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                     Abstract 
 Elevated fl uoride content in agricultural soils has now become an emerging global concern. The objective of this study was 

to evaluate the soil properties and fl uoride content in the Kuttanad wetlands of south India and to examine whether these soil 

properties do have any relationship with fl uoride content. Soil samples collected from 15 locations of Kuttanad rice fi elds 

were analyzed for its properties, total fl uoride, available nutrients, and elemental oxides using standard procedures. The 

study revealed that the soils (Inceptisols) are predominantly sandy with substantial clay fraction. Among the soil properties, 

bulk density (BD), moisture and temperature, electrical conductivity (EC), cation exchange capacity (CEC) and available 

nitrogen (N) remained within the normal limit and organic carbon (OC) available phosphorus (P) (94.50 kg  h −1 ), potassium 

(K) (383.0 kg  h −1 ) and total fl uoride (F) (38.7 mg  kg −1 ) in a higher level. Soil properties such as pH (0.331**), EC (0.874**), 

CEC (0.797**), OC (0.578**), available N (0.633**) and P (0.855**) showed positive relationship with fl uoride content 

in soil whereas, the relationship between available K (− 0.721**), iron (Fe) and aluminium (Al) sesquioxides (− 0.866**) 

were negative. Our fi nding suggests that elevated fl uoride content in soils of Kuttanad is infl uenced by pH, EC, CEC, OC, 

N and P besides being inherited from the parent material. The study warrants the need of considering these variables while 

adopting the fl uoride mitigation strategies in this agroecosystem. 

   Keywords     Soil fl uoride content    ·  Wetland    ·  Agroecosystem    ·  Soil properties  

      Introduction 

 Fluorine is one of the most ubiquitous elements in the natu-

ral environment. Infact, it is the  13 th  most abundant element 

in the Earth’s crust amounting to ~ 0.3 g  kg −1  (Ochoa-Her-

rera et al.  2009 ). Being a highly reactive and most electron-

egative (Gillespie et al.  1989 ) element, it is commonly found 

in its ionized form, fl uoride  (F − ) or reacted with another 

element. 

 Fluoride in the environment is mostly derived from 

the natural sources by the weathering of fl uoride minerals 

(CEPA  1994 ) which include fl uorspar, cryolite and fl uorapa-

tite. Volcanoes are the second natural sources through the 

release of gases containing hydrogen fl uoride (HF) into the 

atmosphere (CEPA  1994 ). The third major natural source of 

fl uoride is from marine aerosol with a global contribution 

of 20,000 kg inorganic fl uoride annually (CEPA  1994 ). 

Anthropogenic activities can lead to increased levels of 

fl uoride in soil which include the application of fertilizers, 

pesticides and irrigation water or by deposition of gaseous 

and particulate emissions from industry (Fuge  2019 ). Long-

term application of fl uoride bearing phosphatic fertilizers 

especially the super-phosphates and aluminium phosphate 

fertilizers (Gray  2018 ) fumigants and pesticides containing 

barium fl uorosilicate, sulfuryl fl uoride, trifl uralin at large 

scale over the time attributes for the rise in fl uoride level in 

soil (Jeschke  2010 ). 

 Kuttanad known as the ‘rice bowl of Kerala’ is situated 

in Alappuzha District of Kerala State in south India. It is 

a unique tropical wetland agroecosystem where below sea 

level farming practice is being continued for over 150 years 

in 55,000 hectares of rice fi elds. High fl uoride content in 

the sediments of Kuttanad waters has already been reported 

(Geetha et al.  2007 ) which could be originated from dis-

solution of fl uorapatite which is a common mineral in the 

Tertiary sediments of the area (Varma  2017 ). Long residence 

time, sediment-groundwater interaction and facies changes 

     *     V.     Roshni      

    roshnierk@gmail.com    

  1     Centre for Research and Evaluation   ,  Bharathiar University    , 

 Coimbatore   ,  Tamil Nadu     641 046   ,  India     



52 Proceedings of the Indian National Science Academy (2023) 89:51–59

1 3

(Ca-HCO 3  to Na-HCO 3 ) during groundwater fl ow regime 

are pointed out as the major factors responsible for the high 

fl uoride content in the groundwater of this area (Raj and 

Shaji  2017 ). Besides this, Kuttanad being a major producer 

of rice for the state, to achieve high crop productivity tar-

gets, the farmers of this region often apply fl uoride bearing 

synthetic fertilizers and plant protection chemicals non judi-

ciously which overburden the ecosystem with fl uoride. Lack 

of exhaustive study quantifying the fl uoride content in this 

important agroecosystem and its relationship with the soil 

properties prompted us to take up the present investigation. 

    Materials and methods 

   Study area 

 Kuttanad (289.39  km 2 ) located within Alappuzha District 

in the west coast of Kerala State in India situated between 

latitude 9° 35′ N and longitude 76° 40′ E. It has a summit 

elevation of 2. 2 m below sea level. Kuttanad has a tropical 

humid climate with intermittent dry and wet period. The 

rainfall pattern varies with season. The average rainy days 

are about 120 per year with a mean annual precipitation of 

153.28 mm. The mean annual temperature is 29  °C and 

mean relative humidity is 79%. January and February are dry 

and cool months followed by summer from March to May. 

    Sampling scheme 

 Soil samples were collected from 15 locations (Fig.  1 ) of 

Kuttanad rice fi elds during the fallow period (January) of 

2016. Samples were withdrawn from a depth of 20 cm from 

the surface layer using a soil auger. Five replicate samples 

(ca 500 g) taken from each location were collected, air-dried 

and stored at 4 °C, till analysis.         

    Evaluation of soil properties 

 Texture analysis was done by determining the percentage of 

sand, silt and clay in the soil sample following the micro-

pipette method (Miller and Miller  1987 ). The ratio of the air-

dried soil mass to the fresh soil volume was used to compute 

the soil bulk density (BD). The temperature of the soil was 

measured using a thermometer and expressed in °C. Within 

2–3 h of sample collection, moisture content was calculated 

by drying a 10 g soil sample in a hot air oven (105 ± 1 °C, 

48 h). Gravimetric soil moisture was the diff erence in soil 

weights before and after drying (Gardner  1986 ). The pH 

and electrical conductivity (EC) were measured in solution 

after placing 1 g of soil in 5 ml of deionized water. A digi-

tal pH meter was used to measure the pH. (Systronics MK 

IV, Ahmedabad, India). The EC of the soil was determined 

using a Systronics 304 conductivity meter and expressed 

as dS  m −1 . After saturating the soil with 1 N ammonium 

acetate  (NH 4 OAc) and displacing it with 1 N NaOAc, the 

cation exchange capacity (CEC) was determined (Chapman 

 1965 ). Organic carbon (OC) was measured using the pro-

cedure outlined by Islam and Weil in 1998. Alkaline per-

manganate method was used to determine the amount of 

nitrogen (N) in air-dried soil (Subbaiah and Asija  1956 ). For 

the determination of phosphorus (P), ascorbic acid method 

(Watanabe and Olsen  1965 ) was used. Exchangeable potas-

sium (K) was extracted in a 1 N neutral (pH 7.0) ammonium 

acetate solution and measured using Elico-CL345 (Elico, 

India) digital fl ame photometer (Stanford and English 1949). 

By using the dithionate extraction method, free oxides of 

iron (Fe) and aluminum (Al) in soil were detected (Mehra 

and Jackson  1960 ). The elemental values were multiplied 

with the appropriate conversion factor  Fe 2 O 3  (1.43) and 

 Al 2 O 3  (1.89) to obtain their oxide values. The fl uoride con-

tent in soil was determined by the sodium 2-(parasulpho-

phenylazo)-1, 8-dihydroxy-3.6-naphthalene disulphonate 

(SPADNS) method (Baird et al.  2017 ). 

    Statistical analyses 

 Multivariate ANOVA (MANOVA) was used to determine 

the eff ect of each treatment and the interaction between 

them. If the MANOVA detected signifi cant diff erences, 

means separation was accomplished through the Tukey’s 

Honestly Significant Difference (HSD) test at P < 0.05. 

  Fig. 1       Study area and sample locations.  1  Veeyapuram,  2  Pandi, 

 3  Kunnumma,  4  Thakazhi,  5  Edathua,  6  Thalavady,  7  Muttar,  8  
Ramankari,  9  Nedumudy,  10  Ponga,  11  Monkompu,  12  Veliyanad,  13  
Pulinkunnu, 14. Kainakary 15. Kavalam  
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Pearson two tailed correlation analysis was performed to 

study the relationship between the diff erent variables studied 

using SPSS version 21. 

     Results 

 Soils of 15 locations had a predominant sandy texture with 

silt and clay fractions. There was signifi cant variability in 

the percentage of sand in diff erent soils. Highest percentage 

of sand was located in soil 6 which increased (+ 51.4%) than 

the lowest percentage of sand in soil 14. Silt content varied 

signifi cantly between soils with the highest percentage in 

soil 3 and the lowest in soil 1. The percentage clay fraction 

diff ered signifi cantly with its highest percentage in soil 1 and 

5. The lowest percentage was observed in soil 9. The BD of 

soils diff ered signifi cantly scoring the highest value in soil 

6 and soil 14 and lowest in soil 15 (Table  1 ). Soil moisture 

content ranged between 4.25 and 13.70% with a highest 

value in soil 11 and lowest in soil 3. Temperature values 

were generally low in 33.3% of the soils whereas another 

66.6% had slightly higher temperature. Though all the soils 

recorded an acidic pH range, soil 4 showed the lowest pH 

(3.5) while soil 3 had the highest (4.7). EC values in general, 

were low in most soils but exhibited a high value in soil 7. 

CEC in soils ranged from 31.40 to 59.80 cmol  kg −1  with 

highest in soil 7 followed by soil 12 and lowest in soil 1 and 

6 respectively. OC varied between 12.30 and 36.40 g  kg −1  

with highest values in soil 8 and lowest in soil 11 (Table  2 ).   

 Available N in the soil ranged from 275.70 to 

501.70 kg  h −1  with highest in soil 7 and lowest in soil 

11. In the case of P also, the soil 7 had the highest value 

(94.50 kg  h −1 ) while the lowest in soil 6 (10.44 kg  h −1 ). 

Soil available K was highest in soil 6. The increase was 

more than seven-fold in soil 7 which recorded the low-

est value (49 kg  h −1 ) (Table  3 ). Oxides of Fe, Al in soils 

recorded values ranging from 1378 to 1430 and 224. 1 to 

355 mg  kg −1  respectively. Highest values of these vari-

ables were observed in soil 6 while the lowest in 12 and 7 

repectively (Table  3 ). Total fl uoride content in soils var-

ied signifi cantly (F  (14, 60)  = 48.08, P < 0.001) which ranged 

from 10.7 to 38.7 mg  kg −1  (Table  1 ). Soil 7 recorded the 

highest fl uoride content (38.7 mg  kg −1 ) and the lowest in 

soil 6 (10.7 mg  kg −1 ).  

   Relationship of soil properties on fl uoride content 
in soil 

 Map showing correlation of soil properties with soil fl uo-

ride content (Fig.  2 ) and its correlation coeffi  cients are 

presented in Table  4 . Analysis revealed both positive and 

negative relationship between soil properties and fl uoride 

content in soil. Among the soil properties, pH, EC, CEC 

and OC showed signifi cant positive relationship with fl uo-

ride in soil. Similar was the case with the available soil 

nutrients such as N and P. Soil textural properties and BD 

however, had negative relationship with fl uoride content. 

Likewise, available K and oxides of Fe and Al exhibited 

negative relationship with soil fl uoride content.          

  Table 1       Soil type, texture and bulk density (mean ± S.E.,  n  = 75) in the  F −  aff ected soils (0–20 cm)  

 Mean values within the column followed by the same letter(s) are not signifi cantly diff erent at  p  < 0.05 according to Tukey's HSD 

  Sample no    Location    Soil type    Texture (%)    BD (mg  m −3 )    Total fl uoride (mg  kg −1 )  

  Sand    Silt    Clay  

  1    Veeyapuram    Clay    39.5 ± 0.16 f     12.5 ± 0.16 a     48.0 ± 0.22  k     1.25 ± 0.01 c     19.52 ± 1.16 bc   

  2    Pandi    Clay loam    33.0 ± 0.35 e     38.0 ± 0.17  g     29.0 ± 0.22  g     1.15 ± 0.02 bc     23.2 ± 0.43  cd   

  3    Kunnumma    Silt loam    29.7 ± 0.11 d     53.5 ± 0.18 j     16.9 ± 0.15 c     1.08 ± 0.01 bc     34.15 ± 0.92 hi   

  4    Thakazhi    Sandy clay loam    46.5 ± 0.23  g     24.9 ± 0.27 d     28.6 ± 0.58  g     1.08 ± 0.01 bc     25.39 ± 1.88 de   

  5    Edathua    Clay    38.0 ± 0.78 f     14.0 ± 0.35 a     48.0 ± 0.34  k     1.10 ± 0.00 bc     25.85 ± 0.97 de   

  6    Thalavady    Sandy clay loam    63.4 ± 0.82 j     16.0 ± 0.54 b     20.5 ± 0.04 e     1.52 ± 0.01 d     10.7 ± 1.54 a   

  7    Muttar    Sandy loam    58.8 ± 0.11 i     22.4 ± 0.01 c     18.8 ± 0.39 d     1.01 ± 0.01 b     38.7 ± 0.38 i   

  8    Ramankari    Clay    29.0 ± 0.22 d     31.0 ± 0.36 f     40.0 ± 0.25 i     1.10 ± 0.04  bc     27.01 ± 0.36 def   

  9    Nedumudy    Sandy loam    55.0 ± 0.24  h     38.0 ± 0.16  g     7.0 ± 0.32 a     1.20 ± 0.04 bc     32.83 ± 0.19 ghi   

  10    Ponga    Clay loam    34.4 ± 0.40 e     28.5 ± 0.12 e     37.1 ± 0.04  h     0.99 ± 0.01 ab     26.57 ± 0.12 def   

  11    Monkompu    Sandy loam    59.4 ± 0.28 i     26.1 ± 0.13 d     14.5 ± 0.06 b     1.16 ± 0.02 bc     22.06 ± 0.48 bcd   

  12    Veliyanadu    Silt clay loam    19.5 ± 0.61 b     44.0 ± 0.16  h     36.5 ± 0.00  h     1.10 ± 0.03 bc     31.11 ± 0.21 fgh   

  13    Pulinkunnu    Clay loam    22.7 ± 0.58 c     50.3 ± 0.03 i     27.0 ± 0.35 f     1.12 ± 0.04 bc     29.85 ± 2.02 efgh   

  14    Kainakary    Silt clay    12.0 ± 0.29 a     43.0 ± 0.75  h     45.0 ± 0.40 j     1.50 ± 0.10 d     17.05 ± 0.42 b   

  15    Kavalam    Sandy clay    46.8 ± 0.54  g     13.6 ± 0.13 a     39.6 ± 0.12 i     0.79 ± 0.09 a     28.46 ± 1.42 efg   



54 Proceedings of the Indian National Science Academy (2023) 89:51–59

1 3

     Discussion 

 Kuttanad represents an ecosystem of unique ecological 

characteristics. This uniqueness was apparent in the soil 

properties as well. Textural analysis revealed that the soils 

of Kuttanad in general were sandy with varying percentage 

of silt and clay. When the average percentage of silt and 

clay in the soil is compared, clay fraction seemed to be 

relatively more. It is likely that the fl ood water from the 

rivers causes considerable sediment load that spread out 

on the lowland making the soils more clayey. 

 Soil compaction has ever been a problem to agricultural 

productivity mainly in clayey soils as it indirectly aff ects 

root growth and distribution (Taylor and Brar  1991 ). The 

values of BD in our study varied from soil to soil possibly 

due to the diff erence in soil composition. Though the values 

were slightly higher in some of the soils, none of them have 

crossed the critical limit (> 1.6 mg  m 3 ) indicating that the 

issue of soil compaction is manageable in soils of Kuttanad. 

  Table 2       Moisture, temperature, 

pH, EC, CEC and OC 

(mean ± SE,  n  = 75) of fl uoride 

aff ected soils (0–20 cm)  

 Mean values within the column followed by the same letter(s) are not signifi cantly diff erent at  p  < 0.05 

according to Tukey's HSD 

  No.    Moisture (%)    Temperature (°C)    pH (1:5  H 2 O)    EC (dS  m −1 )    CEC (cmol  kg −1 )    OC (g  kg −1 )  

  1    8.50 ± 0.07 f     24.0 ± 0.016 bc     4.10 ± 0.03 bc     0.90 ± 0.02 cd     32.50 ± 0.63 a     15.70 ± 0.14 b   

  2    11.60 ± 0.04 i     23.5 ± 0.22 ab     4.32 ± 0.03 c     0.98 ± 0.01 ef     49.10 ± 0.45 fg     18.50 ± 0.09 d   

  3    4.25 ± 0.03 a     25.0 ± 0.22 de     4.68 ± 0.01 d     1.40 ± 0.01 h     50.20 ± 0.04 g     33.80 ± 0.07 i   

  4    13.50 ± 0.04 j     25.0 ± 0.00 e     3.50 ± 0.08 a     0.95 ± 0.02 de     44.80 ± 0.03 e     23.50 ± 0.17 f   

  5    7.25 ± 0.07 e     24.0 ± 0.00 bc     4.40 ± 0.09 cd     1.05 ± 0.01 g     39.30 ± 0.27 c     24.90 ± 0.10 g   

  6    5.97 ± 0.07 d     25.0 ± 0.16 de     4.12 ± 0.06 bc     0.36 ± 0.01 a     31.40 ± 0.22 a     15.20 ± 0.21 b   

  7    4.56 ± 0.  07 b     23.5 ± 0.22 ab     4.66 ± 0.07 d     1.50 ± 0.01 i     59.80 ± 0.12 i     22.40 ± 0.09 e   

  8    8.75 ± 0.06 f     23.5 ± 0.00 ab     4.10 ± 0.10 bc     0.85 ± 0.00 bc     42.50 ± 0.42 d     36.40 ± 0.13 k   

  9    9.80 ± 0.08 g     23.5 ± 0.22 ab     4.40 ± 0.05 cd     1.35 ± 0.01 h     49.10 ± 0.18 fg     22.70 ± 0.08 e   

  10    9.50 ± 0.04 g     24.5 ± 0.22 cd     3.84 ± 0.01 b     1.02 ± 0.00 fg     38.90 ± 0.22 c     15.10 ± 0.05 b   

  11    13.70 ± 0.07 j     23.0 ± 0.22 a     4.30 ± 0.00 c     0.80 ± 0.02 b     35.00 ± 0.37 b     12.30 ± 0.09 a   

  12    11.37 ± 0.10 i     24.5 ± 0.22 cd     4.40 ± 0.04 cd     1.35 ± 0.01 h     58.50 ± 0.34 i     35.20 ± 0.02 j   

  13    5.10 ± 0.04 c     25.0 ± 0.16 de     4.30 ± 0.08 c     1.06 ± 0.01 g     52.5 ± 0.32 h     28.90 ± 0.40 h   

  14    8.80 ± 0.04 f     24.5 ± 0.16 cd     4.30 ± 0.08c    0.90 ± 0.03 cd     36.40 ± 0.04 b     17.40 ± 0.06 c   

  15    10.46 ± 0.02 h     25.0 ± 0.00 de     4.10 ± 0.08 bc     1.02 ± 0.01 fg     45.8 ± 0.00 f     29.10 ± 0.10 h   

  Table 3       Soil available 

Nutrients (N, P, K) & Fe and 

Al sesquioxides sesquioxides 

(mean ± SE,  n  = 75) in the 

F-aff ected soils (0–20 cm)  

 Mean values within the column followed by the same letter(s) are not signifi cantly diff erent at  p  < 0.05 

according to Tukey's HSD 

  Sample no.    N    P    K    Al 2 O 3     Fe 2 O 3     Sesquioxide  

  (Kg  h −1 )    (mg kg− 1 )  

  1    394.20 ± 1.35 g     18.68 ± 0.08 d     72.50 ± 0.22 d     301 ± 0.45 f     1395 ± 0.45 d     1696 ± 0.63 f   

  2    415.20 ± 0.11 h     28.60 ± 0.05 e     158.70 ± 0.47 h     315.2 ± 0.09 g     1392 ± 1.34 cd     1707 ± 1.31 gh   

  3    489.00 ± 0.03 k     88.50 ± 0.11 l     58.60 ± 0.08 b     238.5 ± 0.36 b     1389 ± 0.89 bc     1628 ± 1.24 c   

  4    279.50 ± 0.59 b     29.20 ± 0.22 e     116.90 ± 0.01 g     298.5 ± 0.17 f     1418 ± 0.32 g     1717 ± 0.19 j   

  5    390.50 ± 0.22 f     43.62 ± 0.16 h     277.50 ± 0.13 k     298.6 ± 0.15 f     1420 ± 0.89 g     1719 ± 1.00 j   

  6    340.80 ± 0.37 c     10.44 ± 0.09 a     383.00 ± 0.11 n     355 ± 0.67 i     1430 ± 0.45 h     1785 ± 0.92 l   

  7    501.70 ± 0.58 m     94.50 ± 0.21 m     49.00 ± 0.77 a     224.1 ± 0.60 a     1388 ± 0.32 bc     1612 ± 0.44 a   

  8    465.30 ± 0.34 j     43.50 ± 0.16 h     169.80 ± 0.08 i     285.7 ± 0.54 e     1405 ± 0.32 e     1691 ± 0.55 e   

  9    432.50 ± 0.27 i     81.50 ± 0.22 k     85.80 ± 0.31 e     240.1 ± .57 bc     1388 ± 1.22 bc     1628 ± 1.65 c   

  10    454.80 ± 0.93 e     33.80 ± 0.37 f     295.00 ± 0.14 l     287 ± 0.48 e     1422 ± 1.90 g     1709 ± 1.83 hi   

  11    275.70 ± 0.02 a     16.82 ± 0.05 c     266.80 ± 0.05 j     286.9 ± 0.30 e     1427 ± 0.32 h     1714 ± 0.62 ij   

  12    498.50 ± 0.32 l     55.50 ± 0.22 i     86.80 ± 0.25 e     242 ± 1.81 c     1378 ± 0.00 a     1620 ± 1.81 b   

  13    498.60 ± 0.32 l     59.40 ± 0.25 j     98.50 ± 0.11 f     251.2 ± 0.25 d     1385 ± 2.24 b     1636 ± 2.16 d   

  14    278.10 ± .06 ab     11.50 ± 0.08 b     361.00 ± 0.89 m     324.4 ± 0.80 h     1427 ± 0.32h    1751 ± 0.82 k   

  15    350.80 ± 0.10 d     38.50 ± 0.16 g     65.00 ± 0.89 c     288.2 ± 0.29 e     1413 ± 0.63 f     1701 ± 0.74 fg   
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Management of soils through the use of tillage and related 

practices is suggested as a reason mitigating soil compaction 

in this region (Unger and Kaspar  1994 ). 

 Soil moisture is aff ected by a number of factors such as 

soil texture ( Lehmann et al.  2018 ), precipitation (Man-

rique  1988 ) soil characteristics and more. Further, the soils 

of Kuttanad have to face with the changes associated with 

submergence by water and associated drying (Suganya 

and Sivapullaiah  2015 ). In the present study we observed 

low moisture content across soils, possibly due to the fast 

drainage of water through the pore space (Easton and Bock 

 2016 ) during summer season. Our results showed that the 

mean temperature of the soil (0–20 cm) is a refl ection of the 

ambient temperature prevailed during the sampling period 

which was 25 °C supporting the fi nding of Nuruddin and 

Tokiman ( 2005 ) that a strong relationship exists between the 

temperature of top soil and atmospheric temperature. Beena 

( 2005 ) reported that the soil temperature regime of Kuttanad 

region is isohyperthermic as the annual soil temperature at a 

depth of 50 cm is 22 °C. Assigning a defi nite reason for the 

prevalence of a soil temperature as observed in the present 

study is rather diffi  cult. 

 Previous studies have made conclusive evidence on the 

acidic nature of Kuttanad soils (Beena and Thampatti  2013 ) 

which is in agreement with our observation that all the soils 

had an acidic range of pH. Soil acidity is determined by a 

number of factors of which the nature of the parent mate-

rial is the principal one (Owolabi et al.  2003 ). Oxidation 

of pyrite in soil to sulphuric acid by rainwater during wet 

season is a chemical phenomenon taking place in soils of 

Kuttanad which causes pH to decrease (Sahrawat  2012 ). 

Further, our study observed that an increased availability of 

nutrients such as N (r = 0.547**) and P (r = 0.547**) signifi -

cantly increased the acidity of soils. Increase in soil acidity 

due to long-term use of P and N containing fertilizers has 

been reported earlier (Saleque et al.  2004 ). 

 Salinity is one of the major problems confronted in Kut-

tanad soils (Thampatti and Jose  2000 ) through its direct 

access to sea or due to inundation of salt water from sea. 

Our study reported a maximum value of 1.50  dSm −1  which 

was below the tolerable limit. The low level of EC observed 

in the present study could be due to the washing off /dilution 

of salts by rain water during monsoon season (Sarkar et al. 

 2019 ). The movement of salts to the deeper strata of soil 

(Thampatti and Jose  2000 ) could be suggested as another 

possible reason for the low value of EC in soils. Cation 

exchange capacity is an important indicator of soil qual-

ity in agroecosystems (Khaledian et al.  2017 ). It represents 

soil’s ability to hold positively charged ions (Saidi  2012 ). 

Our study found a strong positive (r = 0.466**) relationship 

between CEC and silt fraction of soil which contrasts the 

fi nding of (Khaledian et al.  2017 ) that CEC tend to increase 

with the increase in clay content. Previous studies in Kut-

tanad soils reported an increase in CEC with increasing OC 

which is in line with our results that a signifi cant positive 

(r = 0.626**) relationship existed between CEC and OC. 

Kuttanad soils in general had a high OC (> 7.5 g  kg −1 ) show-

ing a wide range value which was reported in other studies 

also (Thafna et al.  2017 ). The presence of sand layers, dif-

ferential accumulation of organic matter and sedimentary 

nature of the parent materials are attributed to be the reason 

  Fig. 2       Heat map showing the relationship of soil properties with fl uo-

ride content in soils  

  Table 4       Pearson’s coeffi  cients of correlation between diff erent soil 

properties and fl uoride content (n = 75 )  in fl uoride aff ected soils 

(0–20 cm)  

 **Correlation is signifi cant at the 0.01 level (two-tailed) 

  Variable    Fluoride content  

  Sand (%)    − 0.100  

  Silt (%)    − 0.358**  

  Clay (%)    − 0.258**  

  BD (mg  m −3 )    − 0.647**  

  Moisture (%)    − 0.159  

  Temperature ( 0 C)    − 0.081  

  pH (1:5 H2O)    0.331**  

  EC (dS  m −1 )    0.874**  

  CEC (cmol  kg −1 )    0.797**  

  OC (g  kg −1 )    0.578**  

  Available N (kg  h −1 )    0.633**  

  Available P (kg  h −1 )    0.855**  

  Available K (kg  h −1 )    − 0.721**  

  Al2O3 (mg  kg −1 )    − 0.897**  

  Fe2O3 (mg  kg −1 )    − 0.650**  

  Sesquioxide (mg  kg −1 )    − 0.866**  
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for heterogeneity in organic carbon distribution (Thampatti 

and Jose  2000 ). Incorporation of crop residues into soil after 

rice cropping is a usual practice in Kuttanad. The decompo-

sition of these organic matter would have contributed to the 

buildup of OC in soil. 

 Nitrogen is a nutrient being applied in greater quanti-

ties in rice production system (Pyngrope et al.  2019 ) of 

which Kuttanad is not an exception. Despite this fact, none 

of the soils in our study recorded a higher (> 560 kg  h −1 ) 

value which contrasts the earlier fi nding of Thafna et al. 

( 2017 ) who observed high mean value for N amounting to 

771.91 kg  h −1 . This could be due to a better utilization of N 

by the previous crop (rice) (Guo et al.  2017 ). Nitrogen being 

mobile in nature, the residual/available nitrogen becomes 

poor in soils due to its losses through various mechanisms 

like  NH 3  voltilization, denitrifi cation, chemical and micro-

bial fi xation, leaching and run off  suggesting another reason 

for the reduction in available N in Kuttanad soils. Phospho-

rus defi ciency is considered a major limiting factor of rice 

production in rainfed lowlands (Sanjivkumar et al.  2017 ). 

Nevertheless, this statement does not hold good in the con-

text of our study as 73.3% of the soils belonged to the higher 

(> 25 kg  h −1 ) P availability class. It is well known that the 

rice crop uses only 25 to 30% of applied P and the remaining 

part which is not readily available remain in soil (Gudadhe 

et al.  2015 ) which gradually increase as available P in soil 

over the years. The addition of organic sources into soil fur-

ther makes an increase in available P by additional input of 

P and mobilization of P from lower layers of soil (Rahale 

et al.  2018 ). Our observation on the high content of K in 

Kuttanad soils is in agreement with the earlier studies in 

this region (Thafna et al.  2017 ). The increase in soil organic 

matter plays major role in holding and supply of K (Thafna 

et al.  2017 ). For example, application of rice straw and FYM 

positively impacted total K status of soil and its distribution 

among diff erent forms (Yadav et al.  2019 ). We also found a 

signifi cant (r = 0.555**) positive relationship of soil K with 

BD suggesting that changes in BD upon extreme drying 

infl uence K content and its variability in soils (Anderson 

and Beverly  1985 ). 

 In the tropics, the oxides and hydroxides of Fe and Al 

otherwise known as sesquioxides form components of soil 

which a small proportion is present in the form of organic 

complexes (Lekwa and Whiteside  1986 ). Soils of Kuttanad 

diff ered in the amount of sesquioxides they contain which is 

a pointer to the fact that the parent material from which the 

soils have been derived have undergone diff erent degree of 

weathering (Shaw and West  2017 ). Further, the maintenance 

of an acidic soil reaction might have brought in more Fe and 

Al (Ebimol et al.  2017 ) to the soils which in turn refl ected 

on the sesquioxides. 

 Fluoride concentration in soil is mostly of geogenic or 

anthropogenic in origin (Coyte et al.  2019 ). The possible 

exposure pathway of Kuttanad soils to fl uoride is through 

the dissolution of fl uorapatite which is a common mineral 

in the tertiary sediments of the area (Raj and Shaji  2017 ), 

long-term use of fluoride contaminated groundwater to 

irrigate crops especially rice, use of synthetic fertilizers, 

pesticides and other chemicals related to agricultural activi-

ties or spread of fl uoride from industrial belts (Annadurai 

et al.  2014 ; Mondal  2017 ). Usually rock phosphate, muri-

ate of potash, and urea are added which provides phos-

phorus, potassium and nitrogen respectively in the ratio 

90:45:45 kg  ha −1 . Also, farmers used to apply chemical fer-

tilizers two to three times throughout a single crop season, 

depending on their fi nancial situation. The soils diff ered in 

the content of fl uoride possibly due to changes in mineral-

ogy, precipitation, weathering of parent material (Mikkonen 

et al.  2018 ) or diff erences in the interaction of fertilizers and 

agricultural chemicals (Annadurai et al.  2014 ). This explains 

why the fl uoride levels at locations 6 and 7 diff er dramati-

cally despite the close proximity. 

   Relationship of fl uoride with soil properties 

 The study yielded interesting information on the relationship 

between soil properties and fl uoride content in the soils of 

Kuttanad. The relationship between soil textural character-

istics and fl uoride content being negative suggests that it is 

the parent material of the soil that determines the fl uoride 

content (Singh et al.  2020 ) in Kuttanad soils rather than the 

presence of its individual components. Soils of Kuttanad 

are exposed to alternating wet and dry conditions; therefore, 

soil compaction is a phenomenon which is quite common. 

In the study it was apparent that soil compaction measured 

in terms of BD adversely aff ected the content of fl uoride 

in soil. A more likely explanation is that, soil compaction 

entraps fl uoride in the pore space of compacted soil mass 

impeding its release. In the present study we could not dis-

entangle the relationship of moisture and temperature with 

fl uoride content in soil in the light of our results because of 

the existence of an insignifi cant relationship between these 

variables. Soil acidity infl uences the fl uoride content in Kut-

tanad soils. Previous studies show that soils with an acidic 

range of pH have a distinct increase in fl uoride content 

(Geretharan et al.  2017 ). If that is the case, there is nothing 

surprising in the elevated level of fl uoride in Kuttanad soils 

where pH ranged from 3.5 to 4.7. At high pH an increas-

ingly unfavorable electrostatic potential decreases retention 

of fl uoride on the soil and increases the fl uoride content in 

soil (Omueti and Jones  1977 ). 

 Our observation on the positive relationship between 

EC and fl uoride content in soil is in agreement with the 

previous studies (Krishna et al.  2017 ). It is likely that the 

increase of fl uoride salts concomitant with the increase 

in salinity during summer would have made positive 
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alterations in the fl uoride concentrations in soil. Never-

theless, such arguments need more detailed studies. Want 

of data to substantiate our fi nding prompted us to think 

that the relationship between soil CEC and fl uoride is not 

direct. Soil OC is primarily responsible for the retention 

of fl uoride in soils (Hong et al.  2016 ). Our study sub-

stantiates this fi nding as there existed a strong positive 

correlation between soil OC and fl uoride content in soil. 

As mentioned earlier, the soils of Kuttanad often receives 

greater inputs of organic matter by way of burning or by 

in situ incorporation of crop residues into the fi eld soil 

after each harvest making the soil a reservoir of carbon 

(Cao  2003 ). Along with the turnover of carbon there is 

a likely chance for the return of fl uoride absorbed by the 

plants back to the soil increasing the fl uoride level in soils 

(Anshumali  2014 ). 

 Availability of nutrients such as N and P in the soils 

of Kuttanad positively infl uenced the fl uoride in soil. It is 

doubted that the N and fl uoride in the soil, at least in part, 

might have a common origin from organic matter to exhibit 

a relationship of this kind. A close relationship between OC 

and N (Pribyl  2010 ) as well as between OC and fl uoride in 

soils (Anshumali  2018 ) has been reported earlier. Increased 

content of fl uoride with the corresponding increase of P in 

Kuttanad soils suggest that the large quantities of P ferti-

lizers applied to soil could be the possible source for the 

increase of fl uoride in soil. Application of phosphatic ferti-

lizers at large scale over the time is attributable for the rise in 

its level in soil (Hedley et al.  2007 ) which in turn increases 

the fl uoride status of soil (Ramteke et al.  2018 ). Despite the 

high availability of K content in Kuttanad soils, the fl uoride 

content showed negative correlation indicating that soil K 

is not an infl uencing factor for the increase of fl uoride in 

Kuttanad soils. The inverse relationship could be due to 

the removal of K from the soil due to its fi xation which is 

reported as a principal mechanism aff ecting K availability 

in soils (Portela et al.  2019 ). Kuttanad soils being exposed 

to alternating wetting and drying, there is a likely chance for 

a rapid and pronounced fi xation of K in a non-replaceable 

form (Shakeri and Abtahi  2019 ) making variability in the 

potassium/fl uoride relationship. 

 Fluoride ions present in the soil complexes strongly with 

metals such as  Al 3  and  Fe 2  (Mc Bride 1994). Their oxides 

and hydroxides otherwise known as sesquioxides infl uences 

some soil chemical reactions and properties such as anions 

adsorption, surface charges, specifi c surface area, nutri-

ent transformation and pollutant retention in the soil (Ibia 

 2005 ). In the present study, oxides of Fe and Al exhibited 

negative relationship with fl uoride content in soil. The low 

fl uoride content of the soil with the increase in sesquiox-

ides could be linked with the fi xation of fl uoride by Fe and 

Al sesquioxides under acidic conditions of the soil (Datta 

et al.  2017 ). Similar fi xation of nutrients such as P in soils 

by sesquioxides has been reported earlier in Kuttanad soils 

(Devi et al.  2017 ; Dhanya and Gladis  2017 ). 

     Conclusion 

 The study demonstrates the variability of soil properties and 

fl uoride content in soils of Kuttanad which is a unique tropi-

cal agroecosystem. Sandy soils of the region with a predomi-

nant clay fraction had the BD, moisture, temperature, EC, 

CEC, OC, available N in the normal limit and OC, available 

P, K and total fl uoride in excessive quantities. Soil properties 

such as pH, EC, CEC, OC N and P signifi cantly contributed 

to the elevated fl uoride content in soils. 
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