scalenghe et al. 2002). High concentrations of Fe(II) in 
soil solution induce precipitations of Fe(II)/Fe(III) carbon-
ates and hydroxides that limit P release due to sorption or 
co-precipitation (Amery and Smolders 2012; Chacon et al. 
2006). There is also evidence suggesting that crystallinity of 
Fe oxy(hydr)oxides decreases with flooding, thereby increas-
ing P sorption capacity (Darke and Walbridge 2000; Zhang 
et al. 2003). Unlike Fe, Al is not redox sensitive. Therefore, 
the solubility of Al phosphates does not change due to redox 
reactions under submergence. In contrast, organic matter can 
complex with Al and prevent precipitation of amorphous Al 
oxides (Darke and Walbridge 2000).

Fig. 4   Factors influencing phosphorus release during soil submer-
gence, including soil and plant characteristics, as well as fertiliser 
and water management practices (This figure is based on the litera-
ture documents reviewed in the “Factors Affecting P Release in Sub-

merged Soils” section). Eh, redox potential; MgSO4, magnesium sul-
phate; C, carbon; P, phosphorus; N, nitrogen; K, potassium; Fe, iron; 
Mn, manganese; Al, aluminium; Ca, calcium; Mg, magnesium

Table 3   Several mineral names and their corresponding chemical for-
mulae involved in phosphorus sorption and release in submerged soils

Sources: Beauchemin et  al. (2003); Hutchison (2003); O’Loughlin 
et al. (2013); Schmieder et al. (2018)

Mineral Chemical formula

Strengite FePO4·2H2O
Vivianite Fe3(PO4)2·8H2O
Lepidocrocite γ-FeOOH
Maghemite γ-Fe2O3

Goethite α-FeOOH
Variscite AlPO4·2H2O
Ferrihydrite Fe2O3·0.5H2O
Hematite Fe2O3

Gibbsite AlOH3

Alumina γ-Al2O3

Berlinite AlPO4

Octacalcium phosphate Ca4H(PO4)3·2.5H2O
Monetite CaHPO4

Brushite CaHPO4·2H2O
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7.3 � Calcium and Magnesium Ions in Alkaline Soils

Calcium and Mg are present as the dominant cations in alka-
line soils. Phosphorus will precipitate as different forms of 
calcium phosphate (e.g. dicalcium or octacalcium phos-
phates, hydroxyl apatite, and less soluble apatites) in such 
soils (Hinsinger 2001). The pH of alkaline soils decreases 
with submergence. This will increase the solubility of Ca-P 
minerals such as octacalcium phosphate, hydroxyapatite, 
ß3-tricalcium phosphate and fluorapatite in calcareous soils. 
Furthermore, acid anions of decomposing organic matter can 
form complexes with Ca2+ ions increasing the solubility of 
Ca bound P in submerged soils (Bhattacharyya et al. 2005).

The soils of the dry zone of Sri Lanka contain high 
amounts of Ca and Mg probably due to the presence of car-
bonate-bearing minerals. Further, there are evidence of high 
variability of Ca and Mg contents in paddy soils within the 
dry zone of Sri Lanka. A study conducted using 70 paddy 
soils samples of the dry zone revealed that Ca and Mg varied 
from 31 to 5600 mg/kg and 47 to 3660 mg/kg, respectively 
(Rubasinghe et al. 2021). This heterogeneity could be a con-
tributing factor to inconsistent yield response of rice yield to 
added P fertilisers in Sri Lanka.

7.4 � Manganese Content

Manganese plays a key role in P release in soils that retain 
P via Mn(IV) oxides (Amarawansha et al. 2015). Phospho-
rus is released to soil solution by the reductive dissolution 
of Mn(IV) oxides upon submergence (Amery and Smold-
ers 2012; Zhang et  al. 2021). A laboratory experiment 
conducted in the UK using two contrasting soils, a typi-
cal non-calcareous soil (sand 35%, clay 19%) and a typical 
brown earth soil (sand 77%, clay 11%), revealed a significant 
positive correlation (r = 0.622, p < 0.001) between total dis-
solved P and floodwater Mn concentration during 31 days of 
flooding (Khan et al. 2022). Manganese is present as Mn(II), 
MnHCO3

+ and organic complexes in submerged conditions 
(Ponnamperuma 1972). Manganese(II) ions can be removed 
from soil solution due to precipitation, adsorption and for-
mation of organic complexes.

7.5 � Soil Organic Matter Content/Quality or Addition 
of Organic Matter

Organic matter increases soil solution P concentration by 
competitive sorption (Bhattacharyya et al. 2005). Organic 
compounds such as humic and fulvic acids and low molec-
ular weight aliphatic acids compete with P for sorption 
sites (Ajmone-Marsan et al. 2006). The addition of organic 
matter increases the microbial biomass such as phosphate 
solubilising bacteria in submerged soils and thus increases 
phosphatase enzyme levels that mineralise organic P 

(Bhattacharyya et al. 2003). Organic matter releases solu-
ble P slowly with time through mineralisation, especially 
in organic matter rich soils (Ajmone-Marsan et al. 2006; 
Maranguit et al. 2017). Organic matter, particularly dis-
solved organic carbon, acts as an essential carbon source 
for the microbes which contribute to the reductive disso-
lution of Fe(III) and Mn(IV) oxyhydroxides (Hanke et al. 
2013; Watts 2000). Organic matter releases organic acids 
during anaerobic decomposition (Tsutsuki and Ponnampe-
ruma 1987). These acids form complexes with Ca2+ ions and 
increase the solubility of Ca-P compounds.

7.6 � Microorganisms

Anaerobic microbes use organic matter as the carbon source 
for their respiration. The electrons released when organic 
matter is oxidised are accepted by electron acceptors such 
as O2, NO3

−, Fe(III), Mn(IV). Therefore, reductive dissolu-
tion of Fe(III) and Mn(IV) oxy(hydr)oxides, and associated 
P release are microbially mediated. For example, it is evi-
dent that Geobacter spp. and Anaeromyxobacter spp. are 
involved in the iron reduction process in paddy soils (Hori 
et al. 2010). Other than that, mineralisation of organic P 
by microbial phosphatases, and microbial decomposition of 
soil organic matter have positive effects on P release under 
submergence as described under the “Soil Organic Matter 
Content/Quality or Addition of Organic Matter” section.

7.7 � Phosphorus Sorption Capacity

The term P sorption is used generically to explain all pro-
cesses involved in removing phosphate from soil solution 
such as adsorption, absorption and precipitation. Phosphorus 
sorption capacity is affected by several soil properties such 
as pH, Fe and Al oxides, CaCO3, and degree of weather-
ing (Antoniadis et al. 2016). Measures of soil P sorption 
have been identified as promising tools to predict the vari-
ability of rice yield response to added P fertilisers under 
submergence in typical P deficient paddy soils (Nishigaki 
et al. 2021). Above study reported a negative correlation 
(r = − 0.697) of P retention with increasing rice yield as a 
response to P fertilisers. Further, they identified air-dried soil 
moisture content mainly regulated by oxalate extractable Al 
as a parameter to predict soil P sorption.

Phosphorus sorption in soil can be explained by three 
possible mechanisms that involve soil pH. Gradual dissolu-
tion of Fe and Al oxides occurs at pH values between 2 and 
5, and they re-precipitate as phosphates. Phosphate adsorp-
tion on clay mineral surfaces occurs at pH values between 
4.5 and 7.5 and P precipitation by divalent cations occurs at 
pH values between 6 and 10 (Hanyabui et al. 2020). Adsorp-
tion can happen either physically or chemically. Physical 
adsorption occurs due to electrostatic attraction between soil 
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colloidal surfaces and negatively charged phosphate ions. 
Chemical adsorption occurs with soil colloids with variable 
charges such as Fe and Al oxides and calcites (Zhao et al. 
2021). With time, some of the adsorbed P on clay surfaces 
can diffuse into the colloid (absorbed) and form a specific 
mineral.

Two opposite effects of submergence on the P availabil-
ity in paddy soils are documented. Submergence increases 
P availability temporarily due to reduction dissolution Fe/
Mn oxy(hydr)oxides and releasing P sorbed/occluded. 
Based on the results of a P sorption study on two typical 
rice-growing soils (Ultisols and Entisols) in China, Zhang 
et al. (2003) reported that the submergence of paddy soils 
can also increase P sorption capacity and decrease P desorp-
tion with time. Under submergence, crystalline Fe and Al 
oxides transform to amorphous forms (Darke and Walbridge 
2000). Amorphous oxides have higher reactive surface areas 
compared to their crystalline counterparts (Mayakaduwage 
et al. 2020). Therefore, P sorption by amorphous compounds 
of Fe and Al is high.

Degree of P saturation which is the extractable P concen-
tration expressed as a percentage of P sorption capacity of 
a soil is also proven as an important parameter in predict-
ing P release upon submergence of soil (Kumaragamage 
et al. 2019). A strong positive linear relationship between 
P release in submerged soils and degree of P saturation was 
reported in previous studies (Amarawansha et al. 2016; 
Kumaragamage et al. 2019; Sallade and Sims 1997).

7.8 � Soil Amendments

Soil amendments alter P release from soil under submer-
gence. A study conducted in Canada in clay soils revealed 
that application of MgSO4 at a rate of 2.5 Mg/ha reduced the 
P release by 21–75% among the tested soils under snowmelt 
flooded conditions (Vitharana et al. 2021). The authors sug-
gest a possible reason for this reduction is an increase in Mg 
concentrations which enhanced P precipitation. The applica-
tion of alum (Al2(SO4)3·18H2O), gypsum (CaSO4·2H2O) and 
manganese(IV) oxide (MnO2) was also found to decrease P 
release under flooding conditions (Attanayake et al. 2022; 
Dharmakeerthi et al. 2019b; Kumaragamage et al. 2022).

Biochar application increased the P sorption capacity in 
acidic soils and decreased P sorption in alkaline soils (Xu 
et al. 2014). However, this is not an independent effect of 
biochar and is likely to occur due to interactions with other 
organic (organic matter) and inorganic compounds (cations; 
Ca2+, Mg2+, Fe3+, Al3+) in soils. Biochar can act as a P 
source or a sink under submergence (Dharmakeerthi et al. 
2019a). Previous research from the same authors showed 
that biochar can increase dissolved reactive P in porewater 
in clay soils, while it had no effect on sandy loam soils.

Organic amendments increase P availability in soil due 
to several mechanisms as explained in the “Soil Organic 
Matter Content/Quality or Addition of Organic Matter” 
section. Application of organic manure such as poultry and 
cattle manure has been reported to increase soil available 
P concentrations under submergence (Chen et al. 2021). 
Furthermore, organic fertilisers can improve release of 
residual P in soil (Yang and Yang 2021).

7.9 � Temperature

Phosphorus release is higher in warm temperatures than 
the cold temperatures in anaerobic conditions (Kumaraga-
mage et al. 2020; Sallade and Sims 1997). An incubation 
study conducted using five agricultural soils in Canada 
using warm (20 ± 2 °C) and cold (4 ± 1 °C) temperatures 
revealed that P release in warm temperature under anaero-
bic condition is significantly higher (p < 0.05) compared to 
that of cold temperature (Kumaragamage et al. 2020). The 
reason for the increasing trend of P release with increas-
ing temperature could be an increased rate of microbially 
mediated redox reactions with temperature in the pres-
ence of oxidisable organic matter (Heiberg et al. 2012). 
Contrastingly, another experiment conducted in wetland 
soils in the USA revealed that cooler temperatures and 
anaerobic conditions decrease P sorption (Hurst et  al. 
2022). Similarly, an incubation study conducted by Bar-
row (1983) also discovered that high temperatures increase 
P sorption.

7.10 � Water Management

Frequent alternative wetting and drying of a soil can alter 
pH and Eh of the water-soil system and thereby affect the 
P release from soil (Chacon et al. 2006). Drying events fol-
lowing wetting can reduce the P sorption capacity of soil 
by increasing the crystallinity of Fe hydroxides which can 
ultimately lead to increased P release from soil (Schönbrun-
ner et al. 2012). In contrast, a soil column study conducted 
in China using vegetable and wheat growing soils revealed 
that the dissolved reactive P in floodwater after re-flooding, 
following a draining period of 10 days, was 3–25 times less 
than the dissolved reactive P recorded in floodwater during 
a continuous flooding of 17 days (Tian et al. 2017). Fur-
thermore, another study conducted in England and Wales 
reported that the water-soluble P, especially the organic form 
of P increased up to 1900% with the process of drying and 
rapid rewetting possibly due to releasing of P from micro-
bial biomass as they die by osmotic shock and cell rupture 
under rapid changes of soil moisture content (Turner and 
Haygarth 2001).
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7.11 � Presence/Absence of Plants and Cultivars

The soil rhizosphere provides different environmental 
conditions relative to the bulk soil. The conditions in the 
rhizosphere are unique to plant species and even the cul-
tivars of the same species, thereby incurring differences 
in P availability within that discreet region. Root exudates 
accumulating in the rhizosphere include low molecular 
weight (e.g. organic acids, amino acids and sugars) and 
high molecular weight (e.g. complex carbohydrates, 
enzymes) organic compounds (Hinsinger et al. 2009; Pii 
et al. 2015). The composition of root exudates is influ-
enced by plant cultivar and environmental factors (Aulakh 
et al. 2001; Pii et al. 2015). This abundance of carbon 
sources causes migration of microbes within a radius of 
50 µm from roots (Dotaniya and Meena 2015; Pii et al. 
2015). Phosphatase enzymes released by microbes miner-
alise organic P and release orthophosphates (Rodrı et al. 
2006). In addition, rhizosphere microbes produce organic 
acids such as oxalic and citric acids and release protons to 
soil that help to decrease rhizosphere pH and compete for 
adsorption sites (Long et al. 2018).

There is a potential of root exposure to high levels of 
harmful reduced chemical species such as hydrogen sul-
phide (H2S) and Fe(II) under O2 depleted conditions in 
submerged soils (Larsen et al. 2015). However, an oxygen-
ated zone exists in the rhizosphere due to atmospheric O2 
transfer through aerenchyma tissues (Mongon et al. 2014). 
This oxygen secretion by roots of rice plant enhances utili-
sation of P under submergence (Zhang et al. 2004).

7.12 � Other Non‑Phosphatic Fertilisers

Phosphorus fertilisers are applied with other non-phosphatic 
fertilisers such as N fertilisers (urea or ammonium sulphate) 
and K fertilisers (muriate of potash) in rice cultivation. 
Although these non-phosphatic fertilisers do not affect the 
P dynamics directly, they change other soil properties which 
affect P dynamics. For example, N fertilisers used in rice 
cultivation such as urea affect soil pH, electrical conductiv-
ity and soil temperature (Park et al. 2023). Two paddy field 
studies conducted in Inceptisols (sandy clay loam) having an 
acidic pH ranging from 4.8 to 5.5 revealed a linear decrease 
of soil pH with increasing rates of both urea and ammonium 
sulphate fertilisers (Fageria et al. 2010). They also reported 
a decrease of Ca and Mg saturation and an increase of Al 
saturation with increasing rates of the same N fertilisers. 
Potassium fertilisers increase the exchangeable K in soil 
(Volf et al. 2021). Large quantities of K+ in exchangeable 
sites can displace divalent cations such as Ca2+ and Mg2+ 
from exchange sites (Zaker and Emami 2019).

8 � Methods and Techniques to Identify 
Phosphorus Dynamics in Submerged Soils

The ultimate P release in a submerged soil system is a 
collaborative result of complex biogeochemical reactions 
in soils mainly depending upon the inherent soil charac-
teristics. It is important to study the behaviour of P under 
submergence at the P species level as it might explain the 
reasons behind poor yield response of rice under submer-
gence of paddy soils of Sri Lanka.

There are numerous methods which can be used to 
study soil P speciation. The P fractionation method intro-
duced by Chang and Jackson (1957) is considered the 
oldest P fractionation method (Gu and Margenot 2021). 
However, the Hedley sequential fractionation which was 
introduced by Hedley et al. (1982) is the most widely used 
P fractionation method. As in any analytical methods, it 
also has its own drawbacks despite the modifications made 
by Tiessen and Moir (1993). One of the major limitations 
of these sequential chemical extraction methods is they 
are limited to operationally defined fractions (Schmieder 
2019). For example, Hedley fractionation separates soil P 
into resin-P, NaHCO3-P, NaOH-P, and HCl-P extractable 
fractions (Nishigaki et al. 2018). But it does not reveal 
P species (Gu et al. 2020; McDowell and Burkitt 2022).

When P fractionation is performed for submerged soils, 
it is important to collect samples under reduced condi-
tions and handle them appropriately during P fractiona-
tion (Condron and Newman 2011) as P dynamics under 
submergence is controlled by the Eh of soil. Redox-driven 
ions such as Fe2+ and Mn2+ in submerged soils can be 
oxidised within a short period of time upon exposure to 
aerobic environment, and this will lead to an inaccurate 
interpretation of P levels in different soil P fractions. 
Moore and Coale (2000) considered these conditions 
and introduced a method for P fractionation in flooded 
soils and sediments based on the P fractionation methods 
by and Moore and Reddy (1994) and van Eck (1982).

Advanced technologies such as molecular analyses 
have evolved since the 1990s overcoming the limitations 
of P fractionation methods. Molecular analyses such as 
31P nuclear–magnetic resonance (NMR) spectroscopy and 
X-ray absorption near-edge structure (XANES) spectros-
copy enable an identification of P species in soils (Alam 
et al. 2021). However, these analyses also have several 
limitations (Vogel et al. 2016). Widely used methods in 
P dynamics studies and their associated limitations are 
summarised in the Table 4.

However, none of these analytical techniques can 
successfully identify P species in soil independently 
because of the complex biochemical processes of P (Liu 
et  al. 2017). For example, for certain soils, XANES 
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spectroscopy may not enable reliable differentiation 
between organic P and inorganic P adsorbed to a given 
soil adsorbent under certain soil conditions (Prietzel et al. 
2016). Furthermore, subsequent studies have also showed 
that measures of organic P by P fractionation can be used 
to complement XANES spectroscopy (Gu and Margenot 
2021). Thus, the combined use of wet chemistry and spec-
troscopic analytical techniques could provide detailed 
information on the impacts of management practices on 
various P species distributions and transformations (Liu 
et al. 2019; Negassa et al. 2020). Furthermore, the kinet-
ics of the exchanges of P among different P pools of sub-
merged soil can also be incorporated in the analysis to 
improve the overall understanding of the fate of added P 
fertilisers in paddy soils.

9 � Conclusions and Future Perspectives

The rice yield response to added P fertilisers is inconsistent 
in paddy soils in Sri Lanka, even in fields with very low 
available P. Reference to past research conducted in paddy 
soils in Sri Lanka, this inconsistent yield response cannot be 
explained by soil test P, and it is also not correlated with soil 
properties such as soil texture, pH, electrical conductivity, 
total carbon content and available Fe and Mg concentrations 
of soil. The issue is also influenced by the tendency of farm-
ers to over apply P fertilisers which can negatively impact 
water quality in surrounding freshwater bodies. Therefore, 
underpinning the scientific basis for the inconsistent rice 
yield responses to P is critical to increasing rice production, 
improving the efficiency of P fertiliser use and utilisation of 
legacy soil P and reducing impacts on water quality.

The following aspects should be emphasised in future 
research in order to improve long-term P management in 
paddy soils in Sri Lanka.

1.	 The varying response of rice yield to submergence-
induced P release under P fertiliser management may 
find its origin in the heterogeneity of inherent soil char-
acteristics, such as Fe and Al oxy(hydr)oxides, clay 
mineralogy, P sorption, Ca, Mg and organic matter. 
Investigating the variations of these soil properties at 
field scale and establishing their correlation among P 
fertiliser application, P release and yield response in 
Sri Lankan paddy soils hold utmost importance. This 
research is crucial for advancing P management prac-
tices, including the adjustment of P fertiliser application 
rates and frequencies based on rice yield response across 
diverse paddy soils.

2.	 There is a necessity for species level investigations 
on the P chemical fractions to underpin the chemical 
P transformations under submergence of paddy soils. 

Undertaking such research will provide valuable insights 
into the specific soil characteristics that influence the 
response of rice yield to the application of P fertilis-
ers under submergence. This endeavour necessitates 
the development of new research methodologies that 
combine sequential chemical extraction techniques with 
advanced techniques, such as XANES spectroscopy. 
This integrated approach will enable a comprehensive 
understanding of the complex system of submerged 
paddy soils, potentially validating previous observa-
tions.
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