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Abstract

Submergence induces major changes in the chemical environment of paddy soils and can alter the mobility of redox- and pH-
sensitive elements. The present study characterised the temporal dynamics of soil acidity and iron (Fe) and aluminium (Al) fractions
during 90 days of continuous submergence in an acidic paddy soil of Lower Kuttanad, Kerala, India. A 40 m? field area was
maintained under continuous submergence and soil samples were collected from 0—15 and 15-30 cm depths at 0, 15, 30, 45, 60, 75
and 90 days after submergence, together with concurrent floodwater samples. Soil pH, electrical conductivity, potential acidity,
cation exchange capacity, HCl-extractable Fe and Al, water-soluble Fe and Al, and total Fe and Al were determined, while
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floodwater pH, EC, total Fe and total Al were analysed. Soil pH increased during the initial and middle stages of submergence,
whereas potential acidity declined. Reactive Fe fractions increased, with HCl-extractable Fe reaching 733.00 and 883.50 mg kg™! at
75 days in the 0—15 and 15-30 cm layers, respectively. In contrast, HCl-extractable and water-soluble Al declined progressively,
while total Fe and Al showed comparatively limited temporal variation. Floodwater Fe increased from 11.43 to 15.30 mg L' by 75
days, whereas floodwater Al declined from 5.56 to 0.43 mg L' by 90 days. The contrasting Fe and Al responses indicate that partial
alleviation of soil acidity under prolonged submergence was accompanied by reduced Al mobility but enhanced mobilisation of
reactive Fe. The observations provide a temporal baseline for understanding Fe—Al partitioning in submerged acidic soils of Lower
Kuttanad and for designing replicated studies on the timing and management of amelioration.

Keywords: Acidic soil; aluminium; iron, Lower Kuttanad; rice soil; submergence; soil acidity, floodwater.
1. Introduction

Submergence is a defining feature of lowland rice production and causes progressive changes in the chemical environment of soil.
Following inundation, oxygen is consumed and the soil develops conditions favouring the reduction of oxidised mineral phases.
These changes modify proton balance, nutrient transformations and the solubility and mobility of redox-sensitive elements. The
magnitude of these responses depends on soil properties, organic matter, duration of flooding and mineral composition (Patrick &
Reddy, 1978; Ponnamperuma, 1972; Sahrawat, 2004). Recent experimental work has shown that waterlogging can establish
reducing conditions accompanied by reductive Fe dissolution (Kronberg et al., 2024). Field observations in flooded rice paddy soil
have also documented redox-driven transformations of Fe oxyhydroxides under inundation (Schulz et al., 2024).

In acidic soils, the response to submergence is particularly important because Fe and Al are controlled by different but interacting
processes. Reduction of Fe(Ill)-bearing phases can increase the proportion of Fe in more soluble Fe(Il) forms, whereas Al solubility
is strongly dependent on soil reaction and generally decreases as pH rises through hydrolysis and precipitation processes (Kochian
et al., 2015; Sahrawat, 2004). Consequently, an increase in soil pH during flooding may reduce Al mobility while not necessarily
reducing Fe mobilisation. Studies of acidic agricultural soils further indicate that amelioration of soil acidity can alter extractable or
exchangeable Al pools under management interventions (Hasana, 2026; Muindi, 2020).

The Kuttanad wetland system of Kerala contains several acid sulphate and strongly acidic paddy soils where acidity and associated
Fe and Al constraints are important limitations to rice production. Earlier investigations have documented severe acidity and Fe—Al-
related constraints in Kuttanad, while recent studies have continued to highlight the importance of acidity, Fe behaviour and soil—
water interactions in these hydromorphic rice systems (Amrutha et al., 2023; Ebimol et al., 2017; Kamarudheen et al., 2025; Rohith
et al., 2024; Sumayya et al., 2025).

Although the general chemistry of submerged soils is well established, field-based information describing the concurrent temporal
behaviour of operationally extractable and water-soluble Fe and Al fractions, together with floodwater chemistry, during prolonged
submergence of acidic paddy soils in Lower Kuttanad remains limited. Examining reactive and total pools together with floodwater
chemistry can distinguish changes in elemental mobility and partitioning from changes in the total soil Fe pool. The present study
therefore characterised temporal changes in soil pH, EC, potential acidity and CEC; HCl-extractable, water-soluble and total Fe and
Al; and floodwater pH, EC, Fe and Al during 90 days of continuous submergence in an acidic paddy soil of Lower Kuttanad.

2. Materials and Methods
2.1 Study Site and Sampling

The study was conducted at the Regional Agricultural Research Station (RARS), Moncompu, Kerala, India, during the puncha
season of 2022-23. A 40 m? field area was enclosed with approximately 15-cm-high bunds and maintained under continuous
submergence. Soil and floodwater samples were collected at 0, 15, 30, 45, 60, 75 and 90 days after submergence. Soil samples were
collected from 0—15 and 15-30 cm depths and composited separately for each sampling date and depth. Floodwater samples were
collected concurrently.

2.2 Soil and Floodwater Analysis

Soil pH and electrical conductivity (EC) were determined in a 1:2.5 soil-to-water suspension following Jackson (1973). Potential
acidity was estimated using the BaCl-TEA buffer method of Page et al. (1982), while cation exchange capacity (CEC) was
determined by the ammonium acetate saturation method (Rhoades, 1982). Total Fe and Al were determined following acid digestion
with HNOs—H:SO+—HF-HCIOs, followed by estimation using atomic absorption spectrophotometry (AAS) (Loeppert & Inskeep,
1996). Water-soluble Fe was extracted with distilled water and estimated by AAS (Miller ef al., 1986). HCl-extractable Fe and Al
were determined using 0.1 N HCI extraction followed by AAS (Sims & Johnson, 1991). Water-soluble Al was determined by
aqueous extraction and AAS following Drabek ef al. (2005).

Floodwater pH and EC were measured potentiometrically and by conductometry, respectively. Total Fe and Al in floodwater were
determined using AAS following Osiname ez al. (1973), and concentrations were expressed as mg L.

2.3 Data Analysis

Temporal variation in soil and floodwater properties was assessed using observations recorded at the seven sampling dates. Mean
values and standard deviations were calculated. Pearson correlation analysis was performed separately for the two soil depths to
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examine associations among soil pH, EC, potential acidity, CEC and Fe and Al fractions. Correlations among floodwater pH, EC,
total Fe and total Al were also determined. As the study involved a single monitored field and composite samples, the observations
were interpreted as temporal changes within the field rather than replicated treatment effects.

3. Results and Discussion

3.1 Changes in Soil Acidity and CEC during Submergence

The soil was strongly acidic at the onset of submergence, with pH values of 4.45 and 4.33 in the 0—15 and 15-30 cm layers,
respectively. Soil pH increased through the initial and middle stages, reaching 5.32 and 5.17 at 75 days before declining slightly at

90 days. The mean pH was 5.07 £ 0.34 in the surface layer and 4.89 + 0.29 in the subsurface layer (Table 1). The response therefore
represented partial alleviation of acidity rather than neutralisation.
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Fig. 1. Temporal variation in soil pH (0-15 cm and 15-30 cm depth) during submergence
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Fig. 2. Temporal variation in potential acidity (0-15 cm and 15-30 cm depth) during submergence

The increase in pH is consistent with the established response of submerged acidic soils, in which oxygen depletion and reduction of
oxidised Fe and Mn phases contribute to proton consumption and alkalinity generation (Patrick & Reddy, 1978; Ponnamperuma,
1972). Similar increases in pH have been reported in Kuttanad acid sulphate soils (Ebimol et al., 2017). The persistence of pH
below 5.5 even at 90 days indicates that submergence alone did not remove the acidity constraint.

EC showed comparatively limited temporal variation, with mean values of 0.35 + 0.03 and 0.30 + 0.02 dS m™" in the two layers. The
temporary increase during the early period was followed by a decline, suggesting redistribution or retention of soluble constituents
rather than progressive salt accumulation. The relatively low EC throughout the monitoring period is consistent with observations
reported for Kuttanad soils (Amrutha ef al., 2023; Rohith ef al., 2024).

Potential acidity declined from 30.80 to 11.90 meq 100 g in the surface layer and from 31.90 to 16.60 meq 100 g™ in the

subsurface layer by 90 days. This coincided with the increase in pH and indicates a progressive reduction in the measured acid
reserve during submergence. CEC increased during the initial and middle stages, reaching 25.50 and 22.60 meq 100 g at 75 days
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before a slight decline at 90 days. The increase may reflect changes in surface charge characteristics and ion exchange processes
accompanying changes in soil reaction, although these mechanisms were not directly evaluated in the present study; comparable

relationships between CEC, soil reaction and Fe status have been reported in hydromorphic rice soils of Kerala (Amrutha et al.,
2023; Kamarudheen et al., 2025).

3.2 Temporal Redistribution of Soil Fe Fractions

HCl-extractable Fe increased markedly during submergence, reaching 733.00 mg kg™ in the 0—15 cm layer and 883.50 mg kg™' in
the 15-30 cm layer at 75 days (Table 2). Water-soluble Fe also increased, reaching 22.10 mg kg™! in the surface layer at 75 days and
29.80 mg kg™ in the subsurface layer at 90 days. In contrast, total Fe changed comparatively little. The greater response of the

reactive fractions relative to the total Fe pool indicates redistribution among Fe pools rather than a major change in the overall soil
Fe reserve.

Flooding promotes reduction of Fe(Ill) minerals to Fe(II), which can increase dissolved and operationally extractable Fe fractions
under oxygen-limited conditions (Kirk et al., 2022; Ponnamperuma, 1972; Sahrawat, 2004). The present temporal pattern is
consistent with this established mechanism and with recent observations of changing Fe fractions under soil submergence (Lai &
Wang, 2025). However, Eh was not measured in the present study; therefore, the data demonstrate temporal Fe mobilisation
associated with submergence but do not independently quantify the redox mechanism.

The consistently higher reactive Fe concentrations in the 15-30 cm layer suggest greater accumulation of these forms at depth.
Differences in mineral Fe pools, organic matter and local soil-water conditions may contribute, but these mechanisms cannot be
separated with the present sampling design. The decline in HCl-extractable Fe after 75 days, together with continued high
concentrations of soluble Fe in the subsurface layer, also indicates that Fe mobilisation was not strictly linear through time.
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Fig. 3. Temporal variation in HCI extractable Fe (0-15 and 15-30 cm depth) during submergence
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Fig. 4. Temporal variation in Water soluble Fe (0-15 and 15-30 cm depth) on submecrgence
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Table 1. Temporal variation of soil pH, EC, Potential acidity and CEC in submergence

Days after pH EC (dSm™) Potential acidity (meq 100 g™*) CEC (meq 100 g™
submergence 0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm
0 445 433 0.32 0.28 30.80 31.90 22.50 19.80

15 4.72 4.68 0.35 0.30 24.60 29.80 23.20 20.40

30 521 493 0.39 0.32 26.20 26.70 24.00 21.00

45 5.28 5.01 0.38 0.33 21.30 26.00 24.80 21.30

60 531 5.15 0.34 0.30 17.50 22.60 25.20 22.00

75 5.32 5.17 0.35 0.28 14.20 19.50 25.50 22.60

90 5.17 4.89 0.31 0.29 11.90 16.60 24.90 22.10
Mean+SD 5.07+0.34 4.888+0.29 0.35+0.03 0.30+0.02 20.93+ 6.80 24.73+£5.49 24.30+1.11 21.31£1.00
Range 4.45-5.32 4.33-5.17 0.31-0.39 0.28-0.33 11.90-30.80 16.60-31.90 22.50-25.50 19.80-22.60

Table 2. Temporal variations of Fe fractions at 0-15 and 15-30 cm depth on submergence

Days of submergence HCI extractable Fe (mg kg™) Water soluble Fe (mg kg™) Total Fe (mg kg™)
0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm
0 441.80 511.50 17.90 24.60 13030.00 15281.00
15 525.50 528.00 18.20 27.30 13160.00 15170.00
30 522.50 682.50 18.90 24.30 13233.00 15420.00
45 505.60 640.05 20.10 25.70 13640.00 15447.00
60 568.05 651.50 21.60 27.60 13782.00 15487.00
75 733.00 883.50 22.10 25.20 13981.00 15773.00
90 634.50 659.50 20.22 29.80 13769.00 15593.00
Mean 561.56 +£95.79 650.94 + 122.36 19.86+ 1.62 26.36+1.97 13513.57+ 367.28 15453.00 + 197.46
Range 441.80 - 733.00 511.50 - 883.50 17.90-22.10 24.30-29.80 13030.00 - 13981.00 15170.00 - 15773.00
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3.3 Temporal Redistribution of Soil Al Fractions

The temporal behaviour of Al contrasted with that of Fe (Table 3). HCl-extractable Al declined from 387.00 to 288.00 mg kg™' in the
0-15 cm layer and from 458.40 to 307.00 mg kg™ in the 15-30 cm layer. Water-soluble Al showed a stronger decline, from 6.87 to
1.31 mg kg™ and from 6.31 to 1.43 mg kg™, respectively. Thus, the readily mobile Al pool decreased substantially as submergence
progressed.

Table 3. Temporal variations of Al fractions at 0-15 and 15-30 cm depth on submergence

Days of HCI extractable Al Water soluble Al Total Al
submergence (mg kg™ (mg kg™) (mg kg™
0-15 cm 15-30 cm 0-15 cm 15-30 cm 0-15 cm 15-30 cm
0 387.00 458.40 6.87 6.31 3475.00 3588.00
15 382.00 432.10 4.49 6.70 3213.00 3528.00
30 379.00 383.20 3.39 4.65 3144.00 3590.00
45 365.00 346.90 3.95 4.46 3418.00 3344.00
60 344.00 335.60 1.21 1.49 3333.00 3474.00
75 330.00 336.00 1.23 1.32 3176.00 3536.00
90 288.00 307.00 1.31 1.43 3165.00 3357.00
Mean 353.57+£35.71 371.3+55.79 3.2142.13 3.77£2.34 3274.86+133.37 3488.14+£101.98
Range 288.00-387.00 307.00-458.40  1.21-6.87 1.32-6.70 3144.00-3475.00 3344.00-3590.00
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Fig. 5. Temporal variation in Total Fe (0-15 and 15-30 cm depth) during submergence
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Fig. 6. Temporal variation in extractable Al (0-15 and 15-30 cm depth) during submergence
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The decline in soluble and HCl-extractable Al coincided with increasing soil pH and decreasing potential acidity. This temporal
association is consistent with the strong pH dependence of Al solubility: as soil pH increases, hydrolysis, polymerisation and
precipitation can convert soluble Al into less soluble hydroxy-Al forms (Kochian et al., 2004; Kochian et al., 2015). The concurrent
increase in soil pH and decline in water-soluble Al further indicate a close temporal association between soil reaction and Al
mobility; however, the relationship should not be interpreted as evidence of causation.

Total Al showed comparatively limited temporal variation despite the decline in its extractable fractions. This indicates that
submergence primarily altered Al partitioning and mobility rather than substantially removing Al from the soil. The response is

relevant to Kuttanad acid sulphate soils, where severe acidity and Fe—Al constraints have been documented (Ebimol et al., 2017;
Rohith et al., 2024; Sumayya et al., 2025).
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Fig. 7. Temporal variation in water soluble (0-15 and 15-30 cm depth) during submergence
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Fig. 8. Temporal variation in Total Al (0-15 and 15-30 cm depth) during submergence
3.4 Contrasting Fe—Al dynamics and Floodwater Chemistry

The combined soil and floodwater observations demonstrate a clear divergence between Fe and Al during prolonged submergence.
As soil pH increased and potential acidity declined, reactive Fe fractions increased while HCl-extractable and water-soluble Al
decreased. This contrasting behaviour reflects the different dominant controls on the two elements: Fe is strongly influenced by
reduction and mineral dissolution under flooding, whereas Al mobility is more strongly governed by soil reaction (Kochian et al.,
2015; Sahrawat, 2004).
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Table 4. Temporal variations of flood water pH, EC, Total Fe and Al on submergence

Days of submergence pH EC Total Fe (mg L™) Total Al (mg L)
0 5.65 0.48 11.43 5.56

15 6.21 0.52 11.69 5.15

30 6.25 0.46 12.63 3.13

45 6.74 0.38 12.85 2.83

60 6.68 0.31 14.15 1.96

75 6.66 0.27 15.30 0.47

90 6.63 0.24 15.09 0.43

Mean 6.40 +0.39 0.38 +0.11 13.31£1.56 2.79 £2.04
Range 5.65-6.74 0.24-0.52 11.43-15.30 0.43 -5.56

Table 5. Correlation among various parameters at 0-15 cm depth of soil

pH EC PA CEC HCI Extractable Fe Soluble Fe Total Fe HCI Extractable Al Soluble Al Total Al
pH 1
EC 0.4 1
PA -0.72 0.27 1
CEC 0.94 ** 0.12 -0.88 ** 1
HCI extractable Fe 0.62 -0.16 -0.86 * 0.77 * 1
Soluble Fe 0.82 * -0.01 -0.83 * 0.95 ** 0.79 * 1
Total Fe 0.82 * -0.09 -0.93 ** 0.97 *** 0.83 * 0.96 *** 1
HCI extractable Al -0.54 0.49 0.93 ** -0.71 -0.76 * -0.66 -0.79 * 1
Soluble Al -0.85 * 0.04 0.91 ** -0.92 ** -0.84 * -0.87 * -0.88 ** 0.79 * 1
Total Al -0.41 -0.13 0.47 -0.35 -0.64 -0.22 -0.27 0.43 0.6 1

Table 6. Correlation among various parameters at 15-30 cm depth of soil

pH EC PA CEC HCI Extractable Fe  Soluble Fe Total Fe HCI Extractable Al Soluble Al  Total Al
pH 1
EC 0.3 1
PA -0.71 0.19 1
CEC 0.89 ** -0.09 -0.94 ** 1
HCl extractable Fe 0.78 * -0.12 -0.71 0.85 * 1
Soluble Fe 0.18 -0.16 -0.57 0.38 -0.12 1
Total Fe 0.72 -0.23 -0.87 * 0.91 ** 0.92 ** 0.11 1
HCI extractable Al -0.84 * -0.14 0.93 ** -0.93 ** -0.68 -0.5 -0.82 * 1
Soluble Al -0.77 * 0.22 0.94 ** -0.95 *** -0.75 -0.43 -0.9 ** 0.91 ** 1
Total Al -0.38 -0.34 0.53 -0.44 -0.05 -0.64 -0.29 0.68 0.41 1
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Floodwater pH increased from 5.65 initially to 6.74 at 45 days and remained above 6.6 thereafter, while EC declined from 0.52 dS
m™" at 15 days to 0.24 dS m™" at 90 days (Table 4). Total Fe in floodwater increased from 11.43 mg L™ initially to 15.30 mg L' at
75 days and remained high at 15.09 mg L' at 90 days. In contrast, total Al declined from 5.56 to 0.43 mg L'. The parallel increase
in soil reactive Fe and floodwater Fe, together with the decline in soil and floodwater Al, strengthens the interpretation of
contrasting Fe and Al mobility during prolonged submergence. The persistence of elevated floodwater Fe after the maximum HCI-
extractable Fe at 75 days also indicates that Fe mobilisation and redistribution continued after the peak in the acid-extractable soil
fraction.

At 75 days, the divergence was particularly pronounced: HCl-extractable Fe reached 733.00 and 883.50 mg kg™! in the surface and
subsurface layers, respectively, whereas HCl-extractable Al had declined to 330.00 and 336.00 mg kg'. This stage provides a useful
temporal point for subsequent replicated investigations of Fe—Al transformations and amelioration timing. Because the study
comprised one continuously submerged field and composite samples at each date, these observations should be interpreted as
temporal patterns rather than replicated treatment effects.

4. Implications and Study Limitations

The observed temporal divergence indicates that moderation of acidity under prolonged submergence should not be interpreted as
simultaneous removal of all metal-related constraints. The decline in soluble Al indicates reduced Al mobility as soil reaction
became less acidic, whereas the increase in reactive and floodwater Fe indicates that Fe mobilisation continued during the later
stages of submergence. This supports consideration of Fe and Al together when evaluating acidity management in submerged
Kuttanad soils.

The study has an important design limitation: observations were obtained from a single monitored field with composite samples and
therefore do not provide replicated treatment comparisons or independent statistical tests of temporal effects. Pearson correlations
should consequently be regarded as exploratory temporal associations. Nevertheless, the consistency among soil pH, acidity
parameters, Fe and Al fractions and floodwater chemistry provides a useful baseline for designing future replicated experiments,
particularly those evaluating amendment timing under prolonged submergence.

5. Conclusion

Prolonged submergence produced contrasting temporal changes in Fe and Al in the acidic paddy soil of Lower Kuttanad. Soil pH
increased and potential acidity declined, indicating partial alleviation of the initial acid reaction, while HCl-extractable and water-
soluble Al decreased progressively. In contrast, reactive Fe fractions increased, particularly during the later stages of submergence,
and floodwater Fe increased concurrently. Total Fe and Al showed comparatively limited temporal variation, indicating that
submergence primarily altered the partitioning and mobility of these elements rather than their total soil pools. The contrasting Fe
and Al responses demonstrate that partial moderation of acidity under flooding does not necessarily correspond to reduced Fe
mobilisation and provide a temporal baseline for future replicated studies on Fe—Al management in submerged Kuttanad soils.
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