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Abstract 
 

Phosphorus (P) management in submerged agricultural soils is challenging as release of 

P in such soils occurs due to complex hydrological and biogeochemical processes that are 

influenced by inherent soil characteristics and external factors such as climate and 

agronomic practices. Thus, in depth understanding of P speciation in submerged 

agricultural soils is crucial to optimise P management and mitigate environmental risks, 

ensuring the sustainability of agricultural systems in diverse climatic regions. This thesis 

explores the dynamics of P speciation in submerged agricultural soils via three studies: 

one focusing on transformation of P in inorganic P fertiliser applied  tropical paddy soils 

under long-term (>2 months) submergence to provide fundamental understanding of P 

dynamics in those soils to support inconsistent response of rice yields for applied P, and 

the others focusing on the potential risk of dissolved P release in critical source areas 

(CSAs) in temperate soils under short-term (hours to few days) submergence during 

rainfall events.  

In tropical regions, long-term submergence of paddy soils leads to unique P dynamics 

due to the alternative oxic/anoxic conditions and high levels of iron (Fe) and aluminium 

(Al)  oxy(hydr)oxides present in these soils. The challenge lies in understanding P 

dynamics in such soils to optimise fertiliser management strategies and enhance rice 

productivity sustainably. An incubation study was conducted in Sri Lanka to investigate 

P release and transformations in three contrasting paddy soils (Ultisols, Alfisols and 

Entisols) with applied two types of inorganic P fertilisers. This study revealed that the P 

fertilisers did not increase dissolved reactive P (DRP) into porewater in all soils, except 

immediately after fertiliser application because the P released by dissolution of calcium 

(Ca) phosphates and P associated ferrihydrite under reduced conditions were translocated 

to deeper soil layers and resorbed onto abundantly available Fe/Al oxy(hydr)oxides and 

reprecipitated as Ca minerals. Further, it was revealed that during submergence, 

moderately labile P pools (ie: sodium hydroxide extractable P) increased in P applied 

soils, which can be available for plant adsorption under unique micro-environment of the 

rice plant rhizosphere.  

Contrastingly, in temperate regions, short-term submergence events, such as heavy 

rainfall, or flooding, pose risks of dissolved P release from soils, and subsequently diffuse 

P loss to overlying floodwater leading to freshwater quality concerns. The CSAs are 
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Introduction  
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fertiliser applications in paddy soils has been observed in several tropical countries 

including in Sri Lanka (Sirisena and Suriyagoda, 2018; Nishigaki et al., 2021). This 

problem has been neglected for more than a decade in Sri Lanka (Palihakkara et al., 2024). 

There is a lack of studies that offer empirical evidence regarding P release and 

transformations in P fertiliser applied to rice paddy soils under submergence in Sri Lanka. 

A lack of in-depth research, lack of clear guidelines and poor awareness amongst farmers 

has led to the application of more P fertilisers than are recommended, with the hope of 

increasing yield responses. This practice leads to increased legacy P in soils, which exerts 

more pressure on already scarce P fertiliser resources and the economy of the country 

(Palihakkara et al., 2024). Therefore, unravelling the reasons behind inconsistent yield 

response to added P fertilisers is crucial to improve the efficiency of P management in 

rice paddy soils.  

Submerged conditions can occur in temperate soils include snowmelt flooding 

(Kumaragamage et al., 2020), rainfall driven flooding in river-floodplains (Young and 

Ross, 2018) and temporary submergence of lowland hydrologically sensitive areas in 

agricultural landscapes such as critical source areas (CSAs) during rainfall events 

(Sharpley et al., 2008; Smith et al., 2021). Mitigating P loss from submerged agricultural 

lands in the temperate regions is crucial because these soils have lower P sorbing capacity 

compared to the highly weathered soils in the tropics (Brenner et al., 2019).  On the other 

hand, artificial submerged conditions such as constructed wetlands, detainment bunds, 

and sediment ponds are used to mitigate P losses from agricultural lands (Levin et al., 

2021; Li et al., 2021; Robotham et al., 2021). A substantial amount of research has been 

conducted on P losses caused by snowmelt flooding, rainfall driven flooding in river-

floodplains, and related mitigation measures (Kumaragamage et al., 2020; Preiner et al., 

2020; Vitharana et al., 2021). These research publications highlighted the unique P 

dynamics under submergence such as redox-induced P release (Schönbrunner et al., 2012; 

Concepcion et al., 2021). Similarly, sufficient research has been conducted on dissolved 

P loss in diffuse runoff following rainfall in agricultural lands including CSAs (Hahn et 

al., 2013; Hanrahan et al., 2021). However, there is very limited research on the potential 

and/or magnitude of dissolved P release from surface soils within the flow pathway of 

CSAs. Further, limited data has been previously reported on dissolved P release from 

CSAs in New Zealand.  The diffuse P loss from soils within CSAs in the form of dissolved 

P poses a risk to eutrophication of freshwater bodies, as CSAs by definition are 
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hydrologically connected to freshwater bodies (Djodjic and Markensten, 2019) and 

dissolved P is readily available for nuisance algal and plant uptake.  

1.2 Research hypotheses and objectives 

1.2.1 Research hypotheses 

Since paddy soils in tropical areas are submerged for long periods (eg: months) and soils 

in CSAs are saturated during temporal rainfall events, especially in winter, the redox 

potential of soils in both circumstances can be reduced. Therefore, the overall hypothesis 

of the research was that the reductive dissolution of Fe/Mn oxy(hydr)oxides during 

submergence would release sorbed P, consequently elevating the P concentration in the 

soil solution and increasing the risk of P loss to ponded water. In addition, for the case 

study on paddy soils, it was hypothesised that urea application would delay the reductive 

dissolution of Fe/Mn oxy(hydr)oxides by increasing the NO3
- concentration in soils, 

thereby impairing P release through reductive dissolution. 

1.2.2 Research objectives 

The primary objective of this thesis was to explore transformations of P release in tropical 

and temperate soils under long-term and short-term submergence, respectively related to 

three studies in Sri Lanka and New Zealand. The specific objectives proposed to achieve 

the main objective were: 

1. To investigate the P release and transformations in contrasting rice paddy soils 

fertilised with inorganic P fertilisers, and to assess how the application of urea 

influences P release and transformations in the P fertilised soils under long-

term (>3 months) submerged conditions. 

2. To explore the potential of different soils to release P to porewater upon short-

term (3 days) and frequent (every 10 days) submergence and subsequently, 

release of P to overlying pondwater during simulated rainfall events. 

3. To investigate the potential of pastoral soil CSAs to release P to porewater and 

to overlying floodwater over intermittent rainfall events and to elucidate the 

mechanisms of P release in these soils under submergence. 
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2.2 Sri Lanka  

2.2.1 Rice-growing paddy soils in Sri Lanka 

Rice (Oryza sativa L.) is a semi aquatic crop which serves as the staple food of the 

majority of Sri Lankans. Sri Lanka has been almost self-sufficient in rice since 2010 and 

it provides 45 and 40% of total calorie and protein requirements of an average Sri Lankan 

(Plan of the Department of Agriculture 2022-2023, 2022). On average, 107 kg of rice is 

consumed by a Sri Lankan in a year (RRDI, 2024). The average annual rice production 

of Sri Lanka between 2013 to 2022 was 4.18 million MT (DCS, 2024). Rice contributes 

to 1.8% of national gross domestic product of Sri Lanka and 1.8 million farming families 

are engaged in its production (FAO, 2022). Sri Lanka has highly weathered tropical soils 

in most parts of the country (Indraratne, 2020). Rice covers 14% of the total land area 

(65,610 km2) of Sri Lanka, occupying the largest extent devoted to a single crop (Mapa, 

2020). Of this area, 50% is grown in the dry zone (<1750 mm mean annual rainfall) and 

30% and 20% are grown in the wet (>2500 mm mean annual rainfall) and the intermediate 

zones (1750-2500 mm mean annual rainfall), respectively. The distribution of paddy 

lands across the agro-climatic zones of Sri Lanka is shown in Fig. 2.1. Reddish Brown 

Earth, Non-calcic Brown, Low Humic Gley and Alluvial soils are major rice-growing 

soils in the low country dry zone (DL). Red Yellow Podzolic, Low Humic Gley, Non-

calcic Brown, Reddish Brown Latosol, Immature Brown Loam and Alluvial are rice-

growing Great Soil Groups in the low country intermediate zone (IL ). Red Yellow 

Podzolic and Reddish Brown Loam are the main rice-growing soils in the mid country 

wet zone (WM).  

2.2.2 Phosphorus fertiliser usage in rice cultivation in Sri Lanka 

In Sri Lanka, there is a tendency among farmers to excessively apply inorganic fertilisers, 

despite the recommendations of the Department of Agriculture (Wimalawansa and 

Wimalawansa, 2015). Since 1962, Sri Lanka has implemented fertiliser subsidy 

programmes, which have undergone various changes to subsidy policies (Kanthilanka 

and Weerahewa, 2018). These fertiliser subsidy programmes were believed to play a 

significant role in the overuse of fertilisers among farmers, as they received fertilisers at 

a low cost (de Silva et al., 2020). Considering the consequences of P accumulation in 

surface water bodies, and the lack of a good yield response, it is vital to promote efficient 

use of P fertilisers in rice cultivation.  
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rice cultivation, resulting in an average application rate of 25.8 kg P/ha for paddy soils 

(an area of 983,550 ha) (AgStat, 2021). Rice crops with an average grain yield of 6 MT/ha, 

remove about 20 kg P/season (Rathnayake et al., 2015). However, the P fertiliser 

requirements of paddy soils under sustainable production shows a significant variation 

among different paddy soils in Sri Lanka. For example, P fertiliser requirements vary 

from 10.9 to 32.8 kg P/ha/season across different paddy soils, even when the soil P levels 

are sufficient for optimal rice yield (Wickramasinghe et al., 2009).  

2.2.3 Water management practices in rice 

Generally, agronomic practices associated with rice cultivation encompass several steps. 

These include soaking the soil, ploughing the waterlogged topsoil (up to 15-20 cm) to 

establish homogenous conditions, puddling, maintaining a standing water column 

throughout the vegetative growth period, and draining the water prior to harvesting 

(Bouman and Tuong, 2001; Winkler et al., 2016). Sri Lanka experiences two distinct 

monsoonal seasons; the Southwest monsoon, locally known as the Yala season occurs 

from May to September, while the Northwest monsoon, referred to as the Maha season 

takes place from October to January. Rice is typically cultivated as rainfed when there is 

sufficient rainfall to meet its water needs throughout the season. However, in the absence 

of rainfall, farmers resort to replenishing water from nearby channels to maintain a 

consistent water level during the vegetative growth period. 

Continuous ploughing of paddy soils leads to excessive water losses due to percolation 

and seepage. Further, the formation of hardpan (plough pan) is a prevalent structural 

characteristic in rice growing fields (Fig. 2.2). The primary causes of hardpan formation 

include heavy machinery usage and mechanical manipulation such as ploughing at 

consistent depths. Additionally, the migration of dispersed clay from the surface to deeper 

soil layers contributes to this phenomenon (Kumarathilaka et al., 2018). The hardpan is 

characterised by higher dry bulk density and lower hydraulic conductivity relative to the 

plough layer. Repeated tilling over years in the plough layer causes a reduction of 

macropores and an increase in the number of micropores. Despite hardpan formation 

typically being considered an undesirable practice, it serves a beneficial role in paddy 

soils by enhancing water retention (Kögel-Knabner et al., 2010). Furthermore, ploughing 

affects P distribution in soil layers in rice cultivated fields. For example, a field 

experiment conducted in China using two rice varieties (japonica and glutinous) and two 
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tillage practices (conventional tillage and no-till)  with annual P fertiliser application at a 

rate of 43.7 kg P/ha, reported that soil P storage of the 0-20 cm soil depth significantly 

(p<0.05) reduced with conventional tillage compared to no-till practice within a year 

(Yang et al., 2020).  

 

Fig. 2.2 Water management and hardpan formation in rice paddy plots; A longitudinal 

section of rice-growing paddy plots along the slope.  

Fig. 2.2 shows a typical longitudinal section of paddy plots along the slope in Sri Lanka. 

Seepage occurs from the upper-level paddy plot to the lower-level paddy plots through 

the earthen bunds. This seepage serves as a pathway for water loss from the paddy fields, 

despite the reduced percolation caused by underlying hardpan. Water is also lost via 

evapotranspiration.  

2.2.4 Rice yield response studies for added P fertilisers in Sri Lanka 

The Olsen P method (Olsen and Sommers, 1982) is widely used in Sri Lanka to determine 

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, 

Evapotranspiration 

Seepage 

Seepage 

Percolation 

Bund 

Bund 

Submerged soil 

Hardpan/Plough pan 
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the threshold ranges from 3 to 5 mg/kg, while in the low country wet zone (WL) and WM, 

it ranges from 10 to 35 mg/kg (Wickramasinghe et al., 2009). Approximately 44% of rice-

growing soils in Sri Lanka have Olsen P concentrations of <10 mg/kg (Sirisena and 

Suriyagoda, 2018). However, these thresholds of Olsen P are not practicable in the field 

scale and need to be refined as they do not comply with yield response of rice in paddy 

soils as explained below.  

The rice yield response to applied inorganic P fertilisers in paddy soils in Sri Lanka cannot 

be explained by Olsen P concentrations (Suriyagoda et al., 2014; Sirisena and Suriyagoda, 

2018).  For example, Sirisena et al. (2013) conducted a field experiment in four farm 

fields representing Low Humic Gley and Alluvial soils in the DL over four consecutive 

seasons using P fertiliser application rates of 19.7 kg P/ha in every season and in 

alternative seasons, separately (Table 2.1). Regardless of the initial Olsen P concentration 

of these four fields before commencing the experiment which ranged from 1.5 to 18 

mg/kg, the researchers did not observe a significant (p>0.05) yield increase in four 

seasons, whether P application was done in every season or in alternative 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 in rice yield to applied P fertilisers 

(Kulasinghe et al., 2020). Although the same P fertiliser rate (25.8 kg P/ha) had been 

applied to every plot in this study, the authors reported that as their general practice, most 

of the farmers who cultivated in these experimental sites previously, had applied lower 

or higher rates of P fertilisers than recommended by the Department of Agriculture, Sri 

Lanka. This indicates a heterogeneity of soil P management practices in the experimental 

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, those researchers also did not observe a 

significant (p>0.05) yield increase of rice with different P fertiliser rates (0, 10.9, 21.9, 

32.8, and 43.7 kg P/ha) in two consecutive seasons, despite having high variance in soil 

Olsen P concentrations in the experimental sites before commencing the experiment (4-

49 mg/kg).  
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The existing literature on long-term research investigating the rice yield response to added 

P fertilisers in Sri Lanka is limited (Table 2.1). In the same manuscript, Kendaragama et 

al. (2003) reported results of long-term (>2 ½ years) research where the researchers 

observed seasonal variation in soil Olsen P, with greater availability of P, and rice yield 

responses at high P fertiliser rates (>32.8 kg P/ha) during the Yala season. This research 

was conducted for five consecutive seasons in Low Humic Gley soil in the dry zone and 

recorded a significant (p<0.05) rice yield increase only in Yala seasons with P fertiliser 

application. Since two different 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 

consecutive 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 (10.9-32.8 kg P/ha) to the experimental 

site where initial Olsen P concentration was 16 mg/kg (Senevirathna 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 fertiliser had not been applied for 10 years prior to the experiment, 

demonstrated no significant (p>0.05) yield response to the applied 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 recommendations for Yala and 

Maha seasons. 
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Table 2.1 Rice yield response studies for applied inorganic phosphorus and other major non-phosphatic fertilisers across diverse soil orders in Sri 
Lanka 

Soil order/ Great Soil 
Group 

Initial 
Olsen P 
(mg/kg) 

Number 
of 
seasons 

Rice variety Fertiliser rates  Average rice yield 
(Mt/ha) 

Reference 

Short-term studies 
Alfisol  
Entisol 

2.7-34.2 3 BG 352  
BG 300  
BG 367 

0 kg P/ha (P omitted) or  
25.8 kg P/ha 
with 
57.3 kg K/ha and 152 kg N/ha 

5.7 
5.8 
 

Kulasinghe et al. 
(2020) 

Low Humic Gley 
Alluvial  

1.5-17.0 4 BG 352 0 kg P/ha (P omitted) or  
19.7 kg P/ha in alternative season 
or in every season 
with 
33.2 kg K/ha and 120 kg N/ha 

6.0 
6.2 
6.3 

Sirisena et al. 
(2013) 

Reddish Brown Earth 
Low Humic Gley 

4-49  2 Maha:  
BG 380 
Yala:  
BG 276-5 

0 kg P/ha (P omitted) or  
10.9 kg P/ha or 
21.9 kg P/ha or 
32.8 kg P/ha or 
43.7 kg P/ha 
with 
49.8 kg K/ha and 150 kg N/ha 

5.9 
6.0 
6.1 
6.1 
6.2 

Kendaragama et 
al. (2003) 
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Table 2.1 cont.       
Soil order/ Great 
Soil Group 

Initial 
Olsen P 
(mg/kg) 

Number 
of 
seasons 

Rice variety Fertiliser rates  Average rice yield 
(Mt/ha) 

Reference 

Long-term studies 
Low Humic Gley  No 

fertilisers 
for 10 
years + 3 
seasons 
with 
fertilisers 

CIC Tikiri 
Kekulu 

Maha: 
0 kg P/ha (P omitted) or 
10.1 kg P/ha  
with 
28.2 kg K/ha and 111 kg N/ha 
Yala: 
0 kg P/ha or 
14.9 kg P/ha 
with 
38.2 kg K/ha and 146 kg N/ha 

 
5.2 (P omitted) 
 
5.6 (P ample) 
 
 
 
 
 

Kodagoda et al. 
(2022) 

Low Humic Gley 12.5 5 Maha: 
BG 450 
Yala: 
 BG 276-5 

0 kg P/ha (P omitted) or  
10.9 kg P/ha or 
21.9 kg P/ha or 
32.8 kg P/ha or 
43.7 kg P/ha 
with 
49.8 kg K/ha and 150 kg N/ha 

5.9 (Maha); 5.7 (Yala) 
6.1 (Maha); 6.0 (Yala) 
6.3 (Maha); 6.2 (Yala) 
6.0 (Maha); 6.5 (Yala) 
6.1 (Maha); 6.2 (Yala) 

Kendaragama 
et al. (2003) 

Low Humic Gley 4-16 10 BG 300 0 kg P/ha (P omitted) or  
10.9 kg P/ha or 
21.9 kg P/ha or 
32.8 kg P/ha 
with 
37.4 kg K/ha and 150 kg N/ha 

6.2 
6.4 
6.2 
6.2 
 

Senevirathna 
Banda et al. 
(2002) 

P: phosphorus, K: potassium, N: nitrogen 
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There are limited studies conducted on factors affecting rice yield response to added P 

fertilisers in Sri Lanka, other than soil test P (Olsen P). For example, 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 submerged conditions (Damayanthi, 2001). This factor, alongside 

stress conditions such as iron (Fe) toxicity, nutrient deficiencies (eg: Zinc), and low pH, 

presents challenges in accurately assessing the yield response to applied 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 magnesium (Mg) concentrations did not affect yield response to 

applied P fertilisers in paddy soils tested in the three rice-growing districts. They further 

highlighted the importance of assessing the other factors such as P reserves in rice-

growing soils and P management practices by farmers related to rice yield response to 

added P fertilisers. However, no comprehensive study on the effects of these factors on 

inconsistent rice yield response to applied 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 applied P fertilisers (Palihakkara et 

al., 2024).  

2.3 New Zealand  

2.3.1 Soils, pasture lands and P fertiliser usage in New Zealand  

New Zealand has 15 soil orders according to New Zealand Soil Classification (Hewitt et 

al., 2021). According to age, these soil orders are categorised into three categories as 

young (Raw, Recent and Anthropic soils), mature (Semiarid, Pallic, Brown, Podzol, Gley, 

Organic, Melanic, Pumice and Allophanic soils), and old soils (Ultic, Granular and Oxidic 

soils). The Brown soil order is the most widely occurring soil order covering 40% of New 

Zealand. The second largest group is Podzol, Pallic, Pumice, and Allophanic soils 

covering 5-13% of New Zealand. The rest of the soil orders collectively cover 20% of the 

country. 

Nearly half of the total land of New Zealand is used for agriculture and forestry (40%- 

grassland, 8%-exotic forest, 2%-cropping and horticulture) (Hewitt et al., 2021). New 

Zealand economy is hevaily dependent on the productivity of pastoral industries (Caradus 
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it was recorded that 67% of the monitoring sites were improving while 25% were 

worsening (Stats NZ, 2022). The attribute band A limit for median instream DRP 

concentration under the National Objectives Framework is 0.006 mg/L (Ministry for the 

Environment, 2024). 

2.3.3 Loss of phosphorus from agricultural lands 

The major transport pathways through which P enters waterways from agricultural lands 

in New Zealand include soil erosion from P-rich soils (McDowell et al., 2019) and the 

mobilisation of dissolved P when water moves over soils abundant in readily available P, 

or soils that have been recently fertilised with P (McDowell et al., 2005). Agricultural 

soils with high soil test P concentrations exceeding the P requirement for optimal plant 

growth have the potential to lose P from soil (McDowell and Sharpley, 2001; Djodjic et 

al., 2004; Tóth et al., 2014) via surface runoff, subsurface flow and leaching (Zhang et 

al., 2003; Owens and Shipitalo, 2006). Phosphorus loss by surface runoff depends on soil 

type, topography (Wu et al., 2018), land use, rainfall intensity ( Pietrzak et al., 2020;  Yao 

et al., 2021), Olsen P content of the topsoil layer (Dougherty et al., 2008; Burkitt et al., 

2010), P sorption capacity of soil (McDowell and Condron, 2004) and management 

practices such as fertiliser application (Daverede et al., 2004; Hart et al., 2004). Soil 

characteristics (eg: P sorption capacity, preferential pathways) and drainage design (tile 

drainage) affect subsurface flow of soil P (King et al., 2015). Subsoil properties such as 

P sorption capacity (Djodjic et al., 2004; Andersson et al., 2013; Ulén and Etana, 2014; 

Andersson et al., 2015), the presence of macropores and water transport mechanisms 

(Makowski et al., 2020) are important in P leaching. 

Dissolved P and particulate bound P, two forms of soil P, have the potential to be lost via 

surface runoff and subsurface flow (Smith et al., 2016; Thomas et al., 2016; Dupas et al., 

2017; Smith et al., 2021a). The P loss in the form of dissolved P is critical in terms of 

eutrophication as this form is readily bioavailable for nuisance microorganism and 

aquatic plant growth in freshwater bodies (Trentman et al., 2021). Therefore, there is a 

significant concern about the transportation of dissolved P from agricultural soils to 

waterways.  
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Fig. 2.3 Major biochemical changes in soils under submergence with special reference to 

redox potential, soil pH and changes in nutrient availability. Source: Palihakkara et al. 

(2024) 
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Table 2.5 Amorphous Fe and Al concentrations in grazed pasture soils in New Zealand  

Soil type Fe oxalate  
(mg/kg) 

Al  oxalate 
(mg/kg) 

Allophanic soil 5000-17000 13300-66800 

Brown soil 3600 3500 

Gley soil 3600-7300 3000-9200 

Pallic soil 1100-4800 1100-3500 

Recent soil  3900-8900 2100-10100 

Fe oxalate: ion extracted by 0.1 M acid ammonium oxalate (pH =3); Al oxalate: aluminium extracted 

by 0.1 M acid ammonium oxalate (pH =3). Source: Shen et al. (2018). 

2.6.3 Calcium and magnesium ions in alkaline soils 

Calcium and Mg are present as the dominant cations in alkaline soils. Phosphorus will 

precipitate as different forms of calcium phosphate (eg: dicalcium or octacalcium 

phosphates, 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 carbonate-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 soil 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 contributing factor to inconsistent yield response of rice 

yield to added P fertilisers in Sri Lanka. Similarly, in New Zealand some soils such as 

Melanic soils (rich with Ca and Mg), and Oxidic soils (Mg-rich) show near neutral to 

slightly alkaline soil pH (Hewitt, 2021). A study conducted using 50 pasture soil samples 

covering 11 soil groups in New Zealand revealed that total Ca concentrations of the soils 

varied from 1265 to 9570 mg/kg (Walekin et al., 2013). The same study reported that 

exchangeable Mg concentrations of the pasture soils varied from 32 to 3186 mg/kg 

(Walekin et al., 2013). 
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pH with increasing rates of urea, and ammonium sulphate fertilisers (Fageria et al., 2010).  

Further, application of urea to submerged/saturated soils increases NO3- ions to soil 

solution via hydrolysis of urea, followed by nitrification in the oxidised soil-water 

interface. Anaerobic microbes use electron acceptors for their respiration in sequential 

order of NO3
-, Mn4+, Fe3+, SO4

2- and CO2 (Sahrawat, 2012; Marschner, 2021) which 

means usually, microbes do not use less energetically favourable electron acceptors, such 

as Fe and/or Mn in the presence of NO3-. Therefore, the presence of NO3
- in soil solution 

can delay the microbially mediated P release under submergence through reductive 

dissolution of Fe/Mn oxy(hydr)oxides (Smith et al., 2021a). 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), which can affect P removal from soil solution by precipitation. 

2.7 Methods and techniques to identify phosphorus dynamics in 

submerged soils 

Phosphorus release in a submerged soil system is a result of complex biogeochemical 

reactions in soils mainly influenced by the inherent soil characteristics. It is important to 

study the behaviour of P under submergence at the P species level to gain a 

comprehensive understanding of P dynamics under such conditions. There are numerous 

methods which can be used to study soil P speciation. The P fractionation method 

introduced by Chang and Jackson (1957) is considered the oldest P fractionation method 

(Gu and Margenot, 2021). However, the Hedley sequential fractionation which was later 

developed by Hedley et al. (1982) is the most widely used P fractionation method (Table 

2.6). 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, the 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 conditions and handle them appropriately during P fractionation (Condron 

and Newman, 2011) as P dynamics under submergence is controlled by the redox 

potential of soil. Redox-driven ions such as Fe2+ and Mn2+ in submerged soils can be 





https://link.springer.com/chapter/10.1007/978-3-030-97497-8_1#auth-V_-Pfahler
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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 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 

spectroscopic 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 kinetics of the exchanges of P among 

different P pools of submerged soil can also be incorporated in the analysis to improve 

the overall understanding of the P dynamics under submergence.  

2.8 Summary and research gaps 

There is a poor response of rice yield to added P fertilisers in rice paddy soils in Sri Lanka. 

Several research studies have proved that this response cannot be explained by Olsen P 

concentrations of soils alone or by factors such as irrigation schemes, soil texture, pH, 

electrical conductivity, total carbon content, and available Fe and Mg concentrations. 

However, a mechanistic understanding P transformation in paddy soils under 

submergence with management practices such as fertiliser addition has not been studied 

to date. Understanding these connections is important in rational decision making with 

regards to formulating site specific fertiliser recommendations on rice paddy soils in Sri 

Lanka. The optimal use of fertilisers will also help to reduce the negative effects on 

surface freshwater bodies in Sri Lanka. 

In New Zealand, previous studies have focused on quantifying DRP loss from pasture 

soils via surface subsurface runoff and leaching with rainfall rather than on understanding 

the mechanisms of P release. The need to fully understand the sources, time, and 

mechanisms of P release from pasture soils has been highlighted in several studies. There 

are limited research on the effect of different soil types on the P release upon short-term 

but frequent submergence, caused by saturation excess during rainfall events in 

agricultural features such as CSAs in New Zealand.  Furthermore, the extent and 

mechanisms of P release by different New Zealand grassland soils to porewater and 

overlying water during short-term submergence has not previously been studied. A 
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Abstract  

The driver for inconsistent yield response to applied inorganic phosphorus (P) fertilisers 

in tropical rice paddy soils is yet to be fully addressed. The contribution of applied P 

fertilisers to soluble soil P and the P transformation mechanisms of P and nitrogen (N) 

fertilised soils in rice paddy soils remain unresolved. A laboratory incubation study was 

conducted aiming to explore the P release and transformations of three rice-growing soils 

(Ultisol, Alfisol, and Entisol) in Sri Lanka during submergence for 112 days, with and 

without single superphosphate (SSP) or triple superphosphate (TSP) and urea. Dissolved 

reactive phosphorus (DRP), pH, dissolved organic carbon, and selected cation and anion 

concentrations in porewater, and soil Eh were measured. The soil P transformations were 

assessed using thermodynamic modelling and chemical P fractionation. Phosphorus 

fertiliser applied soils had significantly higher (1.1-8.0 mg/L) DRP concentrations 

compared to unfertilised soils only at 7 days after submergence (DAS). Beyond 21 DAS, 

the DRP concentration in all soils remained low, ranging from 0.024 to 0.300 mg/L. The 

SSP treatment demonstrated greater efficacy than the TSP treatment in elevating short-

term porewater DRP. Urea application did not significantly (p>0.05) change porewater 

DRP in any of the soils. Thermodynamic modelling revealed that calcium (Ca) 

phosphates and P associated with ferrihydrite potentially dissolved during the 

submergence. Released P in the soils may be resorbed by the abundant iron (Fe) and 

aluminium (Al) oxy(hydr)oxides and Ca minerals, as indicated by fractionation results. 

Further, there is evidence of downward movement of dissolved P and its resorption onto 

Fe/Al and Ca minerals (moderately labile pool) possibly due to saturation of P sorption 

sites in the topsoil layer. Inherent soil characteristics such as low organic matter content 

and high concentration of amorphous Fe and Al oxides may have contributed to the low 

dissolved P in porewater.  

Keywords: Calcium phosphates, dissolved reactive phosphorus, Fe/Al oxy(hydr)oxides, 

P fractionation, submergence, tropical paddy soils 
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Rice Research and Development Institute (RRDI), Sri Lanka (RRDI, 2013). The P rate 

was three times higher, and the N rates were 50% lower than the recommended rates of 

the RRDI, Sri Lanka (RRDI, 2013). A higher P rate was employed to define treatment 

effects and elucidate P transformations, while a lower N concentration was used to offset 

plant N uptake in the field. Although the RRDI recommends applying urea in four split 

applications, this experiment adopted two split applications to align with typical farmer 

practices. The experimental setup was maintained for a duration of 112 days.  Four 

replicates were maintained for each treatment, with one specifically designated for 

destructive harvesting at 35 days after submergence (DAS) for P fractionation analysis.  

3.2.3 Soil and water sampling and analysis 

Soil porewater was collected from three replicates, weekly, for the first 70 days and then 

biweekly for the rest of the 42 days using Rhizon-flex samplers, by applying a vacuum 

using a 50 ml syringe. The porewater samples were filtered through 0.45 µm nylon 

membrane filters and analysed for DRP by molybdate blue colour method (Murphy and 

Riley, 1962) using UV visible spectrophotometer (Shimadzu UV-1900i) within 12 hours 

after sampling. The pH of porewater samples were measured using a glass pH electrode 

(Hanna HI2020-02). The soil Eh was measured at each porewater sampling event using a 

calomel reference electrode (Hanna HI5412). The voltmeter reading was corrected to the 

standard hydrogen electrode potential by adding +250 mV. Cation concentrations (Ca, 

Mg, K, Na, Fe, Al, and Mn) of porewater were measured 7, 21, 35, and 70 DAS using 

inductively coupled plasma optical emission spectroscopy (iCAP 7000 series ICP-OES). 

Porewater anion concentrations (Cl-, F-, NO3
-, and SO4

2-) were measured 7, 35, and 70 

DAS using ion chromatography (Metrohm 930 Compact IC Flex). Dissolved organic 

carbon concentrations were measured 7, 35, and 70 DAS using a carbon nitrogen analyser 

(Skalar Primacs SNC 100-IC). Alkalinity of the porewater samples was measured by 

titrating against 0.1 N H2SO4 in the presence of methyl orange indicator.  

3.2.4 Soil sampling and analysis for phosphorus fractionation   

Phosphorus fractionation was performed using a modified Hedley procedure (Hedley et 

al., 1982) for the soils collected at 0-2, 2-4 and 4-6 cm depths at 35 and 112 DAS. The 

soil samples were purged with argon gas, sealed, and stored at -28 0C until P fractionation 

analysis were performed. An aliquot of soil (approximately 0.5 g) was subjected to 

sequential extraction using 30 mL of each of the following solutions in the specified 
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3.3.1 Variation in porewater pH and soil Eh during submergence 

The porewater pH variation of three soils showed a similar pattern during submergence 

(Fig. 3.1A, 1B and 1C). Overall, the pH in porewater decreased during the submergence 

from ~8.0 to ~6.5, except at the last sample collection, in which the pH was higher. The 

pH variation of the six treatments of each soil showed a similar pattern during the 

submerged period. Statistical analysis performed for separate soils revealed significant 

(p<0.05) effect of urea on pH in Entisol soil. The urea applied Entisol significantly 

(p<0.05) increased pH compared to control at one day after the second urea application 

which was at 49 DAS (Fig. 3.1C). A significant (p<0.05) decrease of pH with time 

compared to the control treatment was observed in the urea applied Ultisol at 35 DAS, 

nearly two weeks after the first split application (Fig. 3.1A). Further, TSP plus urea 

applied treatments of Alfisol and Entisol showed a significant (p<0.05) decrease in pH at 

42 DAS compared to TSP only applied treatments (Fig. 3.1B and 1C). However, later 

with time, a significant (p<0.05) increase of pH was observed again at 63 DAS in the urea 

applied Ultisol compared to the control treatment (Fig. 3.1A).   

The Eh of the three soils decreased over the submergence period. The Eh were 9 (Ultisol), 

164 (Alfisol) and 7 mV (Entisol), at 24 hours after submergence (Fig. 3.1D). At the end 

of 70 days, the Eh values ranged from -195 to -247 mV in all three soils indicating a 

highly reduced condition. Both Ultisol and Entisol soils were anoxic from the beginning 

of submergence until the end of the experiment (Fig. 3.1E). In contrast, Alfisol had 

relatively higher pe+pH until 28 DAS compared to the other two soils and thereafter it 

was in the anoxic range. According to XRD results, 17% of the clay fraction of Alfisols 

was comprised of a Mn mineral (Table 3.1). The remaining two soils did not exhibit any 

indication of the presence of such a mineral. This discrepancy may account for the 

extended duration Alfisols required to reduce Eh upon submergence compared to Ultisols 

and Entisols (Fig. 3.1D).  
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The porewater DRP concentrations in treatments with applied P fertilisers decreased 

significantly from 1-8 mg/L at 7 DAS to <0.10 mg/L at 14 DAS across all three soils (Fig. 

3.2). Later, around 28 DAS, DRP concentrations slightly increased up to ~0.1 mg/L in all 

treatments in Alfisols, and P fertiliser applied Entisols (Fig. 3.2B and 2C). Ultisols had 

the lowest DRP concentration throughout the submergence period and it was always 

below the detection limit (0.024 mg/L), except on a few occasions in P fertiliser applied 

treatments, in which the DRP concentrations were slightly ~0.04 mg/L above the 

detection limit (Fig. 3.2A).  
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Fig. 3.2 Variation in dissolved reactive P in porewater of Ultisol (A), Alfisol (B) and 

Entisol (C) soils during submergence.  SSP: Single superphosphate, TSP: Triple 

superphosphate. The error bars represent the standard errors of the means. 
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Fig. 3.4 Changes in different P fractions at depths of 0-2, 2-4 and 4-6 cm at 35 and 112 

days after submergence of Ultisol, Alfisol and Entisol soils. Pi; inorganic phosphorus, Po; 

organic phosphorus, H2O; distilled water extractable P, NaHCO3; 0.5 M sodium 

bicarbonate extractable P, NaOH; 0.1 M sodium hydroxide extractable P, HCl; 1.0 M 

hydrochloric acid extractable P, residual; residual P 

3.3.5 Changes of phosphorus species during submergence 

Tables 3.2-3.4 show the saturation indices (SI) of P minerals, Fe/Mn carbonates and 

selected Fe and Al oxy(hydr)oxides of the three soils. Positive SI indicates the 

supersaturation of solution, thermodynamically favouring its formation, while negative 

SI indicates undersaturation of the solution, thermodynamically favouring its dissolution 

(or absence). A positive SI may not necessarily mean that the mineral will precipitate 

from the solution, as the slow precipitation kinetics may inhibit the precipitation, or 

favour precipitation of another mineral (Voigt et al., 2018).
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Ca3(PO4)2, Ca4H(PO4)3:3H2O) compared to the control soils, except for Entisols, for 

which supersaturation with those Ca-P was not observed in P fertiliser applied soils.    

All the treatments of Ultisol were supersaturated with vivianite at 7 DAS and later 

dissolved with time and all the treatments were supersaturated with strengite at 7 and 70 

DAS in Ultisols (Table 3.2). Comparatively, all the treatments of Alfisol were 

supersaturated with vivianite at 7 and 70 DAS (Table 3.3). Further, some applied P 

precipitated as strengite in both SSP and TSP applied treatments at 7 DAS in Alfisols. In 

Entisols, all the treatments were supersaturated with vivianite at 7 and 70 DAS (Table 

3.4).  

Out of the selected Fe/Al oxy(hydr)oxides, hematite, magnetite, diaspore, Fe(OH)2.7Cl0.3, 

goethite, hercynite, and gibbsite were supersaturated in all the treatments of  Ultisols 

throughout the submerged period (Table 3.2). Comparatively, only hematite, magnetite, 

and diaspore were supersaturated throughout the submergence of all the treatments of 

Alfisols (Table 3.3). All the treatments of Entisols were supersaturated with 

Fe(OH)2.7Cl0.3, goethite, hematite, hercynite, magnetite and diaspore throughout the 

submergence (Table 3.4). Ferrihydrite and maghemite were supersaturated at 7 DAS in 

all the treatments of all the three soils and later undersaturated with time. Supersaturation 

with another Fe/Al oxy(hydr)oxide, namely lepidocrocite, occurred at 7 DAS in all the 

treatments of Ultisols, then undersaturated at 35 DAS and again supersaturated at 70 

DAS. Similarly, supersaturation with Fe(OH)2.7Cl0.3, goethite, lepidocrocite, and 

Al(OH)3 occurred at 7 DAS in all the treatments of Alfisols and then undersaturated at 35 

DAS and again supersaturated at 70 DAS. In Entisols, this pattern was observed for Al 

oxy(hydr)oxides namely Al(OH)3 and boehmite. Supersaturation with Fe sulphides 

(pyrite) occurred 70 DAS in all the treatments of Entisols and SSP applied treatment of 

Alfisols.  

3.4 Discussion 

3.4.1 Effect of TSP and SSP on P release 

Application of P fertilisers increased DRP in soils only at the beginning of the experiment 

(<14 DAS). The low DRP concentration (0.03-0.10 mg/L) maintained throughout the 

remaining experimental period (14-112 DAS) did not demonstrate significant differences 

between the two P fertili ser types and among the three soils. Initially, supersaturation of 
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The positive significant (p<0.01) correlation between DRP and porewater Ca 

concentration in the three soils provides evidence that dissolution of Ca minerals 

contributed to P release at least at the beginning of the submerged period. The reason for 

not observing a significant increase of DRP in this study could be due to resorption of P 

released by the fertilisers onto other solid phases as described below.   

Previous studies reported dissolution of P sorbed to Fe/Al oxy(hydr)oxides as a major 

source of P release to porewater under an anoxic environment (Gérard, 2016; Gu et al., 

2019; Queiroz et al., 2021; Attanayake et al., 2022; Shaheen et al., 2022). Several Fe/Al 

oxy(hydr)oxides, namely Fe3(OH)8 and boehmite in Alfisols, maghemite and boehmite 

in Ultsiols and maghemite in Entisols, may have dissolved with time during this study 

period. However, several other Fe/Al oxy(hydr)oxides had a positive SI throughout the 

submergence, including hematite, magnetite, and diaspore. Highly weathered tropical 

soils usually characterised by having high potential to sorb P due to the presence of high 

amounts of Fe and Al oxy(hydr)oxides (Rakotoson et al., 2016). Both Fe and Al oxides 

are effective adsorbents of phosphate, but Al oxides are more effective than Fe oxides. 

For example, oxalate extractable Al oxides adsorb nearly twice as much phosphate as 

oxalate extractable Fe oxides (Darke and Walbridge, 2000). Therefore, presence of Al 

oxy(hydr)oxides even in minor quantities in these soils can sorb considerable sums of P 

released to porewater under submergence. The decreasing porewater Al concentration of 

the three soils with time (from an average of 0.2 mg/L to below method detection limit) 

pointed to the possibility of P sorption with Al minerals. The XRD analysis of soil 

samples revealed gibbsite [Al(OH)3] as a major metal oxy(hydr)oxide in Ultisols and 

Entiols. Gibbsite was found either as major or trace clay mineral in several soils of Sri 

Lanka including Ultisols, Alfisols, and Entisols (Indraratne, 2020). Phosphorus sorbed on 

to gibbsite does not undergo reductive dissolution as P sorbed on to Fe oxy(hydr)oxides. 

Being a very slow exchanging component (Kyle et al., 1975), the P sorbed to gibbsite 

does not contribute to P release in submerged soils. The XRD analysis revealed the 

presence of goethite (a trace mineral) in Alfisols. According to previous XRD analysis, it 

is known that these soils contain Fe oxy(hydr)oxides too (Indraratne, 2020). The addition 

of P fertiliser treatments to Ultisols reported high concentrations of P in the Fe associated 

fraction compared to the other two soils. The released P to porewater by the dissolution 

of Ca-P and ferrihydrite may be resorbed by the abundantly available Fe and Al 

oxy(hydr)oxides in all three soils. Conversion of applied P fertilisers to Fe associated P 
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3.5 Implication s for rice cultivation  
 

This study presents evidence indicating that the three paddy soils exhibited no significant 

change in porewater DRP in response to applied P fertilisers during submergence, except 

immediately after the fertiliser application. The critical level of soil solution P 

concentration for rice plant growth is 0.1 mg/L (Hossner et al., 1973). In the Alfisol where 

fertilisers were applied, the DRP concentration remained higher than the critical level. In 

Entisols, only the treatment with SSP addition showed DRP concentrations surpassing 

the critical level. In Ultisols, the DRP concentration remained lower than the critical level 

even in soils where P fertilisers were applied.  

The dissolution of Ca-P minerals and ferrihydrites constituted the main source of P release 

by the three soils.  However, the released P appeared to be translocated to deeper soil 

layers and subsequently resorbed onto the abundantly available Fe and Al 

oxy(hydr)oxides surfaces and/or clay minerals, and also precipitated as Ca minerals. 

Further, urea addition did not affect the P release of any of the soils.  

This study offers insights into the potential changes in P species following submergence 

in three different paddy soils of Sri Lanka. For future studies, a direct P speciation 

method, X-ray absorption near-edge structure spectroscopy, can be used to validate the 

results obtained through assumptions-based thermodynamic modelling. Although the 

porewater DRP level was lower than the critical concentration threshold for P in rice plant 

growth during submergence, particularly in Ultisols, previous studies have indicated no 

yield response (no significant increase or decrease) to applied P fertilisers across paddy-

growing soils in Sri Lanka. Future studies may consider replacing the Olsen P test which 

extracts P under high soil pH (8.5) compared to the neutral pH found under submerged 

paddy soils, with another test (ie: Resin P test) that extracts P under field pH condition. 

The unique micro-environment of the rice plant rhizosphere may play a role in enhancing 

P release into the porewater under submergence, particularly by tapping the P in 

moderately labile pools. Hence, future research should prioritise investigating P 

transformations involving rice plants and rhizosphere soils. Such studies would contribute 

to a comprehensive understanding of why rice yield could remain unaffected despite the 

addition or omission of P fertilisers. Further, a proportion of dissolved fertiliser P can be 

retained in overlying water and so future studies should also focus on analysing dissolved 

P in both overlying water and porewater after applying inorganic P fertilisers. Since the 
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4.1 Introduction  

Non-point source phosphorus (P) contamination originating from agricultural soils is a 

significant contributor to the degradation of freshwater quality (Yang et al., 2008; 

Schoumans et al., 2014; Dharmakeerthi et al., 2019). Agricultural soils with elevated P 

concentrations, exceeding the optimal requirement for plant growth, are prone to P loss 

via surface runoff and leaching, which is an extensively investigated phenomenon 

(McDowell and Sharpley, 2001; Djodjic et al., 2004; Tóth et al., 2014). Surface runoff 

during or following a rainfall event can lose P in two forms: dissolved P and particulate 

bound P. The loss of dissolved P is critical for eutrophication, as it is bioavailable for the 

growth of harmful microorganisms and aquatic plant in freshwater bodies (Li and Brett, 

2013). Therefore, there is significant interest in transportation of dissolved P from 

agricultural soils to waterways.  

Agricultural soils can be submerged temporarily on frequent occasions either naturally or 

artificially. For example, short-term submergence of critical source areas (CSAs) 

(Sharpley et al., 2011; Thomas et al., 2016; Smith et al., 2021) during rainfall events, or 

temporary flooding of agricultural lands (Kumaragamage et al., 2020) are examples of 

natural submergence events. Whereas, constructed wetlands, detainment bunds and 

sediment ponds (Levin et al., 2021; Li et al., 2021; Robotham et al., 2021) are considered 

to be artificially submerged conditions. Agricultural soils under these situations can be 

subjected to alternating anerobic and aerobic conditions during rainfall events, especially 

during winter. These alternative conditions are likely to influence the P transformations 

and P release to soil porewater. Further, the released P could be diffused into the 

pondwater overlying the soil and can then be transported to surface waters via flow 

pathways (Amarawansha et al., 2015; McDowell et al., 2016; Smith et al., 2021), posing 

a threat of eutrophication of nearby waterways.  

Phosphorus is released to porewater under submergence of soil as a combined result of 

complex hydrological and biogeochemical processes (Jayarathne et al., 2016; 

Dharmakeerthi et al., 2019). Soil pH changes towards neutrality upon submergence 

(Ponnamperuma, 1972). The Eh of soil reduces due to the anaerobic condition created in 

soil by submergence (Maranguit et al., 2017). The redox potential controls the stability 

of several chemical compounds in soil. For example, reductive dissolution of 
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4.3 Results  

 4.3.1 Basic soil properties  

The three soils were acidic and varied in their P fertility and texture (Table 4.1). Anion 

storage capacity was highest in the Allophanic soil followed by the Pallic and Recent soil, 

respectively.  The sum of oxalate extractable Fe and Al was three times and two times 

higher in the Allophanic soil compared to the Recent and Pallic soils, respectively. The 

Allophanic soils had the highest total organic carbon (TOC) content at 8.2 g/100g, 

surpassing the Recent soil by more than 4-fold (2 g/100g) and the Pallic soil by nearly 2-

fold (4.7 g/100g).  
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Fig. 4.3 Variations of dissolved reactive phosphorus in porewater measured from the 2 cm and 10 cm soil depths and pondwater measured from 

the Recent, Pallic and Allophanic soils at the beginning and at the end of six submergence events. The error bars represent the standard errors of 

the means (n=5). Different scales are used for the DRP concentration (Y axis) of the three soils. 
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Fig. 4.4 Porewater concentrations of selected cations (Mn, Fe, Ca, Mg and Al) and 

dissolved organic carbon (DOC) measured from the 2 cm depth following six 

submergence events in the Recent, Pallic and Allophanic soils. The error bars represent 

the standard errors of the means. 
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Fig. 4.5 Porewater concentrations of selected cations (Mn, Fe, Ca, Mg and Al) and 

dissolved organic carbon (DOC) measured from the 10 cm depth following six 

submergence events in the Recent, Pallic and Allophanic soils. The error bars represent 

the standard errors of the means.  
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Fig. 4.6 Labile (water extractable (organic and inorganic) P: H2O-P, sodium bicarbonate extractable (organic and inorganic) P: NaHCO3-P), 

moderately labile P (Fe/Al (organic and inorganic)-P, Ca-P) and stable P fractions of the 0-2, 2-8 and 8-10 cm depths in the Recent, Pallic and 

Allophanic soils at the beginning, at the middle and at the end of the experimental period. The error bars represent the standard errors of the means 

(n=3).
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under submergence can be used to monitor such changes in other high-risk CSAs in the 

future.  

Keywords: Critical source areas, dissolved reactive phosphorus, phosphorus, submerge  
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Fig. 5.1 The experimental sites located within critical sources areas at Massey University 

dairy farms, Palmerston North, New Zealand A: Dairy 1 farm site (Recent soil), B: Dairy 

4 farm site (Pallic soil), C: A diagram of sampling point arrangement at the two sites (this 

diagram is not to scale) 

 5.2.3 Soil, porewater, floodwater and in-situ data collection  

Representative bulk soil samples (0-10 cm depth) were collected from both CSAs for 

initial soil characterisation. Porewater samplers were placed under suction in the morning 

via attached syringes and porewater was collected after 12 pm, following five rainfall 

events between July and August 2022. Although each field had ten sampling stations, 

porewater could not be collected from all ten stations in each rainfall event, due to issues 

with clogging and suction. Hence, there were a number of missing data. The five rainfall 

events will be referred as event 1, 2, 3, 4 and 5 in the manuscript. Surface flow was 

collected close to the soil surface using a syringe. The surface flow drainage pattern at 

the two sites were different. Surface runoff accumulated at the CSA site with time 

following a rainfall event at Dairy 1 farm, whereas it drained off quickly following a 
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Fig. 5.2 Overall redox status of the soil solution during each event as pe+pH varied in the 

2 and 10 cm depths of the two soils at different rainfall events. Redox zones are indicated 

by dashed lines. The error bars represent the standard errors of the means. The rainfall 

events (Y axis) are spaced based on the days between the events. 

5.3.4 Variation of porewater and floodwater DRP following rainfall events and 

relationship with rainfall characteristics 

The interaction between event and depth was not significant for porewater DRP in either 

of the soils. Further, the porewater DRP concentrations measured at two soil depths were 

not significantly different in either of the soils. The porewater DRP concentrations 

measured at different rainfall events from the two soils were not significantly different 

except during rainfall event 3 for the Pallic soil, which reported significantly (p<0.05) 

higher DRP concentration than the other events. The porewater DRP concentrations from 

the 2 cm depth varied from 0.65 to 1.03 mg/L and it varied from 0.32 to 0.98 mg/L at the 

10 cm depth of the Recent soil across four rainfall events (Fig. 5.3). In the Pallic soil, the 

porewater DRP concentrations varied from 0.26 to 2.31 mg/L at the 2 cm depth and 0.27 

to 1.02 mg/L at the 10 cm depth.  
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Fig. 5.3 Variations in dissolved reactive phosphorus in porewater at the 2 and 10 cm 

depths and in floodwater measured from a critical source area on a Recent and Pallic soil 

across five rainfall events. The error bars represent the standard errors of the means. The 

rainfall events (Y axis) are spaced based on the number of days between the events.  

The floodwater DRP concentrations measured from the two soils were not significantly 

different among the rainfall events, except in rainfall event 4 in the Recent soil, which 

was significantly (p<0.05) higher than the DRP concentrations measured from the other 

three rainfall events (Fig. 5.3). The floodwater DRP concentrations during the 

experimental period varied from 0.13 to 0.87 mg/L and 0.19 to 0.54 mg/L in the Recent 

and Pallic soils, respectively. The porewater DRP concentrations measured from neither 

depth of the two soils were significantly correlated with floodwater DRP concentrations 

(data is not shown).  
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Fig. 5.4 Regression relationships between rainfall characteristics and floodwater DRP of 

the Recent soil and porewater DRP at the 2 and 10 cm depths of the Pallic soil. * Indicates 

statistically significant regression (p<0.05) relationships. Statistically non-significant 

regression relationships are not shown. 
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Fig. 5.5 Porewater concentrations of selected cations (Mn, Fe, Ca, and Mg) measured at 

the 2 cm and 10 cm depths following five rainfall events on the Recent and Pallic soils. 

The error bars represent the standard errors of the means. Different scales are used for 

different cation concentrations (Y axis). Significant (p<0.05) differences indicate 

comparison between depths only. 
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Fig. 5.6 Labile, moderately labile (NaOH extractable P: Fe/Al-P, and HCl extractable P: 

Ca-P) and stable P fractions of 0-2, 2-8 and 8-10 cm depths of the Recent and Pallic soils 

at the middle and at the end of the experimental period. The error bars represent the 

standard errors of the means (n=3). 

 
The total P (sum of all the eight fractions) concentration increased by 0.1 and 0.5-fold at 

the 0-2 and 2-8 cm depths and remained unchanged at the 8-10 cm depth in the Recent 

soil, with time (Fig. 5.6). Only the increase in total P concentration at the 2-8 cm depth 

in the Recent soil was significant (p<0.05).  In the Pallic soil, although the changes were 

not significant, the total P concentration decreased by 0.2-fold at the 0-2 cm depth, 
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Chapter 6 
 

General Discussion 
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6.1  Introduction  

Phosphorus (P) dynamics in soil under submerged anaerobic condition differs from that 

of an aerobic condition. Submergence generally leads to soil P release due to complex 

hydrological and biogeochemical reactions and this depends on inherent soil 

characteristics (Jayarathne et al., 2016; Dharmakeerthi et al., 2019; Palihakkara et al., 

2024). Hence, efficient management of soil P in crop and pasture land use under 

submergence is challenging. The objective of this thesis was to investigate soil P 

dynamics under two submergence scenarios, focusing on enhancing P availability for 

plants and mitigating P loss from the soil. In this thesis, P release from tropical soils under 

long-term (>2-3 continuous months) submergence was studied, aiming to gather in-depth 

knowledge associated with inconsistent rice yield response to added inorganic P fertilisers 

in paddy soils with contrasting soil properties in Sri Lanka (Chapter 3). Further, P release 

from temperate pasture soils in critical source areas (CSAs) under short-term (hours to 

few days) submergence was also studied to investigate the potential of soils with 

contrasting soil properties to release P upon temporary submergence experienced during 

rainfall events under simulated and field conditions in New Zealand (Chapters 4 and 5). 

This chapter aims to synthesise the findings of these studies (Chapters 3, 4 and 5) and 

compare P release from tropical and temperate soils under both long-term and short-term 

submergence. It also explores the implications of these findings for broader P 

management practices and highlights opportunities for future research in this area.  

6.2  Current understanding  

Short-term (< 2 ½ years) and long-term (> 2 ½ years) yield response studies have reported 

inconsistent rice yield responses to applied P fertilisers in paddy soils in Sri Lanka and 

this inconsistency cannot be adequately explained by soil available P (eg: Olsen P), 

irrigation schemes, soil texture, pH, electrical conductivity, total carbon content, and 

available iron and magnesium concentrations (Kendaragama et al., 2003; Sirisena et al., 

2013;  Kulasekara et al., 2020). Prior to the current study in this thesis, there was no 

mechanistic understanding of the changes in P species of paddy soils under submergence 

and different management practices (eg: fertiliser application). This knowledge is 

important for making site specific P fertiliser recommendations for rice cultivation in Sri 

Lanka and for understanding the potential for P build up and P release in paddy soils.  
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A significant number of research studies have been undertaken to quantify P loss from 

agricultural catchments in New Zealand over the last decade. These studies encompass 

various methods of P loss assessments, including the evaluation of dissolved P losses via 

surface, subsurface runoff, and leaching from contrasting soils in laboratory experiments 

(Smith et al., 2021; Smith et al., 2023), simulated rainfall studies (Simmonds et al., 2017), 

and field studies (Gray et al., 2022; McDowell and Smith, 2023). While Smith et al. 

(2021) demonstrated the release of dissolved P from subsoil (below 20 cm) of a Melanic 

Orthic Gley soil under field conditions in New Zealand, there has been no research on the 

potential of different surface soils to release dissolved P upon short-term but frequent 

submergence during storm events in agricultural features, such as CSAs, in New Zealand. 

Given that CSAs represent relatively small fractions of farm land area yet account for a 

disproportionate quantity of P loss, it becomes evident that there is a critical gap in 

understanding that warrants urgent attention and investigation. 

6.3 Comparison of phosphorus release from submerged tropical and 

temperate soils  

The selected soil types of Sri Lanka and New Zealand examined in this thesis had 

contrasting physico-chemical characteristics (Table 6.1). The soils from the two countries 

were also different in terms of land use, climate, management, and submergence purpose 

and duration.  The three soil types (Ultisol, Alfisol and Entisol soils) from Sri Lanka 

selected for sample collection were from long-term (>20 years) paddy fields in a region 

characterised by a tropical climate.  Farmers in Sri Lanka generally grow rice in paddy 

soils twice a year (Maha season: October-January, Yala season: May-September). These 

soils are generally submerged for periods lasting 4-6 months per year (2-3 months per 

season). Comparatively, the soils selected from New Zealand were from grazed pastoral 

farms with long-term (>5 years) ryegrass/white clover pasture mixture (Recent and Pallic 

soils) and with ryegrass, white clover and browntop mixture (Allophanic soil).  These 

soils are from a temperate region. Unlike in paddy cultivation where submergence is 

created artificially, the New Zealand soils experience natural, relatively short-term (hours 

to a few days) submergence due to intermittent rainfall events, most commonly occurring 

during winter. 
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Phosphorus release from soils during submergence were different in soils from the two 

countries. The P fertiliser (triple superphosphate: TSP and single superphosphate: SPP) 

applied to the Ultisol, Alfisol and Entisol soils of Sri Lanka showed significantly (p<0.05) 

higher (1.1-8.0 mg/L) DRP concentrations compared to unfertilised soils only up to one 

week after P application. About 3 weeks after P application, the DRP concentration in all 

soils remained low, ranging from below the detection limit (0.024) to 0.300 mg/L. Results 

from the control soils (no fertiliser application) indicated that there was a slight P release 

(0.03-0.09 mg/L) upon submergence, and the addition of P did not significantly increase 

DRP in these soils. Application of urea did not affect P release from paddy soils. 

Comparatively, the New Zealand glasshouse experiment indicated that during short-term 

submergence due to simulated rainfall events, the Recent soils released P to pondwater, 

whereas the Pallic and Allophanic soils did not. Although the Pallic soil released soil P 

to soil porewater, the extent of P release was not adequate to increase the P concentration 

in the overlying pondwater. The Allophanic soil acted as a sink for P due to the greater 

sorption capacity of the soil. Similarly, under field conditions with intermittent rainfall 

events, both the Recent and Pallic soils released porewater P, while the floodwater 

concentrations of the two soils were 0.13 to 0.87 and 0.19 to 0.54 mg/L, respectively.  

6.4 Key findings 

In topical soils, irrespective of different initial Olsen P concentrations (3-65 mg/kg) of 

the three paddy soils, there was no significant increase in porewater DRP concentrations 

in soils that had P fertiliser applied compared to control soils throughout the submergence, 

except immediately after the P fertiliser application. This result supported the previous 

findings that the inconsistent rice yield response could not be explained by Olsen P 

concentrations in rice paddy soils in Sri Lanka (Sirisena et al., 2013; Kulasekara et al., 

2020). Urea application did not delay P release from paddy soils, probably due to the time 

of urea application. The fertiliser applied to Alfisols (both TSP and SSP) and Entisols 

(only SSP) maintained at least the critical concentration of soil solution P concentration 

needed for rice growth (0.1 mg/L) throughout the submergence. Comparatively, Ultisols 

failed to maintain this critical level even when P fertilisers were applied. These 

observations together with P fractionation data and modelling revealed that the 

released/dissolved P was resorbed to abundantly available Fe and Al oxy(hydr)oxides 

surfaces and/or clay minerals, and also precipitated as Ca minerals. Thus, there has been 
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glasshouse experiment further highlighted the potential use of Allophanic soil as a P 

sorbing material in CSAs. 

6.5 Implications and future directions 

The incubation study conducted for paddy soils in Sri Lanka is the first study to develop 

a mechanistic understanding of the dynamics of applied P fertilisers in submerged paddy 

soils. Building upon this study as a baseline for understanding the inconsistent yield 

response of rice to added P fertilisers in Sri Lanka, future research can investigate rice 

plants and rhizosphere soils to uncover the impact of the unique micro-environment of 

the rice plant rhizosphere. Future studies should focus on analysing dissolved P both in 

overlying water and porewater in rice plant systems to get a full picture of the 

transformation of P in applied fertilisers. This will help to elucidate the mechanisms 

behind P release from soils during submergence to identify strategies for maintaining 

consistent rice yields even without fertiliser application in alternative seasons. The use of 

advanced techniques such as X-ray absorption near-edge structure spectroscopy 

(XANES) would validate the gathered results and improve the current understanding of 

the changes of P species under submergence. Further, this research could be expanded to 

develop more effective P management strategies for paddy soils, such as developing 

strategies to tap P in the moderately labile P pools, and thereby develop efficient P 

fertiliser recommendations/reducing P fertiliser input without affecting rice yield and 

introducing slow-release P fertilisers for rice cultivation. Furthermore, future studies 

could explore replacing the Olsen P test, which extracts P under high pH (8.5) conditions 

compared to lower field pH common under submergence, using an alternative test such 

as the Resin P test.  

Together with the glasshouse study, the field study conducted in New Zealand revealed 

the potential of short-term submerged CSA soils to release DRP to porewater and 

floodwater. The CSAs serve as significant nutrient hotspots, inherently connected to the 

hydrological networks of waterways. In addition, the findings in the present study reveal 

that CSAs themselves act as sources of P, possibly releasing DRP into overlying water 

along the P transport pathway to waterways, which is alarming. The results indicate that 

the Pallic soil released P into porewater, and to a certain extent, it also resorbed P from 

porewater. This suggests that, considering the locations of CSAs along P transport 

pathways, some soils may eventually saturate their P sorption sites, especially those with 
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Table 3.S1 Statistical analysis results for porewater pH of three soils with treatments and 

days after submergence 

 
Effect DF F 

Value 
Pr > F 

Soil 2 122.48 <.0001 

N Trt 1 1.43 0.2397 

Soil * N Trt 2 1.87 0.1686 

P Trt 2 0.09 0.9154 

Soil * P Trt 4 0.35 0.8440 

N Trt * P Trt 2 3.82 0.0313 

Soil * N Trt * P Trt 4 3.30 0.0210 

DAS 12 753.13 <.0001 

Soil * DAS 24 28.12 <.0001 

N Trt * DAS 12 2.61 0.0065 

Soil * N Trt * DAS 24 1.35 0.1577 

P Trt * DAS 24 3.15 <.0001 

Soil * P Trt * DAS 48 2.00 0.0009 

N Trt * P Trt * DAS 24 2.59 0.0005 

Soil * N Trt * P Trt * 
DAS 

48 2.31 <.0001 

The main effects and interaction between factors; Soil, N fertiliser treatments (N Trt), P fertiliser 
treatments (P Trt), DAS, Soil * N Trt, Soil * P Trt, Soil * DAS, Soil * N Trt * P Trt, Soil * N Trt 
* DAS, N Trt * P Trt, N Trt * DAS, P Trt * DAS, N Trt * P Trt * DAS, Soil * N Trt * P Trt * 
DAS 
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Table 3.S2 Statistical analysis results for porewater DRP of three soils with treatments 

and days after submergence  

Effect DF F Value Pr > F 

Soil 2 2.06 0.1422 

N Trt 1 1.66 0.2053 

P Trt 2 12.59 <.0001 

DAS 12 37.49 <.0001 

Soil * N Trt 2 0.07 0.9365 

Soil * P Trt 4 1.44 0.2412 

Soil * DAS 24 1.83 0.0102 

Soil * N Trt * P Trt  4 0.22 0.9241 

Soil * N Trt * DAS 24 0.18 1 

N Trt * P Trt 2 3.08 0.0582 

N Trt * DAS 12 1.2 0.2792 

P Trt * DAS 24 11.75 <.0001 

N Trt * P Trt * DAS 24 2.65 <.0001 

Soil * N Trt * P Trt * DAS 96 1.24 0.0781 

The main effects and interaction between factors; Soil, N fertiliser treatments (N Trt), P fertiliser 

treatments (P Trt), Days after submergence (DAS)  
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Table 3.S3 Correlations among porewater DRP, Fe, Mn, Ca, Mg, pH, and Eh  

 
Correlations 

 DRP Fe Mn Ca Mg pH Eh 

DRP 1 -.078 .071 .452**  .101 -.023 .350**  

Fe -.078 1 .519**  -.311**  -.491**  .557**  -.176**  

Mn .071 .519**  1 .325**  .512**  .912**  -.245**  

Ca .452**  -.311**  .325**  1 .451**  -.439**  .509**  

Mg .101 -.491**  .512**  .451**  1 -.573**  .603**  

pH -.023 .557**  .912**  -.439**  -.573**  1 .301**  

Eh .350**  -.176**  -.245**  .509**  .603**  .301**  1 

**. Correlation is significant at the 0.01 level  

Fig. 3.S3 The scree plot and proportion of variance explained by the principal components 



180 
 

-

 

Fig. 3.S4 Changes in different P fractions at depths 0 - 2, 2 - 4 and 4 - 6 cm at 35 and 112 

days after submergence due to different fertiliser treatments of Ultisol soils. Pi; inorganic 

phosphorus, Po; organic phosphorus, H2O; distilled water extractable P, NaHCO3; 0.5 M 

sodium bicarbonate extractable P, NaOH; 0.1 M sodium hydroxide extractable P, HCl; 

1.0 M hydrochloric acid extractable P, residual; residual P 
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Fig. 3.S5 Changes in different P fractions at depths 0-2, 2-4 and 4-6 cm at 35 and 112 

days after submergence due to different fertiliser treatments of Alfisol soils. Pi; inorganic 

phosphorus, Po; organic phosphorus, H2O; distilled water extractable P, NaHCO3; 0.5 M 

sodium bicarbonate extractable P, NaOH; 0.1 M sodium hydroxide extractable P, HCl; 

1.0 M hydrochloric acid extractable P, residual; residual P 
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Fig. 3.S6 Changes in different P fractions at depths 0-2, 2-4 and 4-6 cm at 35 and 112 

days after submergence due to different fertiliser treatments of Enltisol soils. Pi; inorganic 

phosphorus, Po; organic phosphorus, H2O; distilled water extractable P, NaHCO3; 0.5 M 

sodium bicarbonate extractable P, NaOH; 0.1 M sodium hydroxide extractable P, HCl; 

1.0 M hydrochloric acid extractable P, residual; residual P 
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Fig. 4.S1 Variations of porewater pH at 2 cm and 10 cm depths and pondwater pH of the 

Recent soil, Pallic soil, Allophanic soil at the beginning and at the end of six submergence 

events. The error bars represent the standard errors of the means. Variations of soil redox 

potential at 2 cm and 10 cm depths of the Recent soil, Pallic soil, Allophanic soil at the 

beginning and at the end of six submergence events.  
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Table 4.S1 Pearson Correlation (r) analysis of the DRP concentration at two depths with 

pondwater 

 

 

 

 

 

 
** Correlation is significant at the 0.01 level  
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.S2 Change in dissolved reactive phosphorus concentrations of porewater between 

the beginning and at the end of six submergence events at 2 and 10 cm soil depths and 

pondwater of the Recent soil, Pallic soil, Allophanic soil.   

Soil  2 cm 10 cm 
Recent soil Beginning 0.575**  0.491**  

End 0.539**  0.700**  
Pallic soil Beginning 0.813**  0.771**  

End 0.546**  0.663**  
Allophanic soil Beginning 0.608**  0.346 

End 0.191 0.305 
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Fig. 4.S3 Porewater nitrate concentrations of 2 and 10 cm depths of the six submergence 

events of the Recent, Pallic and Allophanic soils.  

Table 4.S2 Loading numbers (rotated components) for the principal component for the 

data set (DRP, DOC, Eh, pH, pe+pH, and porewater Fe, Al, Mn, Ca and Mg) of the three 

soils (significant loadings in bold) 

 Recent soil Pallic soil Allophanic soil 

Variable PC1 PC2 PC1 PC2 PC3 PC1 PC2 PC3 

pH .051 .717 -.569 -.138 .582 -.319 .030 .764 

Eh -.698 .539 -.934 -.016 -.168 -.699 -.102 .545 

DRP .711 -.080 .372 .119 .785 .153 -.056 .765 

DOC .655 -.222 .541 .510 .180 .533 .618 .131 

Ca .925 .048 .907 .193 .085 .928 .145 -.165 

Fe .153 -.720 .358 .715 -.135 .271 .841 -.167 

Mn .629 -.207 .772 .054 -.178 .572 -.288 .042 

Mg .848 .096 .922 .154 .116 .885 .240 -.052 

Al  .098 -.727 -.223 .887 .103 -.211 .850 .000 

pe+pH -.677 .598 -.950 -.027 -.111 -.691 -.093 .591 

Varimax rotation 
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Fig. 4.S4 Principal components of the Recent soil in rotated space    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.S5 Principal components of the Pallic soil in rotated space    
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Fig. 4.S6 Principal components of the Allophanic soil in rotated space    

 

 
 

Fig. 4.S7 Total organic P fractions (sum of water extractable, sodium bicarbonate and 

sodium hydroxide extractable organic P) of 0-2 cm depth of the Recent, Pallic and 

Allophanic soils during the experimental period. The error bars represent the standard 

errors of the means (n=3). 
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Fig. 5.S1 Hourly four-day rainfall amounts before porewater and floodwater sample 

collection of each event.  
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Fig. 5.S2 Variations of porewater pH at 2 cm and 10 cm depths and floodwater pH of the 

Recent soil and Pallic soils soil over five rainfall events and variations of soil redox 

potential at 2 cm and 10 cm depths of the Recent and Pallic soils over five rainfall events. 

The error bars represent the standard errors of the means. The rainfall events (Y axis) are 

spaced based on the days between the events. 

Table 5.S2 Pearson correlations (r) of porewater DRP of the two depths of the Recent 

and Pallic soils with pH, Eh, pe+pH, DOC and selected porewater cations 

 

** p<0.01, *p<0.05 

 pH Eh pe+pH DOC Ca Mg Mn Fe 

Recent soil .244 -.332 -.247 -.028 -.212 .087 -.075 -.135 

Pallic soil -.357* .103 .051 .408**  -.103 .311 -.103 -.110 
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Fig. 5.S3 Variations of porewater nitrate, Al and dissolved organic carbon at 2 cm and 10 

cm depths of the Recent soil and Pallic soils over the five rainfall events. The error bars 

represent the standard errors of the means. The rainfall events (Y axis) are spaced based 

on the days between the events. 
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