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Introduction

Extreme environmental stresses such as flood have a
significant impact on dynamic properties of soil in the flood-
prone areas. Flooding transforms well-aerated soil into a
partially or fully reduced state, leading to changes in its
physico-chemical properties and disrupting biochemical
processes. Intermittent flooding and subsequent exposure to
air influence soil physical structure and aggregate formation;
additionally, carrying and deposition of sediments by
floodwaters alter soil texture, causing topsoil loss and
redistributing coarse particles within the soil profile (Lal,
2015). Flooding events significantly impact soil chemical
properties, affecting organic matter content, nutrient
dynamics and eventually influencing soil fertility and overall
growth and development of plants (Rupngam and Messiga,
2024). The resulting anaerobic conditions caused by flood
encourage the release of acid-forming metabolites,
contributing to soil acidification (Nunes et al., 2019).
Moreover, limited oxygen supply diminishes the microbial
population, diversity and their metabolic activities in soil;
thus, alters nutrients availability (Barneze et al., 2023;
Rahaman et al., 2022). Prolonged submergence can increase
the concentration of ammonium ions (NH4

+) to toxic levels
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Abstract

Flood triggers great variation in soil environment with drastic changes in soil fertility posing a threat to crop productivity.This
study aimed to evaluate the fertility of soil in the post-flood scenario of a midland laterite terrain in Thrissur District of
Kerala. Soil samples (0-20cm) were collected from flood-affected regions and analyzed for various physico-chemical and
biological attributes. Soil organic carbon content was medium to high (>0.75%), contributing to improved soil physical
properties. Available phosphorus, potassium, calcium and sulphur were found to be high whereas available nitrogen was
low in 53% samples and deficiency of boron and magnesium was recorded in 79% and 67% samples, respectively. Soils
being acidic in reaction (pH<6.5), available micronutrients viz.iron, manganese, zinc and copper were high. Modification
in the soil environment restricted microbial activities, leading to a low content of microbial biomass carbon and
dehydrogenase activity. Spatial distribution of critical soil parameters was illustrated using thematic maps. The fertility
status was expressed in terms of nutrient index (NI) of the primary nutrients, which was low (<1.67) with respect to
nitrogen and high (>2.33) for both phosphorus and potassium. Sustainable practices may be adopted in each site to uphold
soil fertility and maintain its productivity with special attention to nitrogen economy.
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while nitrate (NO3
-) get lost by denitrification, creating an

imbalance in the nitrogen cycle (Sahrawat, 2004). The
reductive dissolution of minerals, especially iron and
manganese phosphates, releases phosphorus into the soil
solution, leading to an elevated level of soluble phosphorus
in waterlogged soil (Rupngam and Messiga, 2024). In a
critical review, Furtak and Wolinska (2023) demonstrated
that, the nutrient availability in a flooded soil may deplete to
two to four-fold lower than that of a well aerated soil.
However, the effects of inundation on soil properties depend
on several factors such as soil type, duration of submergence
and intensity of rainfall, emphasizing the importance of
adaptive soil management strategies to strengthen soil
resilience and promote ecosystem sustainability in flood-
prone areas.

The tropical humid region of Kerala , India witnessed
unprecedented floods during August, 2018, that caused severe
damage to the environmentwith particular reference to
agriculture sector.The deluge had triggered great variation
in the soil environment with drastic changes in soil fertility
posing threat to crop productivity. Despite the increasing
frequency of extreme weather events, empirical information
on post-flood changes in soil properties and nutrient
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dynamics in humid tropical ecosystems remains limited
(Szejgis et al., 2024; Rupngam and Messiga, 2024). These
knowledge gaps constrain the development of effective, site-
specific soil management strategies and may result in
persistent declines in agricultural productivity and soil
quality. Hence, the present study was carried out to evaluate
the overall fertility status of soil after the flood in terms of
changes that occurred in the content of available nutrients
and other related soil attributes, to prepare map on important
soil characters using GIS technique and to undertake
necessary management practices for restoring soil
fertility.This study offers a novel, site-specific framework
that integrates post-flood field assessments of soil nutrient
availability and key soil attributes with GIS-based spatial
mapping to diagnose flood-induced soil fertility constraints
and guide targeted management approaches for rehabilitation
of soil fertility and agricultural productivity in flood-affected
regions.

Materials and Methods

Study area
The study was conducted in a midland laterite terrain,

classified as Agro-Ecological Unit-10, located in Thrissur
district of Kerala (10°11'-10°27' N, 76°15¹-76°25¹ E and 3-
58m above mean sea level) (Fig. 1) during the period 2019-
2020. The terrain is typically rolling to undulating with
occasional low hills. Soils developed under tropical humid
climate (mean annual temperature of 27.6°C and total annual
precipitation of 2795 mm) are gravelly, strongly acidic, poor
in silica, with dominance of kaolinitic clay and frequently
underlain by plinthite. Heavy rainfall and excessive
weathering leaches basic cations like calcium, magnesium
and potassium leaving behind materials rich in sesquioxides.
Major crops grown in this region are coconut, banana,
nutmeg, arecanut and seasonal vegetables.

Soil sampling, processing and analysis
The study included an initial survey of flood affected areas
of Agro-ecological Unit-10 (AEU 10) in Thrissur district,
collection of geo-referenced soil samples, laboratory analysis
and developing maps for soil quality parameters using GIS
software. Composite surface soil samples (0-20 cm) were
collected from the fields under major crops from the worst
affected Panchayats namely Kuzhur, Meloor, Annamanada,
Kadukutty, Koratty, Alagappanagar, Thrikkur, Kodakara,

Figure 1.  Sampling site in Agro-ecological Unit-10 of Thrissur district, Kerala
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Pudukad, Chalakudy and Pariyaram. A total of one hundred
geo-referenced soil samples were gathered to represent the
flood-stricken areas in eleven Panchayats. Aggregates with
sizes between 5 mm and 8 mm were reserved for
determination of aggregate stability. Samples underwent
shade drying, followed by grinding and passage through a 2
mm sieve after retaining a part in refrigerator at 4°C for
evaluating biological properties. Core samples were obtained
to measure bulk density (BD) of soil using a core sampler
(Veihmeyer and Hendrickson, 1948). Subsequently,
maximum water holding capacity (WHC) (Keen and
Raczkowski,1921), Aggregate stability (Yoder, 1936), soil
pH and electrical conductivity (EC) (Jackson, 1958),
available nitrogen (Av. N) (Subbiah and Asija, 1956),
available phosphorus (Av. P) (Bray and Kurtz, 1945),
available potassium (Av. K), calcium (Av. Ca) and
magnesium (Av. Mg) (Jackson, 1958) were analysed
following standard methods. Available sulphur (Av. S) was
extracted by 0.15% CaCl2  (Tabatabai, 1982) and estimated
by turbidimetric method (Massoumi and Cornfield, 1963).
Available micronutrients namely iron (Av. Fe), copper (Av.
Cu), manganese (Av. Mn) and zinc (Av. Zn) were extracted
by 0.1 M HCl (Sims and Johnson, 1991) available boron
(Av. B)was extracted with hot water (Gupta, 1972) and
analysed by standard procedures. Further, the samples were
ground to pass through a 0.5 mm mesh sieve to determine
soil organic carbon (OC) (Walkley and Black, 1934). Samples
stored in refrigerator were used for analysis of dehydrogenase
activity (DHA) (Casida et al., 1964) and microbial biomass
carbon (MBC) (Jenkinson and Pawlson, 1976).

Statistical analysis
Duncan’s multiple range test (DMRT) was applied to evaluate
the significance of difference among mean values of different
parameters (Gomez and Gomez, 1984). The strength of
relationships among the soil properties were established
through PCA-Biplot using R Studio software.

Computation of Nutrient Index (NI)
To evaluate the soil fertility status of the flood affected areas,
nutrient indices for major nutrients (available N, P and K)
were computed using the following equation (Motsara et al.,
1982).

(i)

Where, Nl, Nm and Nh represent the number of samples
classified under low, medium, and high categories of
available nutrient status, respectively. Nutrient indices were
rated as low (<1.67), medium (1.67-2.33) and high (>2.33)
(Ramamoorthy and Bajaj, 1969).

GIS mapping
Thematic maps depicting significant soil quality
characteristics were generated utilizing the Inverse Distance
Weighted (IDW) technique as a spatial analysis tool in
ArcGIS 10.1 software.

Results and Discussion

Soil physical attributes
Bulk density, a key indicator of soil compaction and
restriction to root growth, is influenced by several factors
including aeration, type of minerals present, organic matter
content, soil texture and structure (Shahrokh et al., 2025).
The bulk density of the samples obtained from the flood
affected areas of Thrissur district ranged from 1.07 in
Pariyaram to 1.58 Mg m-3 in Kodakara (Table 1). Eighty-
two per cent (82%) of the samples had a bulk density below
1.40 Mg m-3. This can be corroborated with the finding that
86% samples had medium to high content of organic carbon
with significantly higher content in Pariyaram and Meloor.
A predominant proportion of the samples (71%) maintained
a water holding capacity between 30% and 40%, indicating
good drainage characteristics.This could be attributed to an
increased specific surface area resulting from the deposition

Table 1. Variation in soil properties in in selected Panchayaths of Thrissur district, Kerala
Panchayat pH EC BD WHC MWD OC DHA MBC

(dSm-1) (Mg m-3) (%) (mm) (%) (µg TPF g-1 24h-1) (µg g-1)
Kuzhur 5.8bcde 0.12a 1.29bc 31.4a 1.60a 1.06bc 49.6a 209b

Meloor 5.1ef 0.15a 1.11cd 32.8a 1.95a 1.47ab 24.2a 209b

Annamanada 5.6cdef 0.15a 1.30bc 33.1a 1.95a 1.42abc 33.3a 296ab

Kadukutty 5.2ef 0.12a 1.26bcd 32.6a 2.14a 1.19bc 28.4a 293ab

Koratty 5.1f 0.13a 1.19bcd 32.9a 2.10a 1.55ab 21.9a 161b

Alagappanagar 6.5a 0.04a 1.39b 32.8a 1.50a 1.31abc 47.1a 509a

Thrikkur 6.4ab 0.04a 1.23bcd 32.2a 1.85a 1.40abc 42.1a 105b

Kodakara 6.0abcd 0.06a 1.58a 26.5b 1.46a 0.75c 37.1a 309ab

Pudukad 6.3abc 0.13a 1.30bc 32.4a 1.85a 1.57ab 73.7a 243b

Chalakudy 5.6cdef 0.12a 1.24bcd 32.3a 1.95a 0.99bc 36.9a 190b

Pariyaram 5.3def 0.14a 1.07d 36.4a 2.22a 1.91a 33.5a 296ab

Mean 5.7 0.11 1.27 32.3 1.87 1.33 38.9 256
Mean values with different lowercase letter as superscript within a column differ significantly (p<0.05)
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of clay and organic matter (Schweizer et al., 2021).The
stability of naturally occurring soil aggregates was measured
against the action of oscillating water and expressed in terms
of mean weight diameter (MWD). The MWD ranged from
1.46 to 2.22 mm with 89% of the sample aggregates
measuring greater than 1.5 mm. A strong positive correlation
was observed between MWD of the samples and the organic
carbon content (Fig. 4). This could also be attributed to the
binding and cementing properties of soil organic carbon to
form stable aggregates (Schweizer et al., 2021).

Soil chemical attributes
Availability of nutrients in soil as well as the activity of soil
micro-organisms highly depends on soil pH (Barrow and
Hartemink, 2023). The analysis of flood affected soils
displayed dominance of acidic reaction as 92% of samples
had a pH below 6.5. The spatial distribution of soil pH classes
in different sample locations is shown in Fig. 3a. Strong to
moderately acidic reaction in the soils of North Central
Laterites was also observed in an earlier study by Sujatha et
al. (2013). Soil acidity is invariably due to high rainfall and
leaching of bases from surface soil. Soil pH in the range of
3.5 to 7.3 was reported in the study area prior to floods
(Venugopal et al., 2019) signifying a negligible variation of
soil pH attributed to the influence of flood. The EC of soil
solution expresses the salinity status of the soil with respect
to plant growth. All the samples analysed exhibited an EC

not exceeding 1 dS m-1 i.e, below the critical limit for plant
growth and hence might not have any significant influence
on soil quality.

Nitrogen is considered as the most important functional
nutrient and structural component of plants. Available
nitrogen was observed to vary from as low as 146 kg ha-1 in
Meloor to a maximum value of 389 kg ha-1 in Kadukutty
(Table 2). The availability of nitrogen in soil depends on
organic carbon content, as more than 95% of the nitrogen is
organically bound and C:N ratio in soil is stabilized at 10:1
(Chun-mei et al., 2023; Sureshkumar et al., 2013). Though
Sujatha et al. (2013) reported that only 17% of soils in AEU
10 of Thrissur district were deficient in Av. N, the present
study indicated that more than 50% of sampling locations in
the flood affected areas were deficient (<280 kg ha-1) with
respect to Av. N (Fig. 2a and Fig. 3c). Hence, the limitation
in availability of nitrogen is a major constraint to soil fertility
in post flood soils. The Av. P is the key component of energy
metabolism and biosynthesis of nucleic acids. In this study,
Av. P content was found to be extremely high, ranging from
126 kg ha-1  in Koratty to 360 kg ha-1 in Pudukkad. High
level of Av. P in the soils of Thrissur district was also reported
by Kavitha and Sujatha (2015). Dissolution of mineral
phosphorus under acidic reaction and mineralisation of
organic phosphorus by the activity of soil microbes might
have contributed to high status of Av. P (Palihakkara et al.,
2024). The results point to the scope of skipping phosphatic
fertilizers in cases of excess levels in soil as it may induce
zinc and boron deficiencies.The experimental site showed a
marked enrichment of Av. K, with 66% of the samples
indicating a high status (>275 kg ha-1) (Fig. 2c and Fig. 3d).
The highest concentration was recorded in Meloor. However,
the pre-flood assessment reported only a medium level of
Av. K in the area (DoADFW, 2018). The increase in
potassium content can be attributed to the deposition of flood-
borne alluvium enriched with potassium, likely facilitated
by the dissolution of Kz + bearing minerals during the
flooding event (Siwek et al., 2017; Likens et al., 1994). The

Figure 2. Frequency distribution of available primary
nutrients in different classes

Table 2. Analysis of variance of available soil nutrients in different Panchayats
Panchayat Av. N Av. P Av. K Av. Ca Av. Mg Av. S Av. Fe Av. Mn Av. Cu Av. Zn Av.B

(kg ha-1) (mg kg-1)
Kuzhur 264bc 281ab 260a 831cd 106a 78.9ab 74.9cd 32.1c 5.00bc 6.90b 0.29b

Meloor 146d 300ab 559a 596d 97.3a 92.3ab 60.4d 27.4c 4.01bc 4.45b 0.39b

Annamanada 342ab 187ab 327a 977bcd 114a 99.9a 97.5cd 37.5bc 5.47bc 7.47b 0.24b

Kadukutty 389a 253ab 400a 798d 104a 90.2ab 126bcd 43.0bc 5.31bc 4.75b 1.21a

Koratty 388a 126b 318a 943bcd 101a 94.6ab 67.3d 37.8bc 3.36c 4.62b 0.45b

Alagappanagar 275bc 143b 435a 1346ab 154a 89.5ab 206a 87.1a 8.45b 20.0a 0.04b

Thrikkur 328abc 157b 345a 1272abc 110a 85.1ab 112bcd 65.7ab 12.9a 16.0a 0.86a

Kodakara 264bc 203ab 252a 849cd 99a 77.5ab 166ab 65.8ab 4.02bc 6.22b 0.10b

Pudukad 339ab 360a 468a 1457a 130a 78.2ab 135bc 90.8a 7.43bc 22.3a 0.17b

Chalakudy 302abc 215ab 308a 782d 102a 75.5b 115bcd 33.9c 3.31c 5.27b 0.26b

Pariyaram 222cd 141b 526a 799d 103a 82.8ab 75.8cd 37.5bc 2.57c 3.74b 0.22b

Mean 296 215 382 968 111 85.9 112 50.8 5.62 9.25 0.38
Mean values with different lowercase letter as superscript within a column differ significantly (p<0.05)
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significant positive correlation of Av. K with organic carbon
further validated the findings.  Available Calcium levels were
exceptionally high, with 97% of samples recording values
>300 mg kg-1. This trend aligns with, yet exceeds, the 71%
adequacy level previously documented by Sujatha et al.
(2013) for North Central Laterites of Thrissur district.
Moreover, the study area was reported to have sufficient
status of available calcium prior to floods (DoADFW, 2018).
The higher concentration of calcium in the flood affected
soils could also be due to the accumulation of calcium rich
sediments during the flood (Nair and Balan, 2022). The site
was deficient (<120 mg kg-1) with respect to Av. Mg in 67%of
the sample locations. Magnesium deficiency was also
reported throughout the experimental site in the pre flood
situation (Venugopal et al., 2019). Higher content of organic
matter increases available cations such as K, Ca and Mg by
forming soluble complexes (Gerke, 2022). However, the
contrasting result for Av. Mg might be due to competition
among the cations, especially the excessive content of
calcium (Ahmed et al., 2023). The content of Av. S was found
to be above the threshold level of sufficiency in all the
samples with a mean value of 85.9 mg kg-1. A wide range of
available sulphur from 11 mg kg-1 to 548 mg kg-1 was also
reported by Sarangi et al. (2022) in the post flood soils of

Thrissur District. However, sulphur deficiency was earlier
reported in the soils of Alagappanagar, Annamanada,
Kadukutty and Thrikkur (DoADFW, 2018). Sulphur might
have been imparted to the available pool by inundated water.
Waterlogging might have triggered desorption of sulphates
adsorbed on hydrous oxides that increased their concentration
in soil (Sarangi et al., 2022). However, unlike phosphorus,
sulphur retention in soil is not possible through fixation or
reversion (Sureshkumar et al., 2013). Among the micro
nutrients, the studied region was sufficient in available Fe,
Mn, Cu and Zn but deficient in B. Available iron content in
soil was prominently higher, especially in Alagappanagar
and Kodakara. Deficiency of iron was reported to be
negligible in soils of Thrissur district (Kavitha and Sujatha,
2015). Though iron deficiency is not anticipated in acidic
soils, toxicity of Fe may arise in soils with very low pH
(pH<3.2) or under anaerobic conditions (Fageria et al., 2008).
However, toxicity of iron was not observed in the
experimental site, which aligns with the other findings
(Sureshkumar et al., 2018) for the same location, attributed
to the well-drained soils that allow iron to exist in its oxidized
form. The high iron content in soil can cause toxicity if
anaerobic conditions prevail. In the case of Av. Mn, all the
Panchayats in the study area had a concentration higher than

Figure 3. Spatial distribution of important soil properties. a. pH,  b. Soil organic carbon, c. Available Nitrogen, d. Available
Potassium, e.Available Boron, f. Microbial Biomass Carbon
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25 mg kg-1 soil. Anaerobic environment results in reduction
of Mn4+ to Mn2+ which is more soluble in nature, contributing
to the high content of the element in the soil solution (Khan
et al., 2024). Moreover, soil acidity shifted the equilibrium
towards release of free metal cations into soil solution; i.e,
at pH below 5.5, Mn oxides solubilized and released Mn2+

into soil solution (Wang et al., 2022). This emphasizes the
need to ameliorate soil acidity through liming. All the
samples collected from the flood affected areas were
sufficient with respect to Av. Cu and Av. Zn, exhibiting a
mean content of 5.62 and 9.25 mg kg-1, respectively.
Deficiency of Av. Cu was found to be less prominent in the
studied region (Kavitha and Sujatha, 2015) in the pre flood
scenario, which was consistent to the present study. The
deficiency of Zn is negligible in the soils of Kerala
(Venugopal et al., 2019). Sufficient concentration of available
Cu and Zn is favoured by acidic reaction of soil (Barrow
and Hartemink, 2023). Moreover, organic matter content in
soil forms soluble complexes with Cu and Zn and increases
their availability (Kavitha et al., 2019). Available boron was
deficient (<0.50 mg kg-1) in 79% of the samples. The spatial
distribution of available boron classes in sampling locations
is shown in Fig. 3e. Widespread deficiency of boron in
Thrissur district was also reported in 98% samples (Kavitha
and Sujatha, 2015). The lateritic soils formed from igneous
parent material (Ollier and Rajaguru, 1989) are poor in B
content (Barman et al., 2017). The availability of B is highly
pH dependent and is typically low in acidic soils of high
rainfall zones (Mandal et al., 2023). Though acid soils
facilitate higher solubility and availability of boron, the
nutrient is lost through leaching causing widespread
deficiency (Kavitha et al., 2019).

Soil biological properties
Soil organic carbon content in soil is an index of soil fertility
as it influences the microbial activity and biological
transformations of nutrients in soil (Rahaman et al., 2024).
A medium to high content of soil organic carbon, varying
from 0.75% in Kodakara to 1.91%  in Pariyaram was
observed in the post flood scenario (Table 1). The mean OC
content was found greater than 0.75% in all Panchayats (Fig.
3b). Organic carbon content in these soils was reported to
be medium to high in the pre-flood scenario (Venugopal et
al., 2019). Further accumulation of organic debris would also
have contributed to higher content of organic carbon.
Dehydrogenase is a respiratory enzyme and is considered as
an indicator of oxidative metabolism in soil. Mean activity of
dehydrogenase in the study area was 38.9 µg TPF g-1 24h-1.
The lower activity in few locations might be due to the acidic
reaction of soil which restricts microbial activity (Das et al.,
2025). Microbial biomass is the living part of soil organic
matter and microbial biomass carbon is the measure of carbon

assimilated within the body of soil microbes. The MBC
content was low to medium (Fig 3f) in the studied region
with a mean value of 256 µg g-1. Anaerobic environments
caused by flooding as well as soil acidity would have
restricted the activity of soil microbes (Das et al., 2025) and
resulting in low content of MBC.

Nutrient Index
The Nutrient Index (NI) serves as an indicator of the soil’s
capacity to supply nutrients to plants (Singh et al., 2016). It
is used to assess the fertility status of soils based on the
proportion of samples classified into low, medium and high
nutrient categories. The soil fertility evaluation of AEU 10
in Thrissur, following the flooding events, was quantified
through the computation of NI for available macronutrients
(N, P, and K) [equation (i)].  The NI of Av. N was found to
be low (1.49) in the post flood soils, however was medium
(2.10) in the pre flood condition (Kavitha and Sujatha, 2015)
(Table 3). This could be attributed to the fact that 53% of the
samples were classified as low in available nitrogen. The
Av. P content was high in all the samples (>24 kg ha-1) hence,
the NI was computed as 3.00; whereas, medium to high Av.
K in the sample locations produced a NI of 2.63. High NI of
phosphorus was also found in the pre flood scenario (Kavitha
and Sujatha, 2015). Therefore, among the primary nutrients,
nitrogen deficiency is the major constraint to soil fertility,
highlighting the necessity for improved nitrogen
supplementation and management to enhance soil
productivity.

Table 3. Nutrient Index of primary nutrients as influenced by flood
Fertility attributes Nutrient Index (NI)

Pre flood Post flood
(Kavitha and Sujatha, 2015) (Present study)

Av. N (kg ha-1) 2.10 1.49
Av. P (kg ha-1) 2.70 3.00
Av. K (kg ha-1) 1.90 2.63

Correlation of soil parameters
The correlation among the soil parameters were assessed
through principal component analysis (PCA) -Biplot. The
PCA identified maximum variability of 44.1% for first two
principal components (PCs). PC1 comprises 27.1%
variability mainly due to available calcium and magnesium
whereas, PC2 corresponded to 17% variability contributed
largely by bulk density and pH (Fig. 4). In the PCA-Biplot,
PC1 and PC2 are represented as Dim1 and Dim2, respectively
and the groups denote clusters of samples identified by
different numbers, each corresponding to a specific
Panchayat; 1-Kuzhur, 2-Meloor, 3-Annamanada, 4-
Kadukutty, 5-Koratty, 6-Alagappanagar, 7-Thrikkur, 8-
Kodakara, 9-Pudukad, 10-Chalakudy and 11-Pariyaram.
These clusters represent samples that exhibit similarity to
one another based on the measured variables. Projection of
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the vectors towards the axis of PCA-Biplot indicates their
weight to particular PC and the angle between the vectors
represents their correlations. Organic carbon exhibited
significant negative correlation with bulk density forming a
wider angle (close to 180°) and was positively correlated to
maximum water holding capacity, aggregate stability
(MWD) of the soil particles, available potassium and
magnesium, forming a close angle between the vectors.
Similarly, soil pH, available calcium, magnesium, iron,
manganese, copper and zinc were positively correlated
among themselves. The findings align with Kavitha et al.
(2019) and Rahaman et al. (2022).

Conclusion

The soil of the North Central Laterites of Thrissur district,
Kerala in the post flood scenario exhibited medium to high
levels of soil organic carbon, which contributed to the
maintenance of a favourable soil physical condition
throughout the study area. This was evidenced by consistently
low bulk density (<1.40 Mg m-3), improved water holding
capacity and enhanced structural stability, as indicated by
MWD greater than 1.5 mm. The soil of the region was
predominantly acidic with a pH value <6.5. A widespread
deficiency of available N and Mg was observed, while levels
of other macronutrients remained within adequate ranges
across the sampled locations. Among the micro nutrients,
the soils were sufficiently supplied with Fe, Mn, Cu and Zn;
however, a significant deficiency of B was noted in 79% of
the samples. The region exhibited poor microbial activity,
as evidenced by reduced microbial biomass carbon and lower
dehydrogenase enzyme activity, indicating compromised soil
biological health. The computed nutrient index of the study
area was low for N and high with respect to both P and K,

identifying available N as the most limiting nutrient
contributing to the decline in soil fertility within the
experimental unit. Site specific nutrient management
practices may be adopted, considering the geo-referenced
thematic maps as baseline to improve soil fertility and
maintain its productivity in the region.

Acknowledgements

Authors are highly obliged to the Department of Soil Science
and Agricultural Chemistry, College of Agriculture,
Vellanikkara and Agronomic Research Station, Chalakudy,
Kerala Agricultural University and Indian Council of
Agricultural Research (ICAR), New Delhi for providing all
required facilities for conducting the study.

References

Ahmed, N., Zhang, B., Bozdar, B., Chachar, S., Rai, M., Li, J., Li,
Y., Hayat, F., Chachar, Z. and Tu, P. (2023) ‘The power of
magnesium: unlocking the potential for increased  yield,
quality, and stress tolerance of horticultural crops’. Frontiers
in Plant Science, 14:1285512.DOI:10.3389/fpls.2023.
1285512

Barman, P., Sen, A., Phonglosa, A. and Bhattacharyya, K.
(2017)‘Depth wise distribution of boron in some soils of red
and laterite zone of West Bengal’, International Journal of
Current Microbiology and Applied Sciences, 6(12): 4126-
4137.DOI:10.20546/ijcmas.2017.612.474

Barneze, A.S., van Groenigen, J.W., Philippot, L., Bru, D., Abalos,
D. and De Deyn, G.B.(2023) ‘Plant communities can attenuate
flooding induced N2O fluxes by altering nitrogen cycling
microbial communities and plant nitrogen uptake’. Soil Biology
and Biochemistry, 185: 109142.DOI:10.1016/j.soilbio.2023.
109142

Barrow, N.J. and Hartemink, A.E. (2023) ‘The effects of pH on
nutrient availability depend on both soils and plants’. Plant
and Soil, 487(1):21-37.DOI:10.1007/s11104-023-05960-5

Bray, R.H. and Kurtz, L.T. (1945)‘Determination of total, organic,
and available forms of phosphorus in soils’. Soil Science, 59(1):
39-46. DOI:10.1097/00010694-194501000-00006

Casida Jr, L.E., Klein, D.A. and Santoro, T. (1964) ‘Soil
dehydrogenase activity’. Soil Science, 98(6): 371-376.
DOI:10.1097/00010694-196412000-00004

Chun-meiX.U, De-shun, X.I, Song, C.H., Guang, C.H., Yuan-hui,
L.I., Xiu-fu, Z.H. and Dan-ying, W.A. (2023)‘Changes in the
activities of key enzymes and the abundance of functional
genes involved in nitrogen transformation in rice rhizosphere
soil under different aerated conditions’. Journal of Integrative
Agriculture, 22(3):923-934. DOI:10.1016/j.jia.2022.08.036

Das, A.K., Lee, D.S., Woo, Y.J., Sultana, S., Mahmud, A. and Yun,
B.W.(2025)‘The Impact of Flooding on Soil Microbial
Communities and Their Functions: A Review’. Stresses, 5(2):
30.DOI:10.3390/stresses5020030

DoADFW [Department of Agriculture Development and Farmers
Welfare]. (2018) Soil Fertility Handbook, Department of

Figure 4. PCA-Biplot of soil parameters. Dim1 indicates
PC 1 and Dim 2 indicates PC 2, Panchayats indicated by
the Groups: 1-Kuzhur, 2-Meloor, 3-Annamanada, 4-
Kadukutty, 5-Koratty, 6-Alagappanagar, 7-Thrikkur, 8-
Kodakara, 9-Pudukad, 10-Chalakudy, 11-Pariyaram

Riaj Rahaman and Bhindhu P. S.



60

Agriculture Development and Farmers Welfare (Govt. of
Kerala), Thiruvananthapuram, 426p.

Fageria, N.K., Santos, A.B., Barbosa Filho, M.P. and Guimaraes,
C.M. (2008) ‘Iron toxicity in lowland rice’. Journal of Plant
Nutrition, 31(9): 1676-1697. DOI:10.1080/
01904160802244902

Furtak, K. and Woliñska, A. (2023)‘The impact of extreme weather
events as a consequence of climate change on the soil moisture
and on the quality of the soil environment and agriculture-A
review’. Catena, 231: 107378.DOI:10.1016/j.catena.2023.
107378

Gerke, J. (2022)‘The central role of soil organic matter in soil
fertility and carbon storage’. Soil System,6(2): 33.
DOI:10.3390/soilsystems6020033

Gomez, K.A. and Gomez, A.A. (1984)Statistical procedures for
agricultural research, John Wiley & Sons, New York, 680p.

Gupta, U.C. (1972)‘Effects of boron and limestone on cereal yields
and on B and N concentration of plant tissue’. Communications
in Soil Science and Plant Analysis,6: 439-450.DOI:10.1007/
BF00010393

Jackson, M.L. (1958)Soil Chemical Analysis, Prentice Hall of India
Private Limited, New Delhi.DOI:10.1002/jpln.19590850311

Jenkinson, D.S. and Pawlson, D.S. (1976)‘The effect of biocidal
treatments on metabolism in soil- method for measuring soil
biomass’. Soil Biology and Biochemistry,8: 209-213.
DOI:10.1016/0038-0717(76)90005-5

Kavitha, C. and Sujatha, M.P. (2015)‘Evaluation of soil fertility
status in various agro ecosystems of Thrissur District, Kerala,
India’.International Journal of Agricultural and Crop
Sciences, 8: 328-338.http://ijagcs.com/wp-content/uploads/
2015/04/328-338.pdf

Kavitha, C., Sujatha, M P. and Tata, R. (2019)‘Spatial variations
in soil micronutrients as influenced by agro ecological
conditions in a tropical humid region’.Tropical Ecology, 60:
362-378.DOI:10.1007/s42965-019-00037-w

Keen, B.A. and Raczkowski, H. (1921)‘The relation between the
clay content and certain physical properties of a soil’. Journal
of Agricultural Science,11(4): 441-449.DOI:10.1017/
S0021859600004469

Khan, S.U., Hooda, P.S., Blackwell, M.S. and Busquets, R.
(2024)‘Influence of soil drying followed by flooding on
micronutrient solubilization’. Soil Use and Management,
40(1): e12946.DOI:/10.1111/sum.12946

Lal, R, (2015)‘Restoring soil quality to mitigate soil degradation’.
Sustainability, 7(5): 5875-5895.DOI:10.3390/su7055875

Likens, G.E., Bormann, F.H., Johnson, N.M., Fisher, D.W. and
Pierce, R.S.(1994)‘The Biogeochemistry of Potassium at
Hubbard Brook’. Biogeochemistry, 25: 61–125.DOI:10.1007/
BF00000881

Mandal, S., Banik, G.C., Debnath, M.K. and Mukhopadhyay, D.
(2023)‘Boron Availability in Post-Monsoon Dry Period in
Different Identified Soil Series of Acidic Fluvisols of Northern
Plains of West Bengal, India’. Eurasian Soil Science, 56(Suppl
2): S287-S299.DOI:10.1134/S1064229323601658

Massoumi, A. and Cornfield, A.H. (1963)‘A rapid method for
determining sulphate in water extracts of soils’. Analyst, 88:
321-322.DOI:10.1039/AN9638800321

Motsara, M.R., Singh, J., and Verma, K.P.S. (1982)‘Nutrient

indexing system in soil fertility evaluation and fertilizer use
in India’. Fertilizer News, 27: 92-99.https://
www.cabidigitallibrary.org/doi/full/10.5555/19831976846

Nair, L. and Balan, S. (2022)‘Recent floods in Kerala and its impact
on rice yield in Kuttanad-A retrospective analysis’.
Mausam, 73(3): 689-694.DOI:10.54302/mausam. v73i3.722

Nunes, M.R., Denardin, J.E., Vaz, C.M., Karlen, D.L. and
Cambardella, C.A.(2019)‘Lime movement through highly
weathered soil profiles’. Environmental Research
Communications, 1(11), p.115002.DOI:10.1088/2515-7620/
ab4eba

Ollier, C. and Rajaguru, S. N. (1989)‘Laterite of Kerala (India)’.
Geografia Fisica e Dinamica Quaternaria, 12: 27-33.https:/
/www.gfdq.glaciologia.it/index.php/GFDQ/article/view/821

Palihakkara, J., Burkitt, L., Jeyakumar, P. and Attanayake,
C.P.(2024) ‘Exploring phosphorus dynamics in submerged
soils and its implications on the inconsistent rice yield response
to added inorganic phosphorus fertilisers in paddy soils in Sri
Lanka’. Journal of Soil Science and Plant Nutrition,24(1): 1-
20.DOI:10.1007/s42729-023-01553-4

Rahaman, R., Biswas, S., Mahapatra, P., Meena, M.C., Dey, A.,
Das, T.K., Singh, P. and Patil, K. (2024) ‘Effect of 67-years of
manuring, fertilization and amendments on fractions of soil
organic carbon, nutrient dynamics and yield sustainability in
an acidic Alfisol’. Indian Journal of Agricultural Science,
94(10): 1130-1135.DOI:10.56093/ijas.v94i10.150089

Rahaman, R., Bhindhu, P.S. and Abraham, M.(2022)‘Flood
aftermath on soil quality in north central laterites of Kerala’.
Journal of the Indian Society of Soil Science,70(2): 204-
12.DOI:10.5958/0974-0228.2022.00020.2

Ramamoorthy, B. and Bajaj, J.C. (1969) ‘Available nitrogen,
phosphorus and potassium status of Indian soils’. Fertilizer
News, 14: 25-36.https://api.semanticscholar.org/CorpusID:
222382162

Rupngam, T. and Messiga, A.J. (2024)‘Unraveling the interactions
between flooding dynamics and agricultural productivity in a
changing climate’. Sustainability, 16(14): 6141. DOI:10.3390/
su16146141

Sahrawat, K.L. (2004)‘Organic matter accumulation in submerged
soils’. Advances in Agronomy, 81: 169-201.DOI:10.1016/
S0065-2113(03)81004-0

Sarangi, S.K., Mainuddin, M. and Maji, B. (2022)‘Problems,
management, and prospects of acid sulphate soils in the Ganges
Delta’. Soil System, 6(4): 95.DOI:10.3390/soilsystems6040095

Schweizer, S.A., Mueller, C.W., Höschen, C., Ivanov, P. and Kogel-
Knabner, I. (2021)‘The role of clay content and mineral surface
area for soil organic carbon storage in an arable toposequence’.
Biogeochemistry, 156(3): 401-420.DOI:10.1007/s10533-021-
00850-3

Shahrokh, V., Bondi, G., Fahy, A. and O’Sullivan,
L.(2025)‘Advancing Soil Compaction Assessment: A
Comprehensive Study in Ireland’. European Journal of Soil
Science,76(3):e70122.DOI:10.1111/ejss.70122

Sims, J.R. and Johnson, G.V. (1991)‘Micronutrient soil tests’. In:
Mortvedt, J.J. (ed), Micronutrient in Agriculture, 2nd edn. Soil
Science Society of America, Madison (USA). pp 427-
476.DOI:10.2136/sssabookser4.2ed.c12

Singh, G., Sharma, M., Manan, J. and Singh, G. (2016)‘Assessment

Mapping and assessment of post flood soil fertility changes in humid tropics of Kerala, India.



61

of soil fertility status under different cropping sequences in
District Kapurthala’. Journal of Krishi Vigyan, 5(1): 1-
9.DOI:10.5958/2349-4433.2016.00023.4

Siwek, J.P., ¯elazny, M., Siwek, J., and Szymañski, W. (2017)
‘Effect of land use, seasonality, and hydrometeorological
conditions on the K+ concentration–discharge relationship
during different types of floods in Carpathian Foothills
Catchments (Poland)’. Water, Air & Soil Pollution, 228: 1-
20.DOI:10.1007/s11270-017-3585-0

Subhiah, B.V. and Asija G.K. (1956)‘A rapid procedure for the
determination of available nitrogen in soils’. Current Science,
25: 259-260.https://www.cabidigitallibrary.org/doi/full/
10.5555/19571900070

Sujatha, M.P., Bhindhu, P.S., Sandeep, S. and C. Kavitha.(2013)
‘Soil fertility: Thrissur District’. In: Rajasekharan, P., Nair,
K.M., Rajasree, G., Sureshkumar, P. and Narayanankutty,
M.C.(eds), Soil fertility assessment and information
management for enhancing crop productivity in Kerala, Kerala
State Planning Board, Thiruvananthapuram (India), pp. 419-
442.

Sureshkumar, P., Bhindhu, P.S., Geetha, P. andSanthosh, C.(2013)
‘Chemistry of soils and plant nutrient dynamics’. In:
Rajasekharan, P., Nair, K.M., Rajasree, G., Sureshkumar, P.
and Narayanankutty, M.C. (eds), Soil fertility assessment and
information management for enhancing crop productivity in
Kerala, Kerala State Planning Board, Thiruvananthapuram
(India), pp. 93-106.

Sureshkumar, P., Geetha, P., and Bhindhu, P.S. (2018) ‘Chemistry
and fertility-management of humid tropical soils of Kerala as
influenced by topography and climate’. Indian Journal of
Fertilizer,14: 30-44.

Szejgis, J., Nielsen, U.N., Dijkstra, F.A. and Carrillo, Y. (2024)

‘Prolonged drought moderates flood effects on soil nutrient
pools across a rainfall gradient’. Soil Biology and
Biochemistry,193:109404.DOI:10.1016/j.soilbio.2024.109404

Tabatabai, M.A. (1982)‘Sulfur’. In: Page, A.L. (ed), Methods of
soil analysis part 2: chemical and microbiological properties,
American Society of Agronomy, Madison (USA), pp. 501-
538. DOI:10.2134/agronmonogr9.2.2ed.c28

Unger, I.M., Kennedy, A.C. and Muzika, R.M. (2009)‘Flooding
effects on soil microbial communities’. Applied Soil Ecology,
42(1): 1-8.DOI:10.1016/j.apsoil.2009.01.007

Veihmeyer, F.J. and Hendrickson, A. (1948)‘Soil density and root
penetration’. Soil Science, 65(6): 487-494. https://www.
cabidigitallibrary.org/doi/full/10.5555/19480302379

Venugopal, V.K., Nair, K.M., Rajasekharan P., and Nair, A.N.S.
(2019) Soil health management for sustainable crop
production in Kerala, Department of Agriculture Development
and Farmers Welfare, Kerala (India).

Walkley, A. and Black, I.A. (1934)‘An examination of the
Degtjareff method for determining soil organic matter, and a
proposed modification of the chromic acid titration method’.
Soil Science, 37(1): 29-38. DOI:10.1097/00010694-
193401000 -00003

Wang, Z., Liu, X., Liang, X., Dai, L., Li, Z., Liu, R. and Zhao,
Y.(2022)‘Flooding-drainage regulate the availability and
mobility process of Fe, Mn, Cd, and As at paddy soil’. Science
of the Total Environment, 817: 152898.DOI:10.1016/
j.scitotenv.2021.152898

Yoder, R. E. (1936)‘A direct method of aggregate analysis of soils
and a study of the physical nature of erosion losses’. Journal
of the American Society of Agronomy, 28(5): 337-351.https://
www.cabidigitallibrary.org/doi/full/10.5555/19360701141

Riaj Rahaman and Bhindhu P. S.


