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The experiment was conducted in the farm of Sher-e-Bangla Agricultural University, Dhaka, 
Bangladesh to study the effect of various organic manures and inorganic fertilizers with 
different water management on the nutrient availability of boro rice field. BRRI dhan29 was 
used as the test crop in this experiment. The experiment consists of 2 factors i.e. Irrigation 
and fertilizer plus manure. Two levels of irrigations (I1= Continuous flooding and I2= 
Saturated Condition) were used with 8 levels of fertilizer plus manure, as T0: Control, T1: 
100% ( N120P25K60S20Zn2) Recommended dose of Fertilizer, T2: 50% NPKSZn + 5 ton cow-
dung ha-1, T3: 70% NPKSZn + 3 ton cow-dung ha-1, T4: 50% NPKSZn + 5 ton compost ha-1, T5: 
70% NPKSZn+3 ton compost ha-1, T6: 50% NPKSZn + 3.5 ton poultry manure ha-1 and T7: 
70% NPKSZn+2.1 ton poultry manure ha-1, with 16 treatment combinations and 3 
replications. The pore-water samples were collected and analyzed during rice growing 
period. The higher concentrations of N, P and K were found in the pore water of T6 (50% 
NPKSZn + 3.5 ton poultry manure ha-1) and T7 (70% NPKSZn + 2.1 ton poultry manure ha-1) 
treatments where higher yield were obtained. The higher N, P, K & S concentrations and 
uptake were observed in the treatments where fertilizer plus manure were applied. The 
highest concentrations of grain N (1.31%), P (0.272%), K (0.195%) and S (0.091%) were 
recorded from T5, T3, T7 and T2 treatment respectively and lowest from T0 (Control) 
treatment. 

 Keywords: Boro rice field, Effect of fertilizer, manure, irrigation, nutrient availability in soil. 

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Rice (Oryza sativa) is one of the major crops of the world. Rice is a semi aquatic annual grass plant and is the 
most important cereal crop in the developing world. Global rice production has tripled in the last five 
decades from 150 million tons in 1960 to 450 million tons in 2011, due to the rice Green Revolution in Asia 
(Rejesus et al., 2012). A study showed that most Asian countries won’t be able to feed their projected 
population without irreversibly degrading their land resources, even with high levels of management inputs 
(Beinroth et al., 2001). The depleted soil fertility is a major constraint to higher crop production in 
Bangladesh. The increasing land use intensity has resulted in a great exhaustion of nutrients in soils. Rice-
rice cropping system is the most important cropping system in Bangladesh. 

Scientists are trying to improve the production systems with the help of combination of organic and 
inorganic sources of nutrients. The application of different levels of irrigation in boro rice affects the yield by 
affecting nutrient accumulation. More nutrients are leached out from soil when higher levels of irrigation 
water are added during boro rice growing period. Moisture levels affect the organic matter accumulation and 
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mineralization. Yang et al. (2004) reported that application of chemical fertilizers with farmyard manure or 
wheat or rice straw in alternate wetting and drying condition increased N, P, & K uptake by rice plants. 

This study was undertaken to: develop a suitable integrated dose of inorganic fertilizers combined with 
different manures for boro rice; evaluate the effects of inorganic and organic fertilizer with different water 
management on the nutrient concentration of boro rice; and investigate the improvement of soil fertility due 
to the use of organic manure in combination with chemical fertilizers.  

This detailed study was under taken with the following objectives: 

i. To maintain the soil health by adopting Integrated Nutrient Management system in rice cultivation. 
ii. To investigate, the improvement of soil fertility due to the use of organic manure in combination with 

chemical fertilizers. 
iii. To investigate the availability of N, P, K and S in pore water of cropped and un-cropped soil with 

different fertilizer application. 

Material and Methods 
The experiment was conducted in the Farm of Sher-e-Bangla Agricultural University, Dhaka, Bangladesh.  

Experimental site and soil: The experiment was conducted in typical rice growing silt loam soil at the  
Sher-E-Bangla Agricultural University Farm, Dhaka during the boro season of 2012-13. 

Climate: The climate of the experimental area is characterized by high temperature, high humidity and 
medium rainfall with occasional gusty winds during the kharif season (March-September) and a scanty 
rainfall associated with moderately low temperature in the Rabi season (October-March).  

Planting material: BRRI dhan 29 was used as the test crop in this experiment. 

Land preparation: Ploughing was done. Before transplanting each unit of plot was cleaned by removing the 
weeds, stubbles and crop residues. Finally each plot was prepared by puddling. 

Experimental Design: The experiment was laid out in a split plot design (SPD) with three replications 
(Figure 1 and 2).  

 

 

 

Figure 1. Layout of the experimental Plot of Boro Rice Figure 2. Main Field 

Initial soil sampling: Before land preparation, initial soil samples at 0-15 cm depth were collected from 
different spots of the experimental field. The composite soil sample were air-dried, crushed and passed 
through a 2 mm (8 meshes) sieve. After sieving, the soil samples were kept in a plastic container for physical 
and chemical analysis of the soil. 

Treatments: The experiment consists of 2 factors (i) irrigation and (ii) fertilizer plus manure. Details of 
factors and their combinations are presented below: 
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Factor A:  2 Level of ırrigation in the main plot 

I1= Continuous flooding 

I2= Saturated condition 

Factor B: 8 Fertilizer, manure treatment in the sub plot 

T0: Control 
T1: 100% (N120P25K60S20Zn2) recommended dose of fertilizer  
T2: 50% NPKSZn + 5 ton cow dung ha-1 
T3: 70% NPKSZn + 3 ton cow dung ha-1 
T4: 50% NPKSZn + 5 ton compost ha-1 
T5: 70% NPKSZn + 3 ton compost ha-1 
T6: 50% NPKSZn + 3.5 ton poultry manure ha-1 
T7: 70% NPKSZn + 2.1 ton poultry manure ha-1 

Treatment combination 

I1T0 = (Continuous flooding + Control) 
I1T1 = Continuous flooding + 100% ( N120P25K60S20Zn2) (Recommended dose) 

I1T2 = (Continuous flooding + 50% NPKSZn + 5 ton cow dung ha-1) 
I1T3 = (Continuous flooding + 70% NPKSZn + 3 ton cow dung ha-1) 
I1T4 = (Continuous flooding + 50% NPKSZn + 5 ton compost ha-1) 
I1T5 = (Continuous flooding + 70% NPKSZn + 3 ton compost ha-1) 
I1T6 = (Continuous flooding + 50% NPKSZn + 3.5 ton poultry manure ha-1) 
I1T7 = (Continuous flooding + 70% NPKSZn + 2.1 ton poultry manure ha-1) 
I2T0 = (Saturated condition + Control) 
I2T1 = Saturated condition + 100% ( N120P25K60S20Zn2) (Recommended dose) 
I2T2 = (Saturated condition + 50% NPKSZn + 5 ton cow dung ha-1) 
I2T3 = (Saturated condition + 70% NPKSZn + 3 ton cow dung ha-1) 
I2T4 = (Saturated condition + 50% NPKSZn + 5 ton compost ha-1) 
I2T5 = (Saturated condition + 70% NPKSZn + 3 ton compost ha-1) 
I2T6 = (Saturated condition + 50% NPKSZn + 3.5 ton poultry manure ha-1) 
I2T7 = (Saturated condition + 70% NPKSZn + 2.1 ton poultry manure ha-1) 

Fertilizer application: The amounts of N, P, K, S and Zn fertilizers required per plot were calculated as per 
the treatments. Full amounts of TSP, MP, Gypsum and Zinc sulphate were applied as basal dose before 
transplanting of rice seedlings. Urea were applied in 3 equal splits: one third was applied at basal before 
transplanting, one third at active tillering stage (30 DAT) and the remaining one third was applied at 5 days 
before panicle initiation stage (55 DAT).  

Organic manure incorporation: Three different types of organic manure viz. cow-dung, poultry manure 
and compost were used. The rates of manure as 5&3, 3.5&2.1 and 5&3 tons per ha for cow-dung, poultry 
manure and compost per plot were calculated as per the treatments, respectively. Cow-dung, compost and 
poultry manure were applied before four days of final land preparation. Chemical compositions of the 
manures used have been presented in Table 1. 

Table 1. Chemical compositions of the cow-dung, poultry manure and compost (Oven dry basis) 

Sources of organic manure 
Nutrient content 

N (%) P (%) K (%) S (%) 
Cow-dung 1.46 0.29 0.74 0.24 
Poultry manure 2.20 1.99 0.82 0.29 
Compost 1.49 0.28 1.60 0.32 

Transplanting: Forty days old seedlings of BRRI dhan29 were carefully uprooted from the seedling nursery 
and transplanted in 18 January, 2013 in well puddle plot.  

Pore water collection: Pore-water samples 
were collected from inner and outside the cores 
during boro rice growing period by using rhizon 
sampler (Rhizon MOM 10 cm length, 2.5 mm OD, 
Rhizosphere Research Products, Wageningen, 
and The Netherlands) during the different dates 
of rice growing periods. The pore-water 
samples were filtered through Whatman no. 42 
filter paper and analyzed for N, P, K and S 
contents by standard method (Plate 1 and 2). 

 
Plate 1. Rhizon Samples 

 
Plate 2. Pore Water Samples 
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Digestion of plant samples with sulphuric acid for N analysis: For the determination of nitrogen an 
amount of 0.5 g oven dry, ground sample were taken in a micro Kjeldahl flask. 1.1 g catalyst mixture (K2SO4: 
CuSO4. 5H2O: Se in the ratio of 100: 10: 1), and 7 ml conc. H2SO4 were added. The flasks were heated at 1600C 
and added 2 ml 30% H2O2 then heating was continued at 360 0C until the digests become clear and colorless. 
After cooling, the content was taken into a 50 ml volumetric flask and the volume was made up to the mark 
with de-ionized water. A reagent blank was prepared in a similar manner. Nitrogen in the digest was 
estimated by distilling the digest with 10 N NaOH followed by titration of the distillate trapped in H3BO3 
indicator solution with 0.01N H2SO4 (Pequerul et. al. 1993). 
Digestion of plant samples with nitric-perchloric acid for P, K and S analysis: A sub sample weighing 
0.5 g was transferred into a dry, clean 100 ml digestion vessel. Ten ml of di-acid (HNO3: HClO4 in the ratio 
2:1) mixture was added to the flask. After leaving for a while, the flasks were heated at a temperature slowly 
raised to 2000C. Heating were stopped when the dense white fumes of HClO4 occurred. The content of the 
flask were boiled until they were became clean and colorless. After cooling, the content was taken into a 100 
ml volumetric flask and the volume was made up to the mark with de-ionized water. P, K and S were 
determined from this digest by using different standard methods. 
Determination of P, K and S from plant samples 
Phosphorus: Plant samples (grain and straw) were digested by di-acid (Nitric acid and Perchloric acid) 
mixture and P content in the digest was measured by blue color development. Phosphorus in the digest was 
determined by using 1 ml for grain sample and 2 ml for straw sample from 100 ml digest by developing blue 
color with reduction of phosphomolybdate complex and the color intensity were measured colorimetrical at 
660 nm wavelength and readings were calibrated with the standard P curve (Jones, 2001).  
Potassium: Ten milli-liters of digest sample for the grain and five ml for the straw were taken and diluted 50 
ml volume to make desired concentration so that the flame photometer reading of samples were measured 
within the range of standard solutions. The concentrations were measured by using standard curves (Jones, 
2001).  
Sulphur: Sulphur content was determined from the digest of the plant samples (grain and straw) as 
described by Jones (2001). The digested S was determined by developing turbidity by adding acid seed 
solution (20 ppm S as K2SO4 in 6N HCl) and BaCl2 crystals. The intensity of turbidity was measured by 
spectrophotometer at 420 nm wavelengths (Jones, 2001). 
Statistical Analysis 
The significance of the difference among the treatment means was estimated by the Duncan’s Multiple Range 
Test (DMRT) at 5% level of probability.  

Results  
Effect of irrigation on the N and P concentration of pore-water during boro rice growing period 
The higher levels of pore-water N concentrations were found inside the core where crop was not grown. 
There was no significant influence of irrigation on the pore-water P concentrations and higher levels of pore-
water P were found in the saturated condition of rhizospheric zone of rice plant compared to continuous 
flooded condition (Table 2).  
Table 2. Effect of Irrigation on the N and P concentrations of pore-water during boro rice growing period 

 
I1 I2 

Nitrogen 

Pore-water N conc. (ppm) in outside the core at 30 DAT 2.61 2.14 
Pore-water N conc. (ppm) in outside the core at 60 DAT 2.76 3.01 
Pore-water N conc. (ppm) into the core at 30 DAT 4.55 3.66 
Pore-water N conc. (ppm) into the core at 60 DAT 3.10 2.68 

Phosphorus 

Pore-water P conc. (ppm) in outside the core at 30 DAT 0.16 0.02 
Pore-water P conc. (ppm) in outside the core at 60 DAT 0.32 0.48 
Pore-water P conc. (ppm) into the core at 30 DAT 0.77 1.32 
Pore-water P conc. (ppm) into the core at 60 DAT 0.31 0.25 

Potassium 

Pore-water K conc. (ppm) In outside the core at 30 DAT 0.75 0.74 
Pore-water K conc. (ppm) in outside the core at 60 DAT 3.47 2.87 
Pore-water K conc. (ppm) inside the core at 30 DAT 2.85 1.48 
Pore-water K conc. (ppm) inside the core  at 60 DAT 3.47 2.87 

Sulphur 

Pore-water S conc. (ppm) In outside the core  at 30 DAT 2.60 2.19 
Pore-water S conc. (ppm) in outside the core at 60 DAT 2.86 1.91 
Pore-water S conc. (ppm) inside the core at 30 DAT 3.49 3.45 
Pore-water S conc. (ppm) inside the core  at 60 DAT 2.45 2.81 
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Effects of fertilizer and manure on the pore-water N and P concentrations 

The pore-water N, P, K and S concentrations were influenced by the application of different fertilizer 
treatments. The pore-water N, P, K and S concentrations in the cropped zone (outside the ring) were 
different from inside the core where root zone was absent. The higher pore-water P concentrations were 
found into the core and lower in the outside of the cores at 30 DAT and similar pore-water P concentrations 
were found in the pore-water of inside and outside the core at 60 DAT (Table 3). 

Table 3. Effect of fertilizer and manure on the pore-water N concentration of 30 and 60 DAT 

Treatments 

Pore-water N conc. 
(ppm) outside the core   

Pore-water N conc. 
(ppm) inside the core 

Pore-water P conc. 
(ppm)  outside the core   

Pore-water P conc. 
(ppm) inside the core 

at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT 

T0 1.50 ccc 1.56 2.68 bc 2.03 0.11 cc 0.30 ccc 0.33 dc 0.08 c 
T1 2.65 abc 2.53 5.78 ac 3.75 0.15 bc 0.38 abc 1.81 ac 0.17 c 
T2 2.78 abc 4.29 3.28 bc 3.22 0.15 bc 0.43 abc 0.66 cd 0.17 c 
T3 1.91 bcc 2.80 3.85 bc 2.35 0.20 ac 0.38 abc 1.36 ab 0.40 b 
T4 2.35 abc 2.98 4.08 ab 2.95 0.14 bc 0.34 bcc 1.34 ab 0.14 c 
T5 2.43 abc 2.65 4.09 ab 2.64 0.15 bc 0.41 abc 0.65 cd 0.16 c 
T6 2.53 abc 2.80 3.85 bc 2.50 0.18 ab 0.50 acc 1.14 bc 0.62 a 
T7 2.85 acc 3.55 4.27 ab 3.65 0.22 ac 0.45 abc 1.12 bc 0.49 b 
SE (±) 0.26 cde 0.38 0.49 cd 0.26 0.013 c 0.04 cde 0.19 cd 0.04 c   
in a column figures having similar letter(s) do not differ significantly whereas figures with dissimilar letter(s) differ significantly as 
per DMRT at 5% level of significance. 

Combined effects of irrigation and fertilizer on the pore-water N and P concentration 

The combined effects of different doses of fertilizer and irrigation on the pore-water N and P concentrations 
were significantly different (Table 4). The higher pore-water N concentrations were found into the core and 
outside the core at 30DAT than 60DAT. The higher levels of pore-water P concentrations were found in the 
pore-water samples of rice cropped area and non-cropped area where I2T6, I2T7 and I1T7 treatment 
combinations were applied (Table 4). 

Table 4. Interaction effect of fertilizer and irrigation on the pore-water N d P concentration 

Treatments 

Pore-water N conc. 
(ppm)  outside the core   

Pore-water N conc. 
(ppm) inside the core 

Pore-water P conc. 
(ppm)  outside the core 

Pore-water P conc. 
(ppm) inside the core 

at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT 

I1T0 2.25 bcde 1.42 3.55 abcd 2.10 defa 0.11 daa 0.22 faaaa 0.20 eaaa 0.07 da 
I1T1 4.50 aaaa 1.90 6.30 aaaa 4.50 aaaa 0.16 bcd 0.40 bcde 0.25 eaaa 0.20 cd 
I1T2 2.40 bcda 4.39 4.45 abcd 3.99 abaa 0.16 bcd 0.44 bcda 0.59 cdea 0.23 cd 
I1T3 2.80 bcda 2.45 3.50 bcda 2.95 bcde 0.15 cda 0.31 defa 0.96 bcde 0.44 ba 
I1T4 1.90 cdef 2.80 5.80 abaa 2.45 cdef 0.14 cda 0.28 defa 1.21 bcda 0.14 da 
I1T5 1.55 defa 3.20 3.28 cdaa 3.18 abcd 0.16 bcd 0.32 defa 0.82 bcde 0.15 da 
I1T6 3.10 bcaa 2.45 4.20 abcd 1.40 faaa 0.13 daa 0.25 efaa 0.83 bcde 0.78 aa 
I1T7 2.40 efaa 3.45 4.34 abcd 4.20 abaa 0.24 aaa 0.32 defa 1.35 bcda 0.49 ba 
I2T0 0.75 faaa 1.70 2.80 cdaa 1.95 defa 0.11 daa 0.37 cdef 0.45 deaa 0.10 da 
I2T1 0.80 faaa 3.15 5.25 abca 3.00 bcde 0.14 cda 0.36 cdef 3.37 aaaa 0.14 da 
I2T2 3.15 bcaa 4.20 2.10 daaa 2.45 cdef 0.13 daa 0.42 bcde 0.73 cdea 0.12 da 
I2T3 1.03 efaa 3.15 4.20 abcd 1.75 efaa 0.25 aaa 0.45 bcda 1.76 baaa 0.35 bc 
I2T4 2.80 bcda 3.15 2.35 daaa 3.45 abca 0.15 cda 0.40 bcde 1.48 bcaa 0.14 da 
I2T5 3.30 abaa 2.10 4.90 abca 2.10 defa 0.15 cda 0.51 bcaa 0.47 deaa 0.18 cd 
I2T6 1.95 cdef 3.15 3.50 bcda 3.60 abca 0.22 aba 0.75 aaaa 1.44 bcaa 0.46 ba 
I2T7 3.30 abaa 3.65 4.20 abcd 3.10 bcda 0.20 abc 0.57 baaa 0.88 bcde 0.49 ba 
SE (±) 0.37 cdef NS 0.49 cd ef 0.37 cdef 0.02   cd 0.04 c  de 0.26 cdef 0.05 cd 
in a column figures having similar letter(s) do not differ significantly whereas figures with dissimilar letter(s) differ significantly as 
per DMRT at 5% level of significance. 

Effect of irrigation on the K and S concentration of pore-water 

The pore-water K and S concentrations were influenced by different irrigation management in the boro rice 
field. The higher levels of pore-water K concentrations were found inside the core where crop was not 
grown (Table 2). 
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Effects of fertilizer and manure on the pore-water K and S concentrations 

The highest level of available K (4.64 ppm) in cropped area and (5.58 ppm) uncropped area were obtained 
from T6 and T7 (70% NPKSZn + 2.1 ton poultry manure/ha) treatments, respectively. The lowest pore-water 
K concentrations were found in the control treatment where fertilizer was not used. The similar 
concentrations of pore-water S were found in the root zone area (outside the core) and without cropped 
area (inside the core) (Table 5).  

Table 5. Effect of fertilizer and manure on the pore-water K concentration of 30  and 60 DAT 

Treatments 

Pore-water K conc. 
(ppm) outside the core   

Pore-water K conc. 
(ppm) inside the core 

Pore-water S conc. 
(ppm)  outside the core   

Pore-water S conc. 
(ppm) inside the core 

at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT 

T0 0.33 cc c 2.16 cc 0.54 ec 2.48 dc 1.47 1.43 cc 1.95 dc 1.42 cc 
T1 0.54 bc d  2.45 cc 1.69 dc 4.89 ab 2.23 2.37 bc 4.19 ab 3.33 ac 
T2 1.26 a   c 3.14 bc 1.75 dc 3.78 bc 2.45 2.26 bc 2.51 dc 2.40 ab 
T3 0.85 abc 3.72 ab 2.37 cc 4.31 bc 2.88 2.77 ab 4.28 ac 2.95 ab 
T4 0.68 bc c 2.93 bc 2.17 cd 3.62 cc 2.69 3.02 ab 3.53 cc 2.57 ab 
T5 0.51 bcef 3.25 bc 1.76 dc 4.10 bc 2.46 2.07 bc 3.48 cc 2.27 bc 
T6 0.79 abc  4.64 ac 3.15 bc 5.53 ac 3.03 1.56 cc 4.27 ac 2.83 ab 
T7 0.98 ab c 3.05 bc 3.91 ac 5.58 ac 1.97 3.58 ac 3.57 bc 3.26 ac 
SE (±) 0.13 cdef 0.31 cc 0.15cc 0.33cc NS 0.27cc 0.19cc 0.27cc 
in a column figures having similar letter(s) do not differ significantly whereas figures with dissimilar letter(s) differ significantly as 
per DMRT at 5% level of significance. 

Combined effects of irrigation and fertilizer on the pore-water K and S concentrations 

The pore-water K and S concentrations were significantly different due to combined application of different 
levels of fertilizer and irrigation. The higher pore-water K concentrations were found in the samples of 
inside the core compared to outside the core (Table 6). The highest pore-water K concentration of outside 
the core (4.71 ppm) was found in I2T6 (Saturated condition + 50% NPKSZn + 3.5 ton poultry manure ha-1) 
treatment combination. The highest pore-water S concentration of outside the core (4.50 ppm) was found in 
I1T6 (Continuous flooding + 50% NPKSZn + 3.5 ton poultry manure ha-1) treatment combination. The pore-
water of 60 DAT of S (Table 6), outside the core (cropped area) was significantly affected by the interaction 
effects of irrigation and fertilizer and highest concentration of 4.58 ppm was obtained from I1T4 (Continuous 
flooding + 50% NPKSZn + 5 ton compost ha-1)treatment which was statistically similar with I1T3 and I1T7 and 
I2T7 treatments combinations at 30 DAT. 

Table 6. Interaction effect of fertilizer and irrigation on the pore-water K and Sconcentration 

Treatments 

Pore-water K conc. 
(ppm)  outside the core   

Pore-water K conc. 
(ppm) inside the core 

Pore-water S conc. 
(ppm)  outside the core 

Pore-water S conc. 
(ppm) inside the core 

at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT at 30 DAT at 60 DAT 

I1T0 0.36 cc 1.98 ebcd 0.68 hie f 2.09 1.56 1.85 efghaaa 1.36 iaaaa 1.43 
I1T1 0.64 bc 2.34 debc 1.89 cdef 5.00 2.00 2.80 bcdefaa 2.79 fghaa 2.90 
I1T2 1.86 ac 3.83 abcd 2.69 befe 4.36 3.02 1.66 efghaaa 2.84 efgha 2.16 
I1T3 1.04 bc 4.68 abcd 2.84 befe 4.26 2.44 3.29 abcdaaa 4.33 bcaaa 2.89 
I1T4 0.34 cc 3.09 bcde 2.55 bcde 3.62 1.94 4.58 aaaaaaa 3.76 cdeaa 2.91 
I1T5 0.34 cc 4.15 abcb 2.31 bcde 4.36 2.56 2.68 bcdefaa 3.68 cdefa 2.06 
I1T6 0.64 bc 4.57 abbb 4.60 aefe 6.38 4.50 2.37 bcdefga 4.86 abaaa 2.47 
I1T7 0.78 bc 3.09 bcde 5.26 aefe 6.38 2.75 3.47 abaaaaa 4.30 bcaaa 2.71 
I2T0 0.28 cc 2.34 debb 0.41 ief e 2.87 1.38 1.02 ghaaaaa 2.54 ghaa 1.41 
I2T1 0.45 bc 2.55 debb 1.49 fgef 4.78 2.45 1.94 defghaa 5.60 aaaa 3.72 
I2T2 0.68 bc 2.45 debb 0.81 ghie 3.19 1.87 2.86 bcdeaa 2.17 hiaaa 2.64 
I2T3 0.68 bc 2.77 cdeb 1.89 cdef 4.36 3.31 2.25 cdefga 4.23 bcda 3.02 
I2T4 1.01 bc 2.76 cdeb 1.79 defe 3.62 3.44 1.46 fghaaa 3.29 defg 2.25 
I2T5 0.68 bc 2.34 debb 1.22 fghe 3.83 2.35 1.47 fghaaa 3.29 defg 2.49 
I2T6 0.95 bc 4.71 ab  c 1.70 efef 4.68 1.56 0.76 haaaaa 3.68 cdef 3.18 
I2T7 1.19 ab 3.02 bcde 2.57 bcef 5.32 1.19 3.50 abcaaa 2.83 efgh 3.81 
SE (±) 0.18 cc 0.44  bcd 0.21efef NS 0.53 0.38 0.27 0.38 
in a column figures having similar letter(s) do not differ significantly whereas figures with dissimilar letter(s) differ significantly as 
per DMRT at 5% level of significance. 
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Discussion 
The experiment was conducted in the Farm of Sher-e-Bangla Agricultural University, Dhaka, Bangladesh. 
BRRI dhan 29 was used as the test crop in this experiment. The nutrient concentration in BRRI dhan29 rice 
plant was significantly affected by application of irrigation. The higher levels of grain N, K and S 
concentrations were recorded from I1 (Continuous flooding) and P concentrations were recorded from I2 

(Saturated condition) treatment. The highest concentrations of grain N (1.31%), P (0.272%), K (0.195%), S 
(0.091%) were recorded from T5 (70% NPKSZn + 3 ton compost ha-1), T3 (70% NPKSZn + 3 ton cow-dung ha-

1), T1 (100% Recommended dose of Fertilizer), T2 (50% NPKSZn + 5 ton cow-dung ha-1), T4 (50% NPKSZn + 5 
ton compost ha-1), T7 (70% NPKSZn + 2.1 ton poultry manure ha-1) and T2 (50% NPKSZn + 5 ton cow-dung 
ha-1) treatment combination respectively which is supported the result of Golabi et. al. (2007). The highest 
concentrations of straw N (0.730%), P (0.057%), were recorded from T2 (50% NPKSZn + 5 ton cow-dung ha-

1) treatment, K (1.63%) were recorded from T3 (70% NPKSZn + 3 ton cow-dung ha-1) and S (0.052%) were 
recorded from T6 (50% NPKSZn + 3.5 ton poultry manure ha-1) treatment as same as Palm et. al. (1997). The 
combined effect of fertilizer and manure significantly influenced the grain and straw N, P, K and S 
concentrations and higher levels grain nutrient concentrations were observed in the treatments where 
fertilizer plus manure more used. 

Conclusion  
The N, P, K and S concentrations were studied in the pore-water and the concentrations of N, P, K and S 
varied with the irrigation, fertilizer, cropped, without cropped areas and time in this experiment. The higher 
concentration of pore water N, P and K were found in the T6 (50% NPKS + 3.5 ton poultry manure ha-1) and 
T7 (70% NPKSZn + 2.1 ton poultry manure per hectare) treatments where poultry manure and inorganic 
fertilizer were used. There was a good correlation between yield Vs Pore-water nutrient concentration and 
Pore-water nutrient Vs grain nutrient accumulation. 
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This study is devoted to predict water vapour adsorption and hydro-physical properties of 
arid soils in middle Nile Delta (Farm of the Faculty of Agriculture, Shebin El-Kom, Egypt) 
and of tropical soils (Felix and INIAP Farms) in Quevedo zone, Los Rios, Ecuador. The 
vapour pressure and isothermal adsorption of water vapour is used to predict soil moisture 
adsorption capacity (Wa) and the specific surface area. To achieve these objectives, four soil 
profiles at different depths were investigated to indicate the status of hydro-physical 
properties of the studied area.  The 1st & 2nd profiles are sandy loam (Felix Farm) and clay 
loam soils (Shebin El-Kom Farm), and 3rd & 4th are clay soils (INIAP Farm). Data of soil-
water adsorption (W%) at different relative vapor pressures P/Po are obtained for the 
studied soil profiles, where the W% values increased with increasing P/Po from 1.87% to 
10.01% in the 1st and 2nd sandy loam and clay loam soil profiles, and reached 27.44% in the 
4th clay soil profile. The highest values of water adsorption capacity (Wa) were observed in 
the clay depths of 60 – 90 cm and 90 – 120 cm (INIAP-soil profiles) while the lowest values 
were in the subsurface depth (30 – 60 cm) of soil profiles 1st and 2nd. The other hygro-
physical properties such as adsorbed layers and maximum hygroscopic water were 
obtained. The specific surface area (S) in sandy loam 1st&2nd soil profiles is ranged from 
113m2/g to 187m2/g and raised to 385m2/g and 553m2/g in the 3rd & 4th clay soil profiles. 
The corresponded values of the external specific surface area (Se) ranged from 42m2/g to 
98m2/g and 74 m2/g to 252 m2/g respectively. Two equations were assumed (1) to predict 
P/Po at water adsorption capacity (Wa), and (2) to apply Wa in prediction of soil moisture 
retention i.e., ѱ(W) function at pF < 4.5. 

 Keywords: Water adsorption capacity, vapor pressure isotherm, soil hydro-physical 
properties, specific surface area, arid and tropical soils. 

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Agricultural and irrigation management practices, is largely depend on a timely and accurate 
characterization of temporal and spatial soil moisture dynamics in the root zone (Han, 2011). Consequently, 
measurements and detailed information about soil water sorption, water content and behavior are required. 
In that connection, water vapor adsorption is an important phenomenon in particular in drying periods in 
tropical soils as well as in arid and semi-arid regions (Amer, 2014) at which the high temperature and dry 
weather supports to more evapo-transpiration. Water vapor either reaches the soil from the atmosphere or 
is formed in the soil by the evaporation of water. The migration of water vapor in soil depends not only on 
the difference of vapor pressure in different sites but also on the capacity of soil particles surfaces to attract 
and absorb the molecules of vapor. A gain of water in the soil surface layer, not caused by rainfall or 
irrigation, can be caused by dew deposition or vapor adsorption. Dew deposition is a phenomenon recorded 
for most soil and climate types (Jacobs et al., 1999). It occurs during the night when dew point is reached, 
and it results in a discernible wetting of the surface.  
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Under the right atmospheric and soil surface conditions, water is adsorbed from the atmosphere by a thin 
layer of top soil, generally during the afternoon and evening. The amounts of adsorbed water can be 
considerable up to 70% of daily evaporation (Kosmas et al. 1998, 2001; Agam and Berliner, 2004). 
Therefore, quantifying adsorption is important for agricultural water management, surface energy balance 
studies, ecological studies (Levy and Mamedov, 2002), and remote sensing investigations (changes in surface 
soil moisture content will affect land surface properties such as albedo, emissivity, and thermal inertia). 

The objective of this work is devoted to study the isothermal adsorption of water vapour at different vapour 
pressures as applied to predict soil-water adsorption capacity, specific surface area, and hygro-physical 
properties in semiarid soils in the Nile Delta (Egypt) and in the tropical soils of Quevedo region-Los Rios 
Provence, Ecuador. 

Material and Methods 
Four soil profiles differ in their particles size distribution, salinity, and CaCO3% were done in arid and 
tropical zones. Three tropical soil profiles (I, III, IV) were selected at different distances to Quevedo city, to 
represent the Quevedo region of the Los Rios Province, Ecuador. The investigated soils were cultivated 
mainly with Cacao, Banana and Corn crops. The arid soil profile No. II was taken from the Farm of Faculty of 
Agriculture, Menoufia University, Shebin El-Kom, (located at the Middle of the Nile Delta), Egypt. The profiles 
of Quevedo area is elevated 74m (243ft) above sea level and located at coordinates 1o20'30'' de latitude 
south and 79o28'30'' de longitude occidental, dentro de una zona subtropical (Figure 1). The first profile (I) 
was taken from the Felix Farm, which is located as far as 30 km from Quevedo city and cultivated with Cacao 
trees. The third and fourth profiles were taken from the INIAP Experimental Farms, Pichilingue, which 
located at 6 km to Quevedo. They were cultivated with Cacao and Corn crops respectively.  

Disturbed and undisturbed soil samples were taken at depths, 0 – 30 cm, 30-60 cm, 60 - 90 cm for the first 
and second profiles, and 0 – 30 cm, 30 - 60 cm, 60 - 90 cm, 90 - 110 cm and 110 - 130 cm for the third profile 
and 0 – 30 cm, 30 - 60 cm, 60-90 cm, and 90 - 120 cm for the fourth one. The disturbed soil samples were air 
dried, gently crushed and sieved through a 2 mm sieve. Fractions below 2 mm were subjected to chemical 
and mechanical analysis in the laboratory. Soil texture (particle size distribution) was determined using the 
pipette method. The textural grade was assessed by texture triangle.  

,   
Figure1. Study areas (red color) in Los Rios province, Quevedo, Ecuador and in Nile Delta, Shebin El-Kom, Menoufia, 

Egypt 

Physical and chemical analyses of the studied soils such as maximum hygroscopic water (MH), Particle size 
distribution %, EC, OM, CaCO3% are determined according to Black et al. (1965) and Klute (1986). These 
analyses are shown in Tables 1 and 2. 

Table 1. Particle size distribution of the studied soils  

Profile Number & Soil  location Coarse Sand, % Fine Sand, % Silt, % Clay, % Texture Class 
I- Felix Farm 38.50 20.50 24.10 16.90 Sandy Loam 
II- Shebin El-Kom 15.76 18.35 27.32 38.57 Clay Loam 
III-INIAP-Cacao Field 1.98 16.42 36.78 44.82 Clay  
IV-INIAP-Corn Field 3.15 14.40 33.86 48.59 Clay  
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Table 2. Chemical analysis (mean values) of the studied soil profiles. 

Chemical propertties Felix Farm Shebin El-Kom Farm INIAP-Cacao Field  INIAP-Corn Field 
pH 6.82 6.85 7.24 6.91 
EC (dS/m) 0.73 1.24 1.10 1.96 
Ca2+ 1.35 2.67 4.80 6.24 
Mg2+ 1.40 2.23 1.92 2.88 
Na+ 1.42 3.54 3.98 9.24 
K+ 0.13 0.39 0.48 1.48 
CO3

2- - - - - 
HCO3

- 3.40 3.93 2.25 2.85 
Cl- 0.75 3.65 6.00 13.52 
SO4

2- 0.15 1.25 1.93 2.47 
SAR 1.21 2.26 2.17 4.32 
CaCO3 (%) 1.12 3.42 0.43 0.34 
OM (%) 1.38 2.21 2.72 2.99 

Water vapour adsorption isotherms 

The water vapour adsorption isotherm on dried soils is determined gravimetrically using saturated salt 
solutions such as ZnCl2, CaCl2, K2CO3, NH4NO3, KCl and K2SO4 whereas the corresponding P/Po values to 
these solutions at 20oC are 0.10, 0.35, 0.45, 0.65, 0.85 and 0.98 (Amer, 2009).  

Matric suction at water vapour pressures 

The soil matric suction values resulting from equilibrating the soil samples with salt solutions can be 
calculated using the pF formula:  

pF = 6.502+log [2 – log H]    (1) 

where, pF = soil suction, expressed as the common logarithm of the suction (ψ) in cm of water, H is the 
relative humidity (H= P/Po x 100), and Relative water vapour pressure (P/Po) [P being the actual water 
vapour pressure on the sample particles and Po being the saturation vapour pressure of water at 20oC] were 
obtained by applying different appropriate salt solutions.  

Moisture adsorption capacity 

The property of moisture adsorption capacity (Wa) can be introduced as the critical limit between adsorbed 
and absorbed wetting films (pellicles) of soil moisture content (Amer, 2003), as well as corresponds to 
capillary condensation. So, the Wa values can be also derived from soil moisture retention curve at log (ψc) 
where ψc is the capillary condensation attitude.  

Amer (1982, 1993) proved that the moisture adsorption capacity (Wa) is equal to three layers of adsorbed 
water as follows: Wa = Wm + 2Wme, where Wm is the moisture of the soil when water vapour adsorbed for 
monolayer, and Wme is the external mono-adsorbed layer of soil moisture content. 

However, the moisture adsorption capacity (Wa), maximum hygroscopic water (MH) the specific surface 
area (S), and particle size composition are the most important indices characterizing the hydro-physical, 
physicochemical and heat properties of soil. Moreover, these parameters are inter-related, therefore the 
value of any of them can be obtained from the data of the other parameters. 

Estimating Wm and Wme for predicting the moisture adsorption capacity and surface area 

The relation between relative vapour pressure (P/Po) and moisture content (W%) is experimental obtained 
by maintaining a soil sample in isothermal equilibrium with an atmosphere of water vapour as mentioned 
above.  

The BET method (Brunauer et al., 1938) as modified and described by Orchiston (1954), Quirk (1955), 
Farrar (1963) and Globus (1996), was applied to predict the Wm and Wme, which they in turn were used to 
determine moisture adsorption capacity (Wa) and the total, external and internal specific surface areas (S, Se 
and Si). 

Results and Discussion 
BET theory as applied for adsorption isotherms 

Brunauer et al. (1938), derived what has come to be known as the BET equation, based on multilayer 
adsorption theory. In BET theory, the explanation proposed for sigmoid type isotherm is that the adsorption 
in multi-molecular layers on the surface rather than a monomolecular one. Farrar (1963) and Amer (1982, 
1993, 2009) used the water vapour adsorption isotherm method by applying BET theory based on the 
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assumption that the isotherm is made up of monolayer physical adsorption combined with capillary 
condensation as follows: 

P/V(Po-P) = (1/Vm C) + (C-1) P/Vm C Po   (2) 

Where, V is the volume of gas adsorbed at pressure P, Vm is the volume of a single layer of adsorbed 
molecules over the entire surface of the adsorbent (soil particles). Po is the gas pressure required for 
monolayer saturation at the temperature of the experiment, and C is a constant for the particular gas, 
adsorbent, and temperature, 

C = exp E1- EL / RT (3) 

whereas, E1 is adsorption heat of the water adsorbed layer, EL is condensation adsorption heat. 

In this work we obtained experimentally and gravimetrically the relationship between relative vapour 
pressure (P/Po) and adsorbed moisture content, W% (wetting films) on soil particles which depending on 
the thermodynamic of adsorption of water vapor through the soil. Data for water vapor adsorption at P/Po; 
0.10, 0.35, 0.45, 0.65, 0.85, and 0.98 for the studied soils are presented in Table 3. It is evident that the W% 
at different values of P/Po was higher in both clay soil profiles (III & IV) of INIAP Farms –in particular in the 
deeper depths (60-90 cm and 90-120 cm) of the 4th soil profile- than in the other two sandy loam and clay 
loam soils (1st & 2nd profiles). 

Table 3. Water adsorption (W%) in the studied soils at different vapor pressures (P/Po). 

Soil location  &  
Profile number  

Soil 
Depth, cm 

P/Po 0.10 0.35 0.45 0.65 0.85          0.98 (MH) 
Soil water content,% Soil water adsorption 

 
Felix Farm 

 
I 

0 - 30 10.285 1.918 4.469 5.020 5.489 5.590       7.640 
30 - 60 8.359 1.874 4.241 4.790 5.031 5.372       6.955 
60 - 90 20.540 2.679 6.527 7.068 7.592 8.061     10.01 

 
Shebin El-Kom 

 
II 

0 - 30 19.120 2.689 6.423 6.980 7.322 7.873       9.878 
30 -60 11.855 1.748 4.387 4.927 5.386 5.520       7.267 
60 - 90 15.135 1.887 4.844 5.388 5.656 6.165       8.012 

 
INIAP-Cacao  
Field 

 
 
III 

0 - 30 11.579 2.663 6.613 7.160 7.722 8.232      10.130 
30 - 60 14.731 2.564 9.332 9.789 10.867 12.259    13.959 
60 - 90 30.252 2.974 10.470 10.920 11.458 13.604    15.521 

90 - 110 23.616 2.747 8.865 9.410 10.075 11.050    12.988 
110 - 130 17.063 3.864 10.044 10.587 11.532 12.611    14.720 

 
INIAP-Corn  
Field 

 
IV 

0 - 30 9.176 2.676 6.364 6.916 7.477 8.104      10.233 
30 - 60 9.180 2.675 10.325 10.797 11.920 13.640    15.702 
60 - 90 17.198 3.879 15.504 16.050 18.131 20.005    22.647 

90 - 120 20.434 3.981 17.945 18.486 22.265 24.122    27.446 

 The W% values increased with increasing P/Po from 1.87% to 10.01% in the 1st soil profile of sandy loam 
soil, and from 1.75% to 9.88% in the 2nd clay loam profile. In clay soils, the increasing of W% values was 
from 2.56% to 15.52% in the 3rd soil profile, while it was more evident in the 4th profile where the increasing 
was from 2.67% to 27.44%. The clay content, mineralogical composition and salinity are the major factors 
that governed the absorbed water in the soils under investigation (Amer, 2009). 

Solution of the BET equation for obtaining mono-adsorbed layers (Wm & Wme) 

The BET equation can be applied in the following form using the gravimetric of a single layer of adsorbed 
molecules over the entire surface of the soil particles (Amer, 2009): 

𝑃

𝑊(𝑃𝑜−𝑃)
=

1

𝑊𝑚𝐶
+

𝐶−1

𝑊𝑚𝐶
.

𝑃

𝑃𝑜
             (4) 

where Wm is the moisture content when the soil surface is completely covered by a mono-molecular layer of 
water. C is a function of the state of the first adsorbed molecular layer of water and soil particles surface 
condition. W is adsorbed soil moisture content (%) equilibrated with P/Po, whereas P and Po are the actual 
and saturated water vapor pressures. By plotting P/W (Po−P) as ordinate versus P/Po at the segment 0 – 
0.40 of the sorption isotherm as abscissa, a straight line would be obtained. The intercept on the y-axis is 
then 1/WmC and the slope is C − 1/WmC. Hence Wm and C can be determined.  

Data for solution of BET equation are presented in Tables (4 and 5). From these data and linear equations, 
we can obtain W% at any P/Po values by using the next formula:  
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𝑤 =
𝑃

𝑃𝑜

[1−
𝑃

𝑃𝑜
][

1

𝑊𝑚𝐶
+

𝐶−1

𝑊𝑚𝐶
.

𝑃

𝑃𝑜
]
           

(5) 

To determine Wme the BET equation (4) can be developed with some assumptions to the next form: 

𝑊 =
𝑊𝑚𝑒

[1 − 𝐾𝑒
𝑃

𝑃𝑜]
.

𝐶𝑒

𝐶𝑒 +
𝑃𝑜 
𝑃 − 𝐾𝑒

 + 𝑊𝑖 
(6) 

At high relative water vapor pressures, the amount Ce / (Ce + Po/P – Ke) is equal unit (Farrar, 1963), and 
then the equation (6) becomes (Amer, 2015): 

𝑊 =
𝑊𝑚𝑒

[1 − 𝐾𝑒
𝑃

𝑃𝑜]
+ 𝑊𝑖  

(7) 

where the suffixes (e) and (i) refer to the external and internal surfaces respectively. The values of Ke in the 
indicated P/Po range were stated by Farrar (1963) as 0.9±0.01, but practically, it seems that Ke is an 
arbitrary coefficient ranged from 0.70 to 0.90 (Amer 1982, 2009). Equation (7) can be represented in linear 
equation; y = mx + c where y = W, m = Wme , x = 1 / 1 − Ke P/Po , and c = Wi, so Wme can be obtained 
graphically as the intercept on the y – axis. 

Values of Wm and Wme are calculated for the studied soils as in Table 6. It is found that the highest values of 
Wm and Wme were in the deeper depths of the clay soils (INIAP farms) in particular the depths of 60 – 90 cm 
and 90 – 120 cm of INIAP crop field (profile IV).  

Table 4. Using Equation (5) in solution of the BET equation for sandy loam and clay loam soil profiles (I and II) 

Soil  
location 

Soil  
Depth, cm 

P/Po 0.10 0.20 0.30 0.35 C Linear & adsorption equations 

 
 
 
 
 
 
I 
Felix 
Farm 
 
 

 
 
0 - 30 
 
 

W% 1.920 3.200 4.050 4.470 

7.472 

 

P/W(Po-P)=0.036+0.233P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.036 + 0.233

𝑃
𝑃𝑜

]
 

W(1-P/Po) 1.728 2.560 2.835 2.905 

P/W(Po-P) 0.058 0.078 0.106 0.120 

 
 
30 -60 
 
 

W% 1.874 3.000 3.800 4.241 

10.238 

P/W(Po-P)=0.03+0.277P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.03 + 0.277

𝑃
𝑃𝑜

]
 

W(1-P/Po) 1.687 2.400 2.660 2.758 

P/W(Po-P) 0.059 0.083 0.113 0.127 

 
 
60 - 90 
 

W% 2.679 4.500 5.800 6.527 

8.391 

P/W(Po-P)=0.023+0.17P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.023 + 0.17

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.411 3.600 4.060 4.243 

P/W(Po-P) 0.042 0.056 0.074 0.083 

 
 
 
 
 
 
II 
Shebin 
El-Kom 
 
 

 
 
0 - 30 
 

W% 2.689 4.480 5.750 6.423 

10.548 

P/W(Po-P)=0.019+0.1814P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.019 + 0.1814

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.420 3.584 4.025 4.175 

P/W(Po-P) 0.037 0.055 0.074 0.083 

 
 
30 - 60  

W% 1.748 2.650 3.300 4.387 

13.258 

P/W(Po-P)=0.024+0.2942P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.024 + 0.2942

𝑃
𝑃𝑜

]
 

W(1-P/Po) 1.573 2.120 2.310 2.851 

P/W(Po-P) 0.064 0.094 0.129 0.126 

 
 
60 - 90 

W% 1.887 3.400 4.560 4.844 

11.324 

P/W(Po-P)=0.03+0.2771P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.03 + 0.277

𝑃
𝑃𝑜

]
 

W(1-P/Po) 1.698 2.720 3.192 3.149 

P/W(Po-P) 0.059 0.074 0.940 0.111 

Soil specific surface area 

The specific surface of the adsorbent (soil) can be calculated by determining the number of molecules 
(volumetrically or gravimetrically) and multiplying this by the cross- sectional area of the molecules. 
Assuming that a single water molecule occupies some constant area on the sorbent surface (usually taken as 
10.8 ˚A2), the total specific surface area (S) of the soil then calculated as S = 36.16 Wm m2/g. 
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Table 5. Using Equation (5) in solution of the BET equation for clay tropical soil profiles (III and IV). 

Soil  
location 

Soil  
Depth, cm P/Po 0.10 0.20 0.30 0.35 C Linear & adsorption equations 

 
 
 
 
 
 
III 
INIAP- 
Cacao 
Field  
 

 
 
0 - 30 
 
 

W% 2.663 4.380 5.750 6.613 

7.446 

 

P/W(Po-P)=0.025+0.1611P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.025 + 0.1611

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.397 3.504 4.025 4.298 

P/W(Po-P) 0.042 0.057 0.075 0.081 

 
 
30 -60 
 
 

W% 2.564 5.500 8.120 9.330 

3.638 

 

P/W(Po-P)=0.03+0.0791P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.03 + 0.0791

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.307 4.400 5.684 6.065 

P/W(Po-P) 0.043 0.046 0.053 0.058 

 
 
60 - 90 
 

W% 2.974 6.740 9.200 10.470 

5.486 

 

P/W(Po-P)=0.02+0.0897P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.02 + 0.0897

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.677 5.392 6.440 6.806 

P/W(Po-P) 0.037 0.037 0.047 0.051 

 
 
90 - 110 

W% 2.747 5.000 6.600 8.865 

5.060 
 

P/W(Po-P)=0.028+0.1157P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.028 + 0.1157

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.472 4.000 4.620 5.762 

P/W(Po-P) 0.040 0.050 0.064 0.061 

 
 
110 - 130 

W% 3.864 6.200 8.510 10.044 

2.929 
 

P/W(Po-P)=0.032+0.0617P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.032 + 0.0617

𝑃
𝑃𝑜

]
 

W(1-P/Po) 3.478 4.960 5.957 6.529 

P/W(Po-P) 0.029 0.403 0.050 0.054 

 
 
 
 
 
 
IV 
INIAP- 
Corn  
Field  
 

 
 
0 - 30 
 

W% 2.680 4.120 5.500 6.364 

5.937 

P/W(Po-P)=0.022+0.1864P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.022 + 0.1864

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.408 3.296 3.850 4.137 

P/W(Po-P) 0.042 0.061 0.078 0.085 

 
 
30 - 60  

W% 2.675 5.880 8.750 10.325 

3.245 

P/W(Po-P)=0.029+0.0655P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.029 + 0.0655

𝑃
𝑃𝑜

]
 

W(1-P/Po) 2.408 4.704 6.125 6.711 

P/W(Po-P) 0.042 0.043 0.049 0.052 

 
 
60 - 90 

W% 3.879 10.000 13.800 15.504 

6.481 

P/W(Po-P)=0.012+0.0652P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.012 + 0.0652

𝑃
𝑃𝑜

]
 

W(1-P/Po) 3.491 8.000 9.660 10.078 

P/W(Po-P) 0.029 0.025 0.031 0.035 

 
90 - 120 

W% 3.981 11.500 16.320 17.945 

5.937 

P/W(Po-P)=0.011+0.0543P/Po 

W% =

𝑃
𝑃𝑜

[1 −
𝑃

𝑃𝑜
] [0.011 + 0.0543

𝑃
𝑃𝑜

]
 

W(1-P/Po) 3.583 9.200 11.424 11.664 

P/W(Po-P) 0.028 0.022 0.026 0.030 

Data in Table 6, which based upon the water vapor adsorption isotherms show that the specific surface area 
(S) in the light textured soils ranged from 117 m2/g to 187 m2/g in the first profile and from 113 m2/g to 180 
m2/g in the second profile. In clay tropical soils, the S values were from194 m2/g to 385m2/g in the third 
profile and from 173 m2/g to 553 m2/g in the fourth profile. Farrar (1963) deduced the soil external specific 
surface area (Se) by applying the relation (6) over the range of high relative vapor pressure (0.5 < P/Po > 
0.8). However, the internal specific surface area (Si) may be calculated by the difference between S and Se. 

The corresponding values of Se (Table 6) were 46 m2/g to 98 m2/g and 42 m2/g to 93 m2/g in the 1st and 2nd 
soil profiles and from 77m2/g to 165m2/g and 74 m2/g to 252 m2/g in clay soil profiles. Regarding the 
internal specific surface area (Si), it was found in loam soils that Si values are higher than Se in the surface (0 
– 30 cm) and subsurface (30 – 60 cm) depths of the 1st profile (Felix farm), while the same observation was 
in the depths 30 – 60cm and 60 – 90cm of the 2nd profile (dry soil). In clay soils (INIAP farms) the Si values 
were higher than Se in all depths of the 3rd and 4th profiles. The results reflect different due to the difference 
of the investigated soils in their texture, clay content%, CaCO3, salinity and mineralogical composition (El-
Sharkawy, 1994; El-Fiky, 2002). However, the specific surface area is closely related to the physicochemical 
soil properties (Nerpin and Chudnovski, 1975), which is refer to the absence or presence of internal pores. 
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Whatever, the Se/Si ratio was less than unit in most depths of sandy loam soils and in all depths of the clay 
soils indicating that the Si values were higher than Se in most investigated tropical soils (Table 6). This result 
may refer to the mineralogical composition of these soils (Figure 2), whereas the montmorillonite, ferrous 
and hydrous mica are the prevailing minerals in the tropical soils as well as in the clay alluvial arid soils of 
the Nile Delta (El-Gabaly and Khadr, 1962). 

Table 6. Water adsorption capacity (Wa), adsorbed layers (Wm & Wme) and specific surface area (S, Se & Si) of the 
studied soils. 

Soil  
location 

Soil  
Depth, cm 

Wm Wme Wc Wa           [P/Po]wa S,m2/g Se,m2/g                Si, 
m2/g 

Se/Si      Wa/S 

I 
Felix 
Farm 

0 - 30 3.717 1.624 5.341 6.965        0.4662 134.430 58.72     75.710      0.775   0.0518 
30 -60 3.256 1.274 4.530 5.804        0.4388 117.730 46.06     71.67 0     0.642   0.0493 
60 - 90 5.181 2.735 7.916 10.651      0.5135 187.350 98.89     88.460    1.117   0.0568 

II 
Shebin 
El-Kom 

0 - 30 4.989 2.581 7.570 10.151      0.5084 180.41 93.32     87.090      1.071   0.0562 
30 -60 3.143 1.188 4.331 5.519        0.4306 113.64 42.95     70.690  0.607   0.0485 
60 - 90 3.222 1.248 4.470 5.718        0.4305 116.50 45.12     71.380   0.632   0.0491 

III 
INIAP- 
Cacao 
Field 

0 - 30 5.372 2.148 7.520 9.668        0.4442 194.25 77.67    116.58     0.666   0.0497 
30 -60 9.160 3.964 13.124 17.088      0.4636 331.30 143.34  187.960     0.762   0.0515 
60 - 90 9.115 4.240 13.355 17.595      0.4819 329.58 153.32  176.260  0.869   0.0533 

90 - 110 6.934 2.773 9.707 12.480      0.4424 250.74 100.27  150.470     0.666   0.0498 
110 - 130 10.670 4.568 15.238 19.806      0.4612 385.85 165.18  220.670  0.748   0.0513 

IV 
INIAP- 
Corn  
Field 

0 - 30 4.798 2.067 6.865 8.932        0.4628 173.51 74.74     98.770 0.756   0.0515 
30 -60 10.550 4.542 15.092 19.634      0.4610 381.54 164.23  217.310    0.755   0.0514 
60 - 90 12.965 5.837 18.802 24.639      0.4743 468.82 211.06  257.760  0.818   0.0525 

90 - 120 15.310 6.981 22.291 29.272      0.4768 553.63 252.43  301.190  0.838   0.0529 
 

 

 

Figure 2. Clay soil samples were taken at depth ˃90 cm from INIAP research station- Pichilingue, Ecuador ~containing 
ferrous and ferric minerals with the highest values of surface area and water adsorption capacity (Amer, 2015). 

Soil moisture adsorption capacity 

Due to the soil – water adsorption capacity (Wa) is obeyed the mono-adsorbed layers (Wm & Wme) values 
(whereas, Wa = Wm + 2Wme), so it could be correlated with specific surface area. The Wa/S ratio was 0.0486 
– 0.0568 for all the studied soils (Table 6). The values of Wa are the highest in the same deep depths, 
whereas Wa values in INIAP-profile IV reached 24.64% and 29.27% in the depths of 60 – 90 cm and 90 – 120 
cm respectively, while reached 19.81% in the depth of 110 – 130 cm in the INIAP- profile III (Table 6). The 
high values of soil water adsorption capacity in the studied clay soils showed the importance of water 
adsorption phenomena in tropical soils. 

The Wa values in the surface depth (0-30 cm) ranged from 6.97% to 10.15% in both sandy loam and clay 
loam soils under investigation. The lowest values for Wa were observed in the subsurface depth (30 – 60 
cm) in soils profiles I and II, where, the Wa values were 5.80% and 5.52%, but increased to 17.09% and 
19.63 in subsurface depth (30-60 cm) of the clay soil profiles III and IV respectively. This is indicated the 
significance of the soil texture and clay fraction content which play an important role in soil moisture 
content and its distribution along the soil profile depth. In general, high clay content in soil means increasing 
the soil moisture content & retention and water adsorption capacity. The same trend was ordinary observed 
with the other hygroscopic parameters such as boundary moisture films (Wc) and maximum hygroscopic 
water (MH). Hygroscopic water exists as a very thin film at the solid-liquid interfaces of the soil particles. At 
the maximum hygroscopic water (MH) the surface of soil particles is almost completely covered with 
individual molecules of water. However, It is known that the maximum hygroscopic water (MH) is 
determined practically at P/Po = 0.98. So, data in Table 3 indicate that the MH values (at P/Po = 0.98) are 
ranged from 6.95% –10.01% in soil profiles I & II, and from 10.13% – 27.44%, for the clay soils (profiles III & 
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IV). It is clear that the hygro-physical properties (Wm, Wme, Wc, Wa and MH) of the investigated soils are 
followed the same trend that observed in turn with the specific surface areas (S and Se).  

Predict of P/Po at water adsorption capacity (Wa) 

At higher water vapor pressure (P), the equation (4) can be developed to predict the vapor pressure P/Po at 
water adsorption capacity Wa as follows: 

𝑃

𝑃𝑜

𝑤(1−
𝑃

𝑃𝑜
)

= 𝐴 + B
𝑃

𝑃𝑜
      

(8) 

Where, A = 1/WmC, and B = C-1/WmC 

From equation (8) and at Po/P ≈ 1; 

W (1 – P/Po) = 1/ (A + B) (9) 

Then at Wa; 

[P/Po]wa = 1 – [Wa (A + B)]-1 (10) 

Data in table (6) show that the relative vapor pressure [P/Po]wa at Wa is ranged between 0.43 to 0.51, 
indicating that at this range of P/Po the soil moisture reach water adsorption capacity. Above this range 
(P/Po ˃ 0.51) the absorption process is prevailing, at which soil matric suction (ѱ) values can be calculated 
using equation (1); pF = 6.502+log [2 – log P/Po]. The ѱ values expressed in pF at adsorption and absorption 
processes are ranged from 4.5 to 7.0. On the other hand, it may of interest to apply the water adsorption 
capacity (Wa) to predict soil moisture retention function ѱ(W) at pF < 4.5 using the following suggested 
equation:  

Ψi = ψa (Wi −Wc/Wme)−n (11) 

where ψi and ψa are capillary–sorption potentials at soil water content (Wi) and moisture adsorption 
capacity (Wa), respectively, and n is a constant. The decrease in soil water suction is associated with 
increasing thickness of the hydration envelopes covering the soil particles surfaces (Amer, 2009).  

Conclusion 
Soil-water adsorption W% values increased with increasing P/Po from 1.87% to 10.01% in the 1st and 2nd 
sandy loam and clay loam soil profiles, and reached 27.44% in the 4th clay tropical soil profile. The values of 
mono adsorbed layers (Wm & Wme), boundary moisture films (Wc), maximum hygroscopic water (MH), 
water adsorption capacity (Wa) and specific surface area (S), external (Se), internal (Si) of the tropical soils 
in the Quevedo region area (Ecuador) and in semiarid region of the Nile Delta (Egypt) are obtained 
experimentally. 

Water adsorption capacity (Wa) is corresponding to P/Po = 0.43 – 0.51 for all soils under investigation. The 
absorption process is prevailing above this range. 

The highest values of water adsorption capacity (Wa) were observed in the clay depths of 60 – 90 cm and 90 
– 120 cm (INIAP-soil profiles) while the lowest values were in the subsurface depth (30 – 60 cm) of soil 
profiles 1st and 2nd. The specific surface area (S) in sandy loam & clay loam (1st & 2nd tropical and arid soil 
profiles) is ranged from 113m2/g to 187m2/g and raised to 385m2/g and 553m2/g in the 3rd & 4th clay 
tropical soil profiles. The corresponded values of the external specific surface area (Se) ranged from 42m2/g 
to 98m2/g and 74 m2/g to 252 m2/g respectively.  

The internal specific surface area (Si) values were higher than the external specific surface area (Se) in all 
depths of the clay soil profiles, while they were higher than Se in sandy loam and clay loam soils only in the 
subsurface (30 – 60 cm) depth. 

The results of specific surface area (S, Se, Si), mono adsorbed layers (Wm & Wme), water adsorption capacity 
(Wa) reflect different due to the texture and mineralogical composition of the investigated soils. 

Clay soils at depth ˃90 cm in the farms of INIAP research station-Pichilingue, are containing ferrous and 
ferric minerals with the highest surface area and water adsorption capacity. 

Results of soil water adsorption capacity show the significance of water adsorption capacity for moisture 
plant root zone – in particular- in clay soils.  

Two new equations were assumed (1) to predict P/Po at water adsorption capacity (Wa), and (2) to predict 
the soil moisture retention function ѱ(W) at pF < 4.5, depending on the water adsorption capacity Wa. 
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In this study, effects of different iron sources and doses on plant growth criteria in soybean 
(Glycine max L.) seedlings were investigated. The experiment was conducted according to 
factorial experimental design with three replications under controlled conditions. Atakişi 
variety of soybean (Glycine max L.) cultivar was used as a plant material. Three soybean 
seeds were sown each plastic pot having 1.3 kg soil:sand mixed in 1:1 ratio. Three different 
Fe sources (FeSO4.7H2O, Fe-EDDHA and nanoFe) were applied to the pots with three 
different doses (0-15-30 mg Fe kg-1). The experiment was ended after five weeks of seed 
sowing. Shoot length, shoot fresh and dry weights, root length, root fresh and dry weights 
and number of compound leaf in soybean seedlings were determined at the end of the 
experiment. The highest shoot fresh and dry weights, root fresh and dry weights, compound 
leaf number were determined in 15 mg kg-1 nano Fe applications as 3.56 g, 0.83 g, 2.30 g, 
0.33 g and 5, respectively. Increasing the application dose of nano-Fe from 15 to 30 mg kg-1 
caused to decrease in fresh and dry weights in soybean seedlings. Generally, shoot growth 
decreased and root length increased in soybean seedlings by increasing Fe application 
doses. Seedling growth in soybean generally increased depend on the Fe sources in the 
following order; FeSO4.7H2O < Fe-EDDHA < nano-Fe. 

 Keywords: Soybean, seedling growth, nano Fe, Fe-EDDHA, FeSO4.7H2O. 

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Iron is an essential nutrient for all organisms (Zuo and Zhang, 2011). In plants, Fe is also one of the essential 
micro nutrient and participates in many physiological processes including RNA synthesis, chlorophyll 
biosynthesis, several enzyme activitions, respiration and redox reactions (Malakouti and Tehrani, 2005; 
Mimmo et al., 2014; Ye et al., 2015; Zargar et al., 2015). Although, micronutrient elements are needed in 
rather very small amounts for satisfactory plant growth and production, their deficiency may cause disorder 
in physiological and metabolic processes involved in the plant.  

Iron deficiency is a wide spread agricultural problem in many crops especially in calcareous soils and semi-
arid climates. Deficiencies are usually diagnosed by chlorosis in young leaves and are typically found among 
sensitive crops grown in calcareous soils covering over 30% of the world’s surface soil. Excessive iron 
deficiency may lead to complete crop failure (Lindsay and Schwab, 1982; Chen and Barak, 1982). 

Çakmak (2002) reported that even on the world scale, Fe deficiency is wide spread occurring in about 30-
50% of cultivated soils. Iron content in soil is generally high, but a large proportion is fixed to soil particles 
(Mimmo et al., 2014; Bindraban et al., 2015) especially in aerobic soils and high pH levels. Fe is mainly in the 
insoluble form as ferric iron (Fe+3). Mortvedt et al. (1991) reported that in calcareous soils less than 10 % of 
the Fe is available to plants. Therefore, these soils are usually deficient in the available form, ferrous iron 
(Fe+2). (Ye et al., 2015). Because plants usually uptake Fe+2 from soil. When the soil-plant-animal-human food 
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chain considered, Fe deficiency does not only affect the plant growth and development but also lead to 
anemia in animals and humans (Li et al., 2014).  

The application of Fe fertilizers is still the most effective way to improve Fe efficiency in plants. Inorganic Fe 
fertilizers chelated Fe fertilizer and organic Fe fertilizer are the common varieties of Fe fertilizers (Laurie et 
al., 1991). Iron ferrous sulphate (FeSO4.7H2O) and iron chelate products are generally used as inorganic 
fertilizer (Tisdale et al., 1993). Synthetic chelate iron (Fe-EDDHA) products are mostly applied to prevent or 
to remove Fe chlorosis in crops grown on calcareous soils. These products consist of a mixture of EDDHA 
components chelated to Fe. 

Recently, the use of nanomaterials in agricultural production has increased (Gogos et al., 2012; Bindraban et 
al., 2015). Bindraban et al. (2015) and Montalvo et al. (2015) reported that nanomaterials have potential 
applications as crop fertilizers because of their physical and chemical attributes. The releasing of elements 
from fertilizers can be controlled and delayed with using of nanoparticles and nano powders. Nano materials 
consist of nano meter-scale particles with a very small diameter and large specific area (Hochella et al., 
2008). Brunner et al. (2006) reported that nano-fertilizers are syhthesized or modified form of traditional 
fertilizers, fertilizers bulk materials or extracted from different vegetative or reproductive parts of the plant 
by different chemical, physical, mechanical or biological methods with the help of nanotechnology used to 
improve soil fertility. Nanoparticles can be made from fully bulk materials. 

The plants sensitive to iron deficiency are apple, avocado, banana, bean, barley, cotton, citrus, grape, oats, 
peanut, potatoes, pecan, soybean, sorghum and various greenhouse flowers (Chen and Barak, 1982). These 
chelates increase Fe solubility and function as a transporter through solution to plant (Lucena et al., 1992). 
Fe-EDDHA (iron ethylenediamine hidroksi pheny acetic acid) is along the most effective synthetic Fe 
chelates under neutral and alkaline soil conditions (Lucena et al., 1992). Legumes and cereals are two most 
important foods to humans (Graham and Vance, 2003). Legumes have been used both for their medicinal, 
cultural as well as nutritional properties providing an important source of protein and oil which can also be 
converted into biodiesel (Libault et al., 2010). Soybean (Glycine max L.) is the highest produced legume crop. 
According to Food and Agriculture Organization statistic for 2009, about 230 million tons of soybean were 
produced over the world, ranking the on the world’s top commodity production. The objective of this study 
was to investigate effects of different iron forms on growth criteria in soybean seedlings. 

Material and Methods 
The experiment was conducted according to factorial experimental design with three replications under 
controlled conditions in a growth chamber at 25±1ºC and irrigated with distilled water. Atakişi soybean 
variety was used as a plant material and three soybean seed was sown to each plastic pot having 1.3 kg 
soil:sand mixed in 1:1 ratio. Three different doses (0, 15, 30 mg kg-1) of FeSO4.7H2O, FeEDDHA and nanoFe 
were used in the study. The experiment was ended after five weeks after sowing the seeds. Shoot length, 
shoot fresh and dry weights, root length, root fresh and dry weights and number of compound leaves were 
determined at the end of five weeks.  

Some properties of the growth media were determined using the standard analysis methods (Kacar, 2010). 
According to the physical and chemical properties of the growth media (Table 1), it had loamy texture class, 
non-saline, slightly alkaline, low in organic matter, unsufficient in phosphorus and zinc contents, sufficient in 
calcium, magnesium, manganese and copper contents. Variance analysis of the experimental data was done 
by SPSS statistical program (SPSS, 2018). 

Table 1. Some properties of the growth media used in this study. 

Texture pH 
Salinity Lime OM P K Ca Mg Fe Mn Zn Cu 
dS m-1  %   mg kg-1  

Loamy 7.81 0.361 3.86 1.32 5.50 298 3034 405 5.58 29.84 0.58 0.81 

Results and Discussion  
The variance analysis of the results and the effects of different iron treatments on seedling growth criteria 
are given in Table 2 and Table 3, respectively. 

Table 2.Variance analysis of the data for plant growth criteria in soybean seedling (F values). 
Variation 
Sources 

df 
Shoot 
length 

Shoot fresh 
weight 

Shoot dry 
weight 

Root length 
Root fresh 

weight 
Root dry 
weight 

Comp. leaf 
number 

Fe source (A) 2 5.43* 2.34 7.85** 0.10ns 5.02* 0.78 1.63ns 
Fe dose (B) 2 22.14** 1.39 5.702* 11.55** 11.91** 8.94** 6.13** 
AxB 4 2.68ns 3.90* 11.72** 1.49ns 16.21** 8.96** 2.38ns 
*significant at 0.05, **significant at 0.01, ns not significant 
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According to the variance analysis, different iron sources significantly influenced shoot length, shoot dry 
weight and root fresh weight of soybean seedlings. Similarly Fe application doses had significant effect on all 
of the plant growth criteria of soybean seedlings, except shoot fresh weight. The effects of interaction 
between source and dose on shoot length, shoot fresh and dry weights, root fresh and dry weights were 
found to be significant statistically (Table 2). 

According to the Fe application sources, the highest mean values for shoot length, shoot fresh and dry 
weights and root fresh and dry weights were obtained as 55.16 cm, 2.60 g, 0.54 g, 1.45 g and 0.22 g in nano-
Fe application, respectively (Table 3). Increasing iron doses generally caused decreases in the mean values 
of plant growth criteria, except root length and compound of leaf number. Chakralhoseini et al. (2002) 
reported that iron at low concentration of 2.5 mg kg-1 in soil increased dry matter weight of soybean, but 
higher doses of iron decreased soybean growth. In a field experiment, Sheykhbaglou et al. (2010) 
determined that foliar application of nano-iron oxide at the concentration of 0.75 g L-1 was increased leaf + 
pod dry weight and pod dry weight over the control,  but increasing the application dose from 0.75 to 1 g L-1 
caused reduction in  leaf + pod dry weight. They also reported that the highest yield was observed at 0.50 g 
L-1 application rate having 48% increase in grain yield compared with control. In this study, application of 15 
mg kg-1 nano-Fe increased fresh and dry weights of shoot and root parts in the soybean seedlings over the 
control, but the highest dose (15 mg kg-1) of nano-Fe application reduced the fresh and dry weights of the 
plants (Figures 1 and 2).  

While the lowest mean values for shoot length (44.02 cm), shoot fresh (2.12 g) and dry (0.38 g) weights, root 
fresh (0.97 g) and dry (0.16 g) weights were found in 30 mg kg-1 Fe application dose, the highest mean 
values for root length (25.36 cm) was obtained in the highest Fe application dose (Table 3). According to the 
interactions between source and Fe dose, the highest values of shoot fresh (3.56 g) and dry (0.83 g) weights, 
root fresh (2.30 g) and dry (0.33 g) weights were determined in 15 mg kg-1 dose of nano-Fe application 
(Figure 1 and 2). Rui et al. (2016) found that application of iron oxide nanoparticles (Fe2O3NPs) as a fertilizer 
increased root length, plant height and biomass of peanut plants over the control and EDTA-Fe treatments. 
They reported that the root dry biomass did not display the statistical difference between Fe2O3NPs and 
EDTA-Fe treatments, and also no impact on biomass increases was found in the shoot dry weight. Alidoust 
and Isoda (2013) found that root length of soybean seedlings increased by 6, 8, 19, 27, 37, and 40% at 50, 
100, 250, 500, 1000, and 2000 mg L-1 of nanoparticle Fe (IONPs) applications, respectively as compared to 
the controls. In another study, Liu (2016) determined that Fe nanoparticles (FeOxNPs) significantly 
increased root length of lettuce seedlings by 12–26 % as a Fe fertilizer at low application rates (5–20 ppm). 
Similarly in this study, at 15 and 30 mg kg-1 application doses of Fe, the mean values of shoot length 
decreased 25.54% and 27.28%, and the mean values of root length increased 24.64% and 31.53% over the 
control treatment, respectively.   

  
Figure 1. The effects of iron sources and doses on fresh 

weight in soybean seedlings 
Figure 2. The effects of iron sources and doses on dry 

weight in soybean seedlings 

In this study although the highest mean values of plant growth criteria were obtained in nano-Fe 
applications compare to the other Fe sources, 30 mg kg-1 Fe dose generally decreased plant growth. 
According to the results, it can be concluded that Fe application dose more than 15 mg kg-1 adversely 
affected seedling growth criteria in soybean. 

According to the Fe sources, the highest mean values of plant growth criteria were generally found in 15 mg 
kg-1 iron doses of Fe-EDDHA and nano-Fe while the lowest means of these parameters were obtained in 15 
mg kg-1 dose of FeSO4.7H2O. It was reported that soluble inorganic Fe fertilizer has little ameliorative effect 
to improve the available Fe content in alkaline calcareous soils (Cesco et al., 2000; Lucena et al., 2010). In 
this study, the mean values of plant growth criteria obtained in different iron sources showed the following 
decreasing trend: nano-Fe>Fe-EDDHA> FeSO4.7H2O. 
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Table 3. Effects of different iron sources and doses on growth criteria in soybean seedlings. 

*significant  at 0.05 level,  ** significant at 0.01 level. 

Our results were corresponding with the results of similar researches. Mortvedt et al. (1972) reported that 
FeEDDHA application was more effective than ferrous sulphate at the same rate iron. Hassani et al. (2015) 
applied Fe fertilizer with chemical and nano form as their combination and separately. They determined that 
nano Fe had more effect on plant growth criteria than the chemical fertilizer in mint plant. Rui et al. (2016) 
determined that iron oxide nanoparticles increased root length, plant height, biomass values compare to 
chelated Fe application in the peanut plant. They also reported that iron oxide nanoparticles can replace 
traditional Fe-fertilizers. Similiarly, Sheykhbaglou et al. (2010), Nadi et al. (2013) and Singh et al. (2017) 
reported that nano Fe particles have beneficial effects on plant growth criteria and grain yield in soybean 
and fababean, respectively. 

Previous researches showed that nano fertilizers lead an increase in the use efficiency of plant nutrients, 
reduce soil toxicity, decrease the potential adverse effects of excessive chemical fertilizer use and fertilizer 
application frequency (Brunner et al., 2006; Liu et al. 2016; Khadka et al., 2017). Nano fertilizers have large 
surface area and particle size less than the pore size of root and leaves of the plant which can increase 
penetration into the plant from applied surface and improve uptake and nutrient use efficiency of the nano 
fertilizer (Liscano et al., 2000). They can be applied frequently in small amounts and are environmentally 
friendly compare to traditional chemical fertilizers (Liu and Lal, 2016). On the other hand, Rameshaiah et al. 
(2015) reported that excessive doses of nano materials used in agricultural lands may be cause hazardous 
effects on living organisms and human health. The selection and cultivation of iron toxicity tolerant genotype 
may be another suitable option for its toxicity management (Khadka et al., 2017). 

Conclusion 
The different iron sources and application doses significantly influenced plant growth criteria in soybean 
seedlings. The highest shoot fresh and dry weights, root fresh and dry weights, compound leaf number were 
determined in 15 mg kg-1 nano Fe applications compared with the FeSO4.7H2O and Fe-EDDHA treatments. 
The dose of 30 mg kg-1 nano-Fe application decreased fresh and dry weights in soybean seedlings, but 
increased the root length. Increasing the dose of Fe application from the different Fe sources generally 

Plant Growth Criteria Fe doses 
(mg kg-1) 

Fe sources  
Mean FeSO4.7H2O Fe-EDDHA Nano-Fe 

 
Shoot length (cm) 

0    60.55 a* 60.58 a 60.46 a 60.53 A** 
15    42.27 cd 44.20 cd 48.75 bc 45.07 B 
30    39.10 cd 36.70 d 56.27 ab 44.02 B 

Mean  47.31 B* 47.16 B 55.16 A  

 
Shoot fresh weight (g) 

0    2.26 b* 2.29 b 2.24 b 2.27 
15    1.84 b 2.15 b 3.56 a 2.52 
30    2.32 b 2.04 b 2.00 b 2.12 

Mean  2.14 2.16 2.60  

 
Shoot dry weight (g) 

0    0.45 b** 0.44 b 0.45 b 0.45 AB* 
15    0.33 b 0.39 b 0.83 a 0.52 A 
30    0.43 b 0.37 b 0.34 b 0.38 B 

Mean 0.40 B** 0.40 B 0.54 A  

 
Root length (cm) 

0    19.25  19.32  19.28  19.28 B* 
15    22.63  23.77  25.70  24.03 A 
30    27.80  25.29  23.00  25.36 A 

Mean 23.23 22.79 22.66  

 
Root fresh weight (g) 

0    1.33 bc** 1.31 bc 1.34 b 1.33 A** 
15    0.89 de 1.24 bcd 2.30 a 1.48 A 
30    1.31 bcd 0.90 cde 0.69 e 0.97 B 

Mean 1.18 B* 1.14 B 1.45 A  

 
Root dry weight (g) 

0    0.22 bc** 0.24 b 0.23 bc 0.23 A** 
15    0.19 bc 0.19 bc 0.33 a 0.24 A 
30    0.23 b 0.15 cd 0.09 d 0.16 B 

Mean  0.21 0.19 0.22  

 
Compound leaf number  

0    4.00  4.00  4.00  4.00 B** 
15    4.67  5.00  5.00  4.89 A 
30    5.00  5.00  3.67  4.56 A 

Mean 4.5 6 4.67 4.22  
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decreased shoot growth and increased root length. Effect of nano-Fe on the seedling growth was more 
effective than Fe-EDDHa and FeSO4.7H2O. As a result, it can be suggested that using of nano-Fe fertilizer will 
be beneficial on soybean seedling growth with an application dose lower than 30 mg kg-1.  
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The aim of the present study is to evaluate the relative disease severity of chickpea wilt in 
the most important chickpea growing areas in North Algeria and their relationship to soils 
properties. The physicochemical and biological parameters of 14 soils were analyzed and 
correlated to the disease index severity (Dis). Soil physicochemical factors were determined 
as a means of particle size distribution, pH, Electrical Conductivity (EC), CaCO3 content, total 
Nitrogen (Total-N), Olsen-P and biological factors including Foc inoculum density (ID-Foc), 
Trichoderma spp propagule number (TrPn), Pseudomonas spp and Bacillus spp. The results 
revealed that the spread of the disease was evident in all prospected areas and recorded as 
low to medium with values ranging from 2.05 to3 9.8. The disease severity was positively 
correlated with EC (r=0.62), Total-N (r= 0.79), and ID-Foc (r=0.72), whereas negatively 
correlated with Olsen-P (r=-0.67), TrPn (r=-0.70) and Pseudomonas spp (r=-0.89). There 
was no correlation between Dis and soil physical (clay, loam and sand), chemical (pH, CaCO3 

content) and biological factors (Bacillus spp). As well, ID-Foc was positively correlated with 
Total-N and negatively correlated with Olsen-P. The results indicated that TrPn and 
Pseudomonas spp were positively correlated, whereas both were negatively associated with 
ID-Foc and Dis. Our finding pointed out the critical role of some physicochemical and 
biological soil characteristics in the epidemic development of chickpea wilt under field 
conditions. 

 Keywords: Chickpea, Fusarium oxysporum f. sp ciceris, Nitrogen, Olsen-P, Trichoderma spp, 
Pseudomonas spp.   

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Fusarium wilt, caused by Fusarium oxysporum Schlechtend: Fr. f. sp. ciceris (Padwick Matuo and K. Sato) is 
the most important constraint to production of chickpea in the worldwide, particularly in the Mediterranean 
area and the Indian subcontinent (Haware, 1990). Pathogen can cause yield losses, with an annual average of 
10–15%, although, the disease can destroy the crop completely under specific environmental conditions 
(Trapero-Casas and Jiménez-Díaz, 1985).  

The disease is defined by a monocyclic epidemic nature induced by chlamydospores as primary inoculum 
wich survive on crop residues in soil for more than 6 years in the absence of susceptible host (Jiménez-Díaz 
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et al., 2015). Furthermore, the expression of epidemic Fusarium wilt can result from the complex interaction 
of population of chickpea, population of Foc, and soil properties (Mehmood et al., 2013).  

Soil properties are considered as epidemiological factors that can influence the occurrence and severity of 
plant diseases (Ghorbani et al., 2008). Soil physicochemical properties such as pH, nitrogen and phosphorus 
play an important role in the growth and susceptibility of the host, multiplication and infectivity of the 
pathogen, or in the interaction of host plant and pathogen (Höper and Alabouvette, 1996; Elmer and Datnoff, 
2014). 

Research reports have demonstrated that soil intrinsic microbial communities or specific sub-populations 
have the potential to suppress pathogen infectivity of host plants (Shen et al., 2015). However, the degree of 
soil suppressiveness is associated to soil microorganism’s biodiversity such as Trichoderma spp, Bacillus spp 
and Pseudomonas spp, which are commonly used as biological control agents (Lemanceau and Alabouvette, 
1993), and which in turn are influenced by soil physicochemical properties (Lenc et al., 2011).  

The associations between the soil properties on the behavior of microorganisms have been investigated 
intensively but are still imperfectly understood (Lucas, 2006). Furthermore, understanding the mechanism 
of the interaction between soil physicochemical properties and microorganisms is important for the 
successful disease control in a natural agro-system (Naseri and Hamadani, 2017).  

In this context, the main objective of the present work is the study of the combined effects of soil 
physicochemical parameters (EC, N, P, pH) and antagonistic agents (Pseudomonas spp, Bacillus spp and 
Trichoderma spp) on the development of chickpea wilting as well as on the density of the inoculum and 
severity of Fusarium wilt in natural conditions. 

Material and Methods 
Farm assessment and soil sampling 

This study was carried out during June 2015 indifferent cultivated fields’ chickpea located in different agro-
climatic zones in North Algeria, including Constantine (3 sites), Guelma (2 sites), Mascara (2 sites), Ain 
Témouchent (3 sites), Sidi Bel Abbes (2 sites) and Relizane (2 sites). Soil samples were collected from 14 
fields’ taken from the rhizosphere soil surrounding chickpea roots. Soil samples were initially sieved to 
remove all plant residues then air-dried and ground into 2-mm particles for physicochemical and biological 
analyses. 

Soil physicochemical characterization 

Soil samples were analyzed for particle size distribution (pipette method), soil acidity (pH) with a 1:2.5 w/v 
and electrical conductivity (EC) (1:5 w/v). Equivalent calcium carbonate (CaCO3) was determined using the 
Bernard calcimeter (Hulseman, 1966). Total nitrogen was determined by the Kjeldahl method as described 
Jones (2001). Available phosphorus (Olsen-P) was determined by the method of Olsen et al. (1954).  
Soil fungal and bacterial isolation  
The dilution plate method described by Bulluck et al. (2002) by means of agar media was used for the 
determination of the different fungal species. 10 g of each soil sample were suspended and diluted into 90 ml 
of sterile distilled water then mixed for 30 minutes. Successive dilutions of 10 ml from this suspension were 
prepared with 90 ml sterile distilled water (10-2 and 10-3). Each suspension was transferred onto 90 ml of 
agar media. Various suspensions were poured into Petri dishes (90 mm) and were incubated at 25°C for 3 to 
15-days. Different colony types were transferred to potato dextrose agar (PDA) media and incubated for 7-
days under the same conditions for taxonomic identification. The isolated Fusarium oxysporum strains were 
purified and identified by single-spore cultures and identified based on morphological and microscopic 
characteristics according to specific identification keys given by Messiaen and Cassini (1981).  
The pathogenicity tests were performed according to pot screening procedure as described by Nene and 
Haware (1980). Trichoderma spp colonies which developed on PDA were identified based on visual 
macroscopic and microscopic observations according to Gams and Bissett (1998). 
Regarding bacterial isolation, 1g from each soil was suspended in 9 ml of sterile distilled water according to 
Bulluck et al. (2002) technique. The suspensions were shaken and then heated at 50oC for 5 min. 
Pseudomonas Selective Agar (PSA) and Nutrient Agar were used for isolation of Pseudomonas spp and 
Bacillus spp, respectively. Here too, successive dilutions of 10 ml from this suspension were prepared with 
90 ml sterile distilled water (10-2 and 10-3). Aliquots (1 ml) of each dilution from each soil sample were 
transferred into 9 ml culture medium in Petri dishes. The plates were incubated at 28-37°C for 24-48h.Each 
colony of Pseudomonas spp and Bacillus spp was isolated and identified based on morphology and total 
density per sample (colony-forming units /g soil). All experiment was carried out in four replicates. 
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Fusarium wilt disease assessment, Foc isolation and pathogenicity test 

Disease assessment in chickpea was carried out during the flooring stage to observe symptom development 
and disease evolution. Disease incidence (DI) was assessed according to Traperos-Casas and Jiménez-Díaz 
(1985) by counting the number of plants showing symptoms in three representative 10 m lengths of row, 
randomly chosen from each field. Severity of Fusarium wilt (ISM) was assessed on a scale of 0 to 4 according 
to the percentage of foliage with yellowing or necrosis (0 = 0%; 1 = 1 to 33%; 2 = 34 to 66%; 3 = 67 to 100% 
and 4 = dead plant). DI and ISM data (rated from 0 to 4) were used to calculate disease index intensity (Dis) 
using the equation Dis = (DI× ISM)/4.  

A total of 10 wilted plants were collected from each field, for laboratory analysis. The infected plants were 
placed in paper envelopes, air-dried at room and stored at 4°C until used to isolate the pathogen. F. 
oxysporum cultures isolated from wilted plant were identified microscopically based on morphological 
characteristics. The pathogenicity tests were performed according to pot screening procedure (Nene and 
Haware, 1980). 

Statistical analysis  

One way analysis of variance (ANOVA) with post-hoc Newman-Keuls test was used to test differences 
between soil samples. The association between soil physicochemical, biological properties and Dis Fusarium 
wilt were also calculated using the Pearson correlations. The association between physicochemical and 
biological soil properties as well as Dis was made by principal component analysis (PCA). The statistical 
analyses were done using the software package STATISTICA 8.  

Results  

Physicochemical properties of soils 

The results in Table 1 show the variation in physicochemical proprieties of soils from the 14 sites. In terms 
of physical properties, sand, loam and proportion clay showed significant differences between the studied 
14 sites. Particle size distribution varied significantly among the 14 sites (P < 0.05). The highest values of 
sand (46.3%), clay (61.4%) and loam (84.4%) were observed in S14, S9 and S3, respectively. In contrary, S3 
was characterized by the lowest value of clay (11%). S9 presented the lowest value of silt (11%), whereas, 
S3 showed the lowest value of sand (4.4%).  

Table 1. Physicochemical properties of different soil samples from 14 chickpea fields in North Algeria 

Field 
sites 

Silt  
(%) 
** 

Clay  
(%) 
** 

Sand  
(%) 
** 

pH 
** 

EC  
(µScm-1) 

** 

Olsen-P  
(mg kg-1) 

** 

N  
(g kg-1) 

** 

CaCO3  
(%) 
** 

S1 71.1±0.20c 19.4±0.14i 09.4±0.20h 8.0±0.05de 143.2±3.14k 4.9±0.53d 1.4±0.02h 27.3±0.02c 

S2 70.5±0.20c 22.2±0.35h 07.2±0.45i 8.2±0.00ab 163.5±1.73j 6.4±0.24c 1.7±0.02g 31.2±0.45b 

S3 84.4±0.24a 11.0±0.13k 04.4±0.11j 8.1±0.01bcd 173.9±1.57i 8.5±0.08b 0.7±0.02j 20.2±1.04d 

S4 30.9±0.59h 40.8±0.56d 28.1±0.20b 8.1±0.02cd 167.3±1.25ij 5.4±0.08d 0.8±0.06ij 27.0±0.88c 

S5 54.3±0.21f 24.5±0.15g 21.1±0.27d 7.0±0.03h 181.6±3.65h 10.5±0.19a 0.9±0.00ij 7.8±0.46f 

S6 63.8±0.43d 21.5±0.32h 14.5±0.42f 7.5±0.00g 226.9±2.71e 2.6±0.11gh 0.9±0.03i 7.4±0.46fg 

S7 60.3±0.32e 21.6±0.41h 17.9±0.41e 8.2±0.03bc 285.7±0.89b 4.2±0.30e 2.4±0.11cd 41.6±0.52a 

S8 34.3±0.22g 35.6±0.66e 30.0±0.57e 7.5±0.07g 216.2±3.08f 3.2±0.11fg 2.6±0.05bc 21.0±1.21d 

S9 23.9±0.36j 61.4±0.45a 14.6±0.16f 7.5±0.07g 242.1±0.97d 5.4±0.03d 2.1±0.04ef 5.7±0.23g 

S10 77.8±0.91b 13.8±0.33j 8.3±0.58hi 8.3±0.01a 297.7±0.64a 4.1±0.03e 2.9±0.06a 42.6±0.75a 

S11 30.5±0.31h 43.9±0.33c 25.4±0.40c 7.2±0.04h 144.8±1.32k 3.4±0.10f 2.3±0.11de 3.2±0.45h 

S12 60.5±0.58e 27.2±0.57f 12.2±0.71g 7.9±0.02e 197.3±2.20g 3.6±0.13ef 2.7±0.09b 19.6±0.44d 

S13 27.0±0.87i 44.2±0.74c 28.7±0.63b 7.7±0.10f 187.1±2.31h 5.4±0.30d 2.1±0.10f 01.8±0.50h 

S14 34.9±0.38g 46.3±0.26b 18.6±0.49e 8.1±0.03cd 254.3±5.11c 2.5±0.05h 2.3±0.06de 11.3±0.58e 

p-Value <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Values represent the mean of four replicates ± SE (standard errors). Values of probability of one-way ANOVA. Within a column 
different letters denote significant difference (P < 0.01).   

Statistical analysis showed that all chemical characteristic measures were significantly affected by site 
locality. Results showed that pH ranged from 7 to 8.3 in the top soils. As such, fifteen percent of the sites 
were rated as neutral to mildly alkaline with pH ranging from 7 to 7.9. The EC ranged from 143.2 to 297.7 µS 
cm-1 and was found higher, especially, in S10 and S14. In contrast, CE was very lower in S1 and S11. Soil 
CaCO3 content across sites was low to medium, ranging from 1.8 to 42.6 % in top soils. Total-N in the 
different sites was evaluated as low to medium with values ranging from 0.7 to 2.9 g kg-1. Olsen-P showed a 
large variation between sites which increased from 2.5 to 10.5 mg kg-1. Av.P (Olsen-P) was lowest in S15, 
while the high Olsen-P content was observed in S6. 
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Biological properties of soils 

Statistical analysis showed significant differences between all biological properties of soil samples. TrPn, 
Pseudomonas spp, Bacillus spp and ID-Foc varied significantly according to site locality (P<0.05). The ID-Foc 
varied between 3.25 × 103 and 29 × 103 Cfu g-1 soil. Seven fields showed a higher level of ID-Foc which varied 
from 12.25 × 103 to 29 ×103 Cfu g-1 soil. Based on the Trichoderma identification criteria, 439 Trichoderma 
isolates were found. Trichoderma isolates were mainly divided into eight species; T. viride, T. harzianum, T. 
atroviride, T. virens, T. koningii, T. virideisens, T. citrina, T. placentula and T. polysporum. In the soil samples, 
TrPn varied between 3.75 ×103  to 13.75 × 103 Cfu g-1soil (Figure 1a). Five fields showed a higher level of 
TrPn, varying from 13.25 to 13 × 103 Cfu g-1soil. Based on biochemical, physiological and morphological 
properties, selected isolates were identified as B. subtilis, B. circulans, B. lentus, B. aneurinilyticus, B. firmus 
and B. licheniformis. Three species of Pseudomonas spp were identified including P. aeruginosa, P. luteola and 
P. fluorescens. Data analysis showed that Pseudomonas spp density varied between 1.4 to 14.88 ×107 Cfu g-1 

soil (Figure 1b). Highest values were recorded in S1, S2 and S3. However, Bacillus spp density varied 
between 2.35×107 and 40.86 ×107 Cfu g-1 soil (Figure 1b).  

  
Figure 1. Biological properties of different soil from chickpea fields in Algeria a) ID- Foc and TrPn (expressed as Cfu g-1 
soil); b) Total Pseudomonas spp and Bacillus spp communities. Data marked by different letters in a column indicate 

significant difference at P = 0.05 level according to Tukey test. 

Disease assessment 

Visual observation of symptoms in the field showed that contaminated plants exteriorize wilted or yellowed 
beaches (Figure 2a,b). The typical symptoms of wilting appeared mainly on the upper part of the leaves, then 
quickly gained the whole plant and finished with the death of the plants. In late attack, plants showed 
atypical symptoms of the disease where partial yellowing of the plants appeared at the lower part and then 
progressed to the upper part. It was found that the disease is widespread in all studied areas and his 
prevalence was 100%. The Dis values for each plot were presented in Figure 3. According to ANOVA, higher 
significant difference between Dis values and soils locality was obtained (P<0.0001). The Dis revealed low to 
very high level with an average ranging between 2.05 in S1 to 39.83 in S10.  

 
Figure 2. Symptoms of Fusarium wilt regarded in different fields (a- Typical symptoms b- atypical symptoms. Disease 
wilt regarded in different fields with different intensity (c, d and e). Morphotypical variation in Foc isolates obtained 

from wilted chickpea (f). Microscopic observation of Foc (g). Variation in Trichoderma isolates (h). 
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F. oxysporum and F. solani were most consistently isolated from stems showing symptoms of yellowing and 
wilting. Quantitative analysis of the fungi isolated from the stems effectively showed dominance of the F. 
oxysporum species with a rate of 95.14%. Nevertheless, a low occurrence was recorded for F. solani (4.86%). 
The selected Foc isolates (Figure 2f,g) obtained from the different wilted plants and soils completely 
expressed the symptoms of vascular wilt after inoculation of the latter on the susceptible variety ILC 482. 
Thus, isolates inoculated with this variety are certainly special forms ciceri, and constitute the isolates 
responsible for the vascular wilt of chickpea, noticed in vivo. 

 
Figure 3. Evaluation of disease Index severity (Dis) of Fusarium wilts of chickpea in 14 investigated field during 2015 in 

North Algeria. Data were obtained in maturation point. Values represent the mean of four replicates ± SE (standard 
errors). Values of probability of one-way ANOVA (Site treatment).Data marked by different letters in a column indicate 

significant difference at P < 0.0001. 

Relationship between wilt disease and soil properties  

Relationship between soil physicochemical and biological properties and Dis 

PCA plots represented the 14 experimental sites which were distributed normally according to 13 
physicochemical and biological soil properties in relation to the disease index severity of wilt disease (Figure 
4). The first and second ordination axis accounted for 41.19 and 28.96% of the total variance, respectively. 
Based on PCA analysis, Olsen-P, Total-N, ID-Foc, Dis, TrPn and Pseudomonas spp clustered together toward of 
the right side of the biplot, whereas loam, clay, sand, pH, EC, CaCO3, and Bacillus spp were clustered at the 
opposite side. The Dis was negatively correlated to Olsen-P, TrPn, Pseudomonas spp, and positively 
correlated to soil EC, ID-Foc and Total-N. 

 
Figure 4. Principal component analysis of 14 chickpea fields: correlations among physicochemical (Laom, sand, Clay, 

olsen-P, Total-N, pH, CE) and biological characteristics (Bacillus spp, Pseudomonas spp, ID-Foc, TrPn) and Dis. F1 
accounted for 41.19% of the variance, and F2 accounted for 28.96%. 
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The Pearson correlation analysis (Table 2) of the total data from the 14 soil samples confirmed the results of 
PCA analysis and showed that Dis was positively associated with EC, Total-N rate and ID-Foc, whereas 
negatively correlated with Olsen-P, TrPn and Pseudomonas spp. There was no correlation between Dis and 
soil physical parameters (Loam, clay, and sand), chemical parameters (pH, CaCO3 content) and biological 
factors (Bacillus spp). The analysis carried on EC showed a positive correlation with Dis (r=0.62**). The 
increase in EC significantly increased Dis, this was particularly evident in S7 and S8, where EC values were 
285.72 and 216.28 µS cm-1, respectively. While, low EC and Dis values were recorded in S1 and S2. The 
studied soils showed a highly significant positive correlation between Total-N rate and Dis (r= 0.79***). 
Accordingly, highest Dis was observed in plots with a high concentration of Total-N particularly in S10 and 
S12. The results showed that Olsen-P deficiency increased significantly Dis values, there was a negative 
relationship between Olsen-P and Disvalues (r = -0.67**). Analysis of S6 and S14 plots also showed lowest 
values of Olsen-P with values of 2.64 and 2.58 mg kg-1, respectively. However, Dis values were higher in the 
same sites. Pearson correlation indicated that Dis was positively correlated with ID-Foc. Increased rate of ID-
Foc increased significantly Dis. The correlation analysis showed that TrPn were negatively correlated with 
Dis (r=-0.70***). Dis values decreased with the increase of TrPn. This was observed in S1and S2, while, Dis 
values increased in S10 and S12 when the TrPn decreased. Analysis of bacterial outcomes, especially, 
Pseudomonas spp with Pearson correlation showed a negative correlation with Dis (r=-0.89***). The results 
revealed highest concentrations of Pseudomonas spp in S2 and S3 while Dis were lowest in same sites. In 
contrast, highest values of Dis were observed both in S10 and S13 with lowest levels of Pseudomonas spp. 

Relationship between soil physicochemical and biological parameters with ID-Foc 

The correlation analysis showed that soil ID-Foc was significantly affected by Olsen-P, Total-N and TrPn 
(Table 2). Data showed that ID-Foc was positively correlated with the level of Total-N and negatively 
correlated with contents of Olsen-P. It was found that the rate of Total-N affected significantly ID-Foc in the 
soil, where a positive correlation was observed (r=0.56*). In fact, high levels of Total-N significantly 
increased ID-Foc. Inversely, the rate of Olsen-P was negatively correlated with ID-Foc (r=-0.58*). High level 
of Olsen-P significantly decreased ID-Foc. The latter significantly decreased in S6 and S14 when compared to 
S5 and S3. The results showed that TrPn were also negatively correlated with ID-Foc (r=- 0.65**). The 
concentration of ID-Foc decreased when TrPn increased. This was observed in S3 and S5 with high TrPn 
values. Otherwise, a negative correlation between ID-Foc and Pseudomonas spp (r =-0.65*) was recorded. 
These findings can be noticed in S1 and S2 with high rates of Pseudomonas spp.  

Correlation of TrPn and Pseudomonas spp with soil characteristics  

There was no correlation between TrPn and physical factors of soil (soil bulk), chemical factors (pH) and 
biological factors (Bacillus spp). Moreover, significant positive correlations were found between EC (r=-
0.54*), Olsen-P (r=0.55*) and TrPn. The detailed summary of physical, chemical, and biological factors of the 
soils affecting Pseudomonas spp population was given in Table 2. The bacterial activity was negatively 
correlated with CE and Total-N. However, there was a positive correlation between Pseudomonas spp and 
TrPn.  

Discussion  
This study aimed to determine the impact of physicochemical and biological properties of soils on Fusarium 
wilt disease in chickpea growing in North-Algeria areas under commercial production conditions. A 
geographical variation in the occurrence of wilt chickpea was observed during the survey, with an important 
predominance of the disease in the investigated areas. The obtained result showed variation in disease levels 
within large geographical area which indicates that the soil physicochemical and biological proprieties 
affected significantly the ID-Foc and consequently the Dis. The presence of Foc in the field can be irregular 
because of the nature of its dissemination and the variability of soil properties. Moreover, the variation of 
population size of Foc and Dis in the studied fields might be attributed to variations in physicochemical and 
biological soils factors. The correlation analysis of 14 field’s data showed that Dis was positively correlated 
with EC, Total-N and ID-Foc, and negatively correlated with Olsen-P, TrPn and Pseudomonas sp. There was 
no correlation between Dis and clay, loam, sand, pH, CaCO3 and Bacillus. 
The information regarding the effect of soil EC on Foc population and disease severity has been neglected. In 
our study, EC was positively correlated to Dis and ID-Foc. This was probably due to the favorable 
environment for conidia germination and mycelium growth of Foc. Shim et al. (2002) reported a positive 
correlation between EC and germination rate of macroconidia and a consequent increase disease incidence 
of cucumber Fusarium wilt. In experimental conditions, results obtained by Naseri and Hamadani (2017) 
provided the importance of soil EC, as a population indicator for F. oxysporum in the soil under bean 
production conditions.  
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Nitrogen has been intensively studied in relation to host nutrition and disease severity because of its 
essential requirement for plant growth and its limited availability in soil (Ghorbani et al., 2008). The 
availability of N probably increased greatly the sporulation and mycelial growth of Foc isolates. Most studies 
on the effect of soil N on fungus sporulation have reported that high N content in the soil enhances 
sporulation of telluric pathogenic plant (Hoffland et al., 2000). Otherwise, abundant N enhanced succulent 
growth, prolonged vegetative period, and delayed maturity of the plant, which increased the period of 
susceptibility to pathogens (Ghorbani et al., 2008). In the present study, a positive correlation was obtained 
between Total-N, ID-Foc and Dis. A similar result was obtained by Sugha et al. (1994) who reported that the 
increase of N rate favored the frequency of wilt disease. 

There are many researchers associating the level of soil P to the crop disease development. Ghorbani et al. 
(2008) reveled that subsequent careful monitoring and management of available P and its equilibrium with 
other nutrients could be considered as an important strategy for crop disease control. In the present study, a 
negative correlation was obtained between Olsen-P, ID-Foc and Dis of wilt disease in chickpea. These results 
could probably be explained by the indirectly role of Olsen-P in the inhibition of conidial germination and 
mycelial growth of Foc by enhancing biological control agents. Our results showed that Olsen-P was 
positively correlated with Pseudomonas spp. This is in agreement with the observations reached by Postma 
et al. (2013) who found that high P availability improved by Pseudomonas chlororaphi were able to control P. 
aphanidermatum and F. oxysporum f. sp. radicis-lycopersici in tomato plants. Prabhu et al. (2007) reported 
that improved root development by P nutrition may induce the plant to ‘escape’ attack by soil-borne fungal 
pathogens.  

In our result a negative correlation between ID-Foc, Dis and TrPn was observed, suggesting that Trichoderma 
species participate in the process of natural disease management. Indeed, Species of Trichoderma spp are 
probably limited sporulation and growth of Foc via various mechanisms such as hyperparasitism, antibiosis 
and induction of host resistance or through a combination of such mechanisms (Dubey et al., 2007). 
Otherwise, mineral nutrition is indispensable for growth and, within a narrower range, stimulatory of fungal 
secondary metabolism (Griffin, 1994). In this study, a positive relationship was recorded between Olsen-P 
and TrPn. The highest rate of Olsen-P in soil represents a positive factor for the growth and the antagonistic 
activity against Foc. This is in accordance with previous findings reporting that Trichoderma species 
increasing significantly the concentration of soluble phosphate (Saravanakumar et al., 2013). 

Pseudomonas spp has habitually been showed to be responsible for the natural suppression of Fusarium wilt 
disease (Mazzola, 2002). In the present study, Pseudomonas spp strains were negatively correlated with Dis, 
and contribute to the disease suppression of chickpea Fusarium wilt disease. The mechanism of action would 
be through direct antagonism such as production of bioactive metabolites, rapid exploitation of root 
exudates, colonization and multiplication in the environment and aggressive antagonism with other 
microbes (Thomashow and Weller, 1988). Abed et al. (2016) tested Pseudomonas spp for their antagonism 
ability against Foc in vitro conditions. The results showed a great variability in inhibiting mycelial growth of 
Foc isolates. The ability of bacterial Pseudomonas spp strains varied in terms of production of protease, 
gelatinase, amylase, cellulase, AIA, lipase, catalase and cyanid Hydrogen. The results obtained by Saikia et al. 
(2009) demonstrated that the strain of Pseudomonas controlled the severity of wilt disease of chickpea by 
systemically inducing resistance against Fusarium wilt of chickpea and decreased the disease severity up to 
26–50% as compared to control.  

The results obtained in this study showed a positive correlation between TrPn and Pseudomonas spp strains 
and both were negatively correlated with ID-Foc and Dis. In a controlled experiment Liu et al. (2008) 
demonstrated that the incidence of Southern blight of tomato decreased while the TrPn and Pseudomonas 
spp increased.  

Conclusion 
In conclusion, the results from this study confirmed a great influence of soil physicochemical and biological 
characteristics in the occurrence and severity of the epidemic Fusarium wilt of chickpea. These results 
contribute in order to develop more efficient management strategies and exploitation of soil nutrients that 
might be indispensable in the context of an integrated pest management strategy and may even contribute 
significantly to reduce the abusive fungicides and synthetic fertilizers utilization. 
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Telfairia occidentalis is a widely used leafy and seed vegetable in West Africa and adequate 
soil fertility management is essential for its higher productivity.  Field experiments were 
conducted on neem leaf and poultry manures soil amendment to assess the growth and 
yields of Telfairia occidentalis between 2013 and 2014 cropping seasons.  The experiment 
was laid out in a randomised complete block design with four replications to include 5 t ha-1 
of neem leaf manure (NLM), 5 t ha-1 of poultry manure (PM), 2.5 t ha-1 of neem leaf manure 
plus 2.5 t ha-1 of poultry manure (NLM+PM) and control.  Data collected on vegetative and 
yield related components were subjected to analysis of variance at p<0.05 significance level.  
The results showed that number of leaves, vine length, leaf area and number of branches 
increased significantly (p<0.05) in plants treated with NLM, PM and NLM+PM from 2-5 
months after planting (MAP) compared to control. At five MAP, NLM+PM significantly 
(p<0.05) produced more leaves (52.5; 56.4), longer vines (473.0; 488.4cm), more branches 
(14.6; 16.3) compared to sole treatment and control.  In addition, foliar yield (4.29; 4.94 t 
ha-1), number of pods/plant (3.09; 4.11), length of pods (72.80; 81.60cm), number of 
seeds/pod (87.62; 89.51), seeds yield (61.60; 62.54 t ha-1) and pod yield (49.85; 50.15 t ha-

1) produced were higher in plants treated with combined manures in the two cropping 
seasons. The applied combined manures (neem leaf and poultry) could be exploited for soil 
improvement and sustainable yield increase of Telfairia occidentalis production. 

 Keywords: Fluted pumpkin, organic source, growth characters, yield components.   

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Fluted pumpkin (Telfairia occidentalis Hook F.) belongs to the family of cucurbitaceae.  It is an herbaceous 
perennial cucurbit which climbs by means of coiled tendrils and bears large fruits (pods) of various sizes 
(Akoroda, 1986, 1990).  It is widely cultivated across West Africa for its nutritional values and palatability 
(Longe et al., 1983; Axtell, 1992).  The succulent young shoots and leaves are used in preparing various 
vegetable soups depending on the ethnic group. The seeds also are premium part of the crop in local diets of 
south-eastern region of Nigeria (Orluchukwu and Ossom, 1988). Akoroda (1990) reported that the 
production of vegetables have been found to be viable and profitable to farmers not only as a garden crop 
but also as commercial crop. In vegetables cultivation, organic fertilizer contributes to increase in yield by up 
to 80% depending on the rate of application (Olasantan, 1994; Ogbonna, 2008).  The use of organic manures 
on agricultural lands is advantageous in nutrient recycling, improving soil structure and promoting 
biological activities of the soil thereby improving overall soil health, enhanced growth and productivity of 
crops (Arisah et al., 2003). Sometimes, application of organic manure serves as an alternative practice to 
mineral fertilization and improving soil structure (Idem et al., 2012).  In most tropical soil, organic manure 
has become the determinant for improving soil fertility (Ikpe and Powel, 2002; Uwa, 2013). 

According to Agyarko et al. (2006), soil nutritional status increased with addition of poultry manure and 
increasing levels of neem leaves in vegetable production across West Africa (Lombin et al., 1991). Neem 
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leaves could be used for the preparation of vermin-compost having both fertilizer and pesticidal potential 
(Vethanayagam and Rajendran, 2010; Oyekunle and Abosede, 2012).  Neem extract has been known to 
increase fruit weight and diameter of tomatoes (Moyin-Jesu et al., 2012). The phyto-chemicals such as 
liminoids in neem has demonstrated a dual purpose potential for bio-fertilizer source when ploughed into 
the soil; improves soil fertility and protects plant roots from nematodes and whiteflies in tomatoes 
production (Moyin-Jesu et al., 2012). Neem leaf manure (NLM) is gaining popularity due to being 
environmental friendly and could as well increase nitrogen and phosphorus content of the soil (Lokanadhan 
et al., 2012; Oyekunle and Abosede, 2012). Globally, growing awareness on health and environmental issues 
associated with the intensive use of inorganic inputs has led to interest in alternate forms of agriculture 
(FAO, 1999). Therefore, organic cropping system could be a way of ensuring a healthy agro-ecosystem, 
including concerns on biodiversity, biological cycles and soil biological activity. Awareness of crop quality 
and soil health has accelerated the attention of people towards organic farming (Sharma et al., 2008). 
Balanced use of nutrients through organic sources like farm yard manure, poultry manure (PM), 
vermicompost, green manuring, neem cake and biofertilizers, are prerequisites for sustaining soil fertility 
and producing maximal crop yields with optimal input levels (Dahiphale et al., 2003). Organic carbon build-
up is increased when organic matter is applied to soil as organic manures leave behind residues in sufficient 
quantity for the next crop in the sequence (Singh et al., 1996; Baruah et al., 1999). In view of these, field 
experiments were conducted to evaluate the sole organic manure or combined organic manures soil 
amendment on growth and yield of fluted pumpkin. 

Material and Methods 

Description of pilot study area 

The trial was carried out at the University of Uyo Teaching and Research Farm, Akwa Ibom State (Lat. 5020´N 
and 5030´ N, Long. 7027´ E and 5´ 62 E at 68.0 m above sea level, average annual rainfall 2500 mm, relative 
humidity 79.8%, monthly mean temperature range: 26.88-320C (UCCDA, 1998), soil type: Ultisol, during the 
2013 and 2014 cropping seasons (Agbede, 2015). The site had been under continuous cropping to various 
arable crops. 

Soil sampling and analyses 

Twenty-five core soil samples were collected randomly with a soil auger at the depth of 0-15 cm and 15-30 
cm. The soil samples were thoroughly mixed, bulked, air dried, crushed with mortar and pestle and sieved 
using a 2 mm mesh sieve for physicochemical analyses in various methods described by Bouyoucos (1962),  
McLean (1965), Jackson (1967), Syers et al.  (2012), AOAC (2016) and de Souza et al. (2016). 

Collection and analysis of experimental materials 

Neem leaves were obtained from Pharmacy Research Farm, University of Uyo. Poultry manure was obtained 
from Okpon Farm, Uyo. The pumpkin seeds were obtained from University of Uyo Teaching and Research 
Farm, Use Offot.  Neem leaves and poultry manure samples were analysed for some physicochemical 
properties such as organic matter, nitrogen, potassium, calcium, magnesium, sodium in addition to 
percentages of sand, silt and clay. 

Fresh neem leaves collected were chopped into bits using a knife, air-dried for five days and milled into 
powder with a mortar and pestle in the Pathology Laboratory, Department of Crop Science, University of 
Uyo. Similarly, poultry manure was air-dried for five days in the Screenhouse, Department of Crop Science, 
University of Uyo.  Milled neem powder and poultry manure were thoroughly mixed in a 1:1 ratio to obtain 
5tha-1 organic manure. 

Field experiment and design 

 The land was manually cleared with a cutlass, ploughed, harrowed and beds were constructed according to 
Udoh et al. (2005).  The beds were divided into four blocks and each block subdivided into four plots of 3 m x 
2 m (6 m2) each making a total of 16 plots separated by 1m furrow.  Four treatments which include neem 
leaf powder applied at 5 t ha-1 (3 kg/plot), poultry manure applied at 5 t ha-1 (3 kg/plot), combined 
application (2.5 t ha-1 neem leaf manure plus 2.5 t ha-1 poultry manure) and control (no manure) were 
randomly incorporated into each plot before sowing. The experiment was laid out in a randomised complete 
block design (RCBD) and treatments replicated four times.  One week later, two seeds of sun-dried fluted 
pumpkin were planted in a hole of 3 cm depth at 1 m x 1 m spacing giving a population of 12 plants per plot. 
Weeding was carried out regularly at 2, 5 and 12 weeks after planting.  The experiment was repeated 
without any modification in order to validate the data. The plants were sprayed against insect pests using 
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Delthrin (content 100 g/ L cypermethrin E.C) at a rate of 50 ml to 20 ml of water using Knap-sack sprayer to 
control leaf defoliating insect.  Four plants were randomly tagged per plot for data collection at 4, 8, 12, 16 
and 20 weeks after planting (WAP). 

Data collection  

Data were collected on number of leaves/plant, vine length (cm) and leaf area (cm2) by using the equation: 
LA= 0.9467 + 0.2475 LW + 0.9724 LWN (Akoroda, 1993); 

where, LA = Leaf area, L = Length of the central leaflet, N= Number of leaflets in a leaf,  W= Maximum width 
of the central leaflet and branches/plant.  

At harvest, the length and diameter of pods (cm) were determined with a measuring tape, while the number 
of pods (fruits), number of ridges/pod, number of seeds/pod and seed yield (t ha-1) were counted and 
recorded.  

Statistical analysis 

The trials were subjected to Analysis of Variance using Generalized Linear Models (GLM) of statistical 
analysis system 9.1 (SAS, 2002).  Means were compared with Least Significant Difference (LSD) at 5% level 
of probability (Gomez and Gomez, 1984). 

Results 

The initial physicochemical properties that constituted soil fertility status were low before planting of 
Telfairia occidentalis during the two cropping seasons. The soil has low pH (5.50-5.80) values, which means 
that it is acidic.  The organic matter (0.06 - 2.21%) and total nitrogen (0.05 – 0.06%) are low in soil fertility 
status compared with the recommended standard for organic matter and total nitrogen (Table 1) for crop 
production in Nigeria.  Besides the low values obtained in exchangeable bases for magnesium (Mg) and 
sodium (Na), the soil texture was sandy loam (Table 1). The percentage composition of nutrients such as 
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) and magnesium (Mg) present in the various types 
of organic manures showed that nutrients in the mixture of milled neem leaves and poultry manure were 
significantly (p≤0.05) higher than those in the sole manure (neem leaves or poultry) used (Table 2). The 
lowest percentages of nutrients were present in milled neem leaves except sodium (Na) (1.56 and 1.61%) 
which was significantly (p≤0.05) higher than values in poultry manure and mixture of milled neem leaves 
and poultry manure applied (Table 2). 

Table 1. Pre-planting physicochemical properties of experimental site   

 

Parameters 

 2013  2014  

Soil depths Soil depths Method of analysis 

0-15cm 15-30cm 0-15cm 15-30cm  

pH 5.50 5.70 5.66 5.80 pH meter 

EC (dS/m) 0.08 0.05 0.06 0.06 Conductivity meter 

Organic matter (%) 2.08 0.06 2.21 0.07 Dichromate oxidation 

Total nitrogen (%) 0.05 0.05 0.06 0.05 Kjeldahl procedure 

Available P (mg/kg) 20.16 6.05 22.09 7.14 Bray-P1 method 

Exchangeable K (cmol/kg) 0.08 0.08 0.12 0.06 Flame photometer 

Exchangeable Ca (cmol/kg) 2.80 3.00 2.64 2.96 Flame photometer 

Exchangeable Mg (cmol/kg) 1.10 1.14 1.30 1.41 AAS 

Exchangeable Na (cmol/kg) 0.06 0.05 0.05 0.06 Flame photometer 

CEC (cmol/kg) 6.62 6.85 6.55 6.68 Summation method 

Base saturation (%) 65.65 67.59 53.60 58.47 Calculation 

Sand (%) 90.60 86.60 88.50 80.70 Hydrometer method 

Silt (%) 3.40 7.40 3.20 5.57 Hydrometer method 

Clay (%) 6.00 6.00 6.21 6.54 Hydrometer method 

Soil textural class Sandy loam Sandy loam Sandy loam Sandy loam   

At one month after planting (MAP), there was no significant difference (p≥0.05) in the number of leaves 
produced in plants treated with different manure and the control (Table 3). At three MAP, manure-treated 
Telfairia occidentalis significantly produced (p≤0.05) more leaves than the control.  Plants treated with equal 
combination of milled neem leaf manure and poultry manure (NLM+PM) at 5 t ha-1 produced more leaves 
(37.2) followed by sole manure - poultry (33.1), neem leaf  (30.8) (Table 3). At five MAP, similar trends in 
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leaf production were observed in manure treated plants (Table 3). The vine lengths of manure-treated 
plants were not significantly different (p≥0.05) at one MAP (Table 4). At five MAP, there were significant 
differences (p≤0.05) between the manure-treated plants and control. The longest vines were produced by 
the combination of NLM+PM at 5 t ha-1 (488.4 cm), followed by poultry manure at 5 t ha-1 (420.1 cm) and 
neem leaf manure (388.8 cm) at five MAP (Table 4).  

From 1-2 MAP, there were no significant differences (p≥0.05) in the number of branches produced by 
manure-treated plants and the control (Table 5). However, equal combination of NLM+PM produced more 
branches (7.44 branches), followed by poultry manure (6.24 branches) and the least number of branches 
was produced by control (1.99) at three MAP (Table 5). At five MAP, number of branches produced in plants 
treated with NLM+PM increased significantly (p≤0.05) than poultry manure, neem leaf and the control 
(Table 5). The leaf area (cm2) and foliar yield (t ha-1) of manure-treated Telfairia occidentalis plants at five 
MAP were significantly (p≤0.05) better than the control (Tables 6 and 7). The leaf area of plants treated with 
poultry manure (64.48 cm2) increased significantly (p≤0.05) than plants treated with combined sources 
(NLM+PM) (59.26 cm2) and sole manure (neem leaf - 46.56 cm2) (Table 6).  Furthermore, manure-treated 
plants significantly (p≤0.05) produced more foliar yield than the control. The highest yield was obtained 
from equal proportion of NLM+PM (4.99 t ha-1), followed by poultry manure (3.78 t ha-1), neem leaf (3.33 t 
ha-1) while the least foliar yield was obtained from control (1.92 t ha-1) at three MAP (Table 7). In addition, 
manure-treated Telfairia occidentalis plants significantly (p≤0.05) produced more yield components 
(number of seeds/pod, length of pod (cm), pod diameter (cm), number of pods/plant, pod and seed yield (t 
ha-1) at five MAP than the control (Table 8). The yield components of manure-treated and the control plants 
followed an increasing significant (p≤0.05) performance order: control < NLM < PM < NLM+PM (Table 8). 

Discussion  

Fluted pumpkin treated with organic manures at 5 t ha-1 revealed an increase in growth characters and 
yield-related components.  This could be due to rapid availability and utilization of nitrogen for various 
internal processes in the plant in these treatments. Among the manure-treatments, equal combinations of 
neem leaf and poultry manures showed superiority in foliar yield and yield components and followed by sole 
application of poultry manure. Evidently, vegetative growth of manure-treated plants performed 
overwhelmingly better than control due to high availability of organic matter and nutrients in the soil for 
plant utilisation.  Vimala et al. (2006) and Srinivasan et al. (2014) reported that the application of poultry 
manure and neem cake at 37.9 t ha-1 enhanced the rapid availability and utilisation of macro and micro 
nutrients in the soil significantly and consequently improve the uptake of nutrients such as nitrogen for 
various internal processes in cabbage. In addition, the lower significant values obtained in the control (no 
manure) could be attributed to low nutrients availability observed in the experimental plot.  This 
observation agrees with the findings of Moyin-Jesu and Atoyosoye (2002) and Ogbonna (2008) that soil with 
low nutrients responded better to organic or inorganic fertilizer applications. Furthermore, poultry manure 
treated plants produced more leaves, increased vine length, more branches, increased foliar and seeds 
yield/ha better than the neem leaf manure treated fluted pumpkin. This is in contrast to the reports of 
Oyekunle and Abosede (2012) that neem manure could be preferred to poultry manure on its application to 
fluted pumpkin.  The performance of poultry manure as shown on fluted pumpkin in this study could also be 
attributed to higher essential mineral components released for plant growth and development. Awodun 
(2007) demonstrated that poultry manure applied at 6 t ha-1 increased foliar growth and essential elements 
(N, P, K, Ca and Mg content) of fluted pumpkin in a field trial. The application of the combined poultry and 
neem leaf manures was superior in all growth and yield parameters evaluated compared with other 
treatments. In other words, their higher performance could also be attributed to high nutrients availability 
(N, P, K, Ca, Mg) compared to sole application of neem leaf and poultry manure.  This corroborates the report 
of Moyin-Jesu et al. (2012) on superior performance of maize and watermelon treated with modified neem 
leaf extract in a field trial.    

The organic-based soil amendment with neem leaf and poultry manures demonstrated higher effectiveness 
in the improvement of the experimental site.  This finding agrees with Agbede (2015) which revealed that 
soil amendment could be utilized to enhance higher crop production.  This also supports the reports of 
Schipper (2000) and Awodun (2007) that application of organic manures significantly influenced the growth 
and yield of fluted pumpkin.   
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Conclusion 
The application of organic-based soil amendment promoted the growth characters, yield and yield-related 
components of fluted pumpkin production. Convincingly, the combined treatments applied was superior to 
sole treatments in yield and yield-related components evaluated.  It further demonstrated that combined 
manure application improved soil fertility and enhanced the growth and yields of fluted pumpkin. These 
materials can easily be sourced locally by farmers for direct application to their farms for sustainable 
vegetable production.   
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Globally, Soil erosion is the major land degradation problem, which impacts seriously on 
economic and environmental status. Geospatial techniques support and provided 
quantitative approach to estimate soil erosion in different conditions. In the present study, 
Revised Universal Soil Loss Equation (RUSLE) integrated with GIS has been used to estimate 
soil loss in the part of coastal Odisha system. The study area, Ganjam block have undulating 
topography covering 0-35% slopes. The quantitative soil loss was estimated and classified 
into different classes and soil erosion map was generated. The soil erosion map is classified 
into seven classes from very slight (<5 t ha-1 yr-1) to extremely severe (>80 t ha-1 yr-1). The 
results indicate that 90.9% (22330 ha) of the study area falls in very low erosion category, 
which may be due to level topography and regular vegetation cover. The other erosion 
classes such as moderate, high and very high erosion occurred in the range of 2.12%, 2.23% 
and 1.49 %, respectively. The high soil erosion risk is spatially situated in the foothills and 
upper steep slope of the area. The results can certainly aid in implementation of soil 
management and conservation practices to reduce the soil erosion in the coastal Odisha 
regions of Eastern India. 

 Keywords: Soil erosion risk, land use, Remote sensing, GIS, coastal Odisha.   

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Soil erosion is one of the important land degradation problems in agricultural land and consider as critical 
environmental hazard in modern time, worldwide (Lu et al., 2003; Kim et al., 2005). It is one of the most 
serious problems as it removes plant essential nutrients from the top soil and increases natural level of 
sedimentation in rivers and reservoirs which in turn reduce their storage capacity and water availability to 
plants (Devatha et al., 2015).The coastal systems have different kind of ecological problems due to various 
anthropogenic and natural interventions and regular prone to different kinds of erosion, sedimentation, 
floods and cyclones (Vinayaraj et al., 2011; Monalisha and Panda, 2018). 

Coastal ecosystems provide livelihood to around 60% of world's population. Overall about 50-70% of 
population lives in coastline covering only about 4% of earth's land (Poyya Moli and Balachandran, 2008). 
The coastal agro-ecosystem occupies 19.6 m ha (6.2%) area of land in India (Sehgal et al., 1992). About 
14.2% of the total population of India lives in coastal areas. In coastal agro-ecosystem, with the increasing 
human and animal population, the competition between various land uses has become intensive. Besides, 
unsuitable land is brought under cultivation and thereby causing physical and chemical degradation on land 
(Renschler et al., 1999; Srinivasan et al., 2015). Odisha coast line has extended from east to southern, about 
445 km (Bandyopadhyay et al., 1984). Besides, there is narrow strip of land of few km in width along the sea 
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coast prone for salt problems (Chaudhary et al., 2008). The soil loss in the deltaic areas of Odisha is 
estimated to be 10-20 MT/ha/yr. (Singh et al., 1992).  

Soil loss is accelerated by anthropogenic or human  induced soil degradation (Bai et al., 2008). There are 
different steps of soil erosion viz. sheet, rill and gully involving detachment, transport, and accumulation of 
soil particles  in catchment area, which deteriorating the soil quality as well as reducing the productivity of 
potential lands (Tideman, 1996; Fernandez et al., 2003). Among the erosion, sheet erosion is the most 
serious soil erosion problems in India (Narayana and Babu, 1983). A proper assessment of the erosion 
problem is greatly dependent on its spatial, economic, environmental and agricultural context (Ganasri and 
Ramesh, 2016). A better soil loss management will be reducing the land degradation and water quality in 
contest of siltation and sedimentation to the water body (Karthick et al., 2017). More dependable soil 
erosion rates are required for land use planning and extension of soil water conservation works in coastal 
India. 

Soil erosion assessment and mapping of soil loss susceptible area will be helpful to select or adoptthe 
suitable or appropriate soil conservation and ecosystem management techniques in the different scale of the 
maps (Shi et al., 2004). The mean annual soil loss information per unit land area could be ascertained by 
employing Universal Soil Loss Equation (USLE) and the Revised Universal Soil Loss Equation (RUSLE) 
(Wischmeier and Smith, 1978; van Remortel et al., 2001; Lee and Lee, 2006).  

Remote sensing and GIS techniques are better tools for assessing erosion at larger scales. For this reason use 
of these techniques have been widely adopted and used in several studies that show the potential of remote 
sensing techniques integrated with GIS in soil erosion mapping (Parveen and Kumar, 2012).  

Soil erosion is a complex phenomenon governed by a large number of factors such as rainfall erosivity, soil 
erodibility, slope, land use, and conservation measures. Estimating the soil loss and its spatial distribution are 
one of the key factors for successful erosion assessment (Bera, 2017). Spatial and quantitative information on 
soil erosion on a regional scale contributes to conservation planning, erosion control and management of the 
environment. Identification of erosion prone areas and quantitative estimation of soil loss rates with sufficient 
accuracy are of extreme importance for designing and implementation (Sharda et al., 2013). Keeping in view 
of the above aspects, case study was attempted in Ganjam block, part of coastal system to estimate the soil 
erosion. 

Material and Methods 

Description of study area  

The study area Ganjam block belongs to Ganjam district of Odisha is a part of Indian peninsular subtropics, 
having tropical climate and sub-humid temperate region, which is located close to the Bay of Bengal coast 
and lies between 19º 22’ 07’’ to 19º 32’ 24’’ N and 84º 58’04” to 85º 10’30” E (Figure 1).  

 
Figure 1. Location map of the study area 
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The block covers an area of about 246 sq km which is 2.93% of total geographical area of the district. The 
mean annual rainfall is 1449 mm and more than 60–70% is received during south-west monsoon (June- 
September). The mean maximum summer temperature is 39 °C and means minimum winter temperature is 
11.5 °C. The soil temperature class is “hyperthermic” and moisture regime is “ustic” which is hot humid plain 
with LGP of 180–210 days. The soils are formed mainly in the deltaic alluvium of rivers. The major 
landforms occurred in the study area are denudation hills, lateritic uplands, pediments and inselbergs, 
lagoon, alluvial plains and swamps. Major soil category consists of lateritic, clayey, coastal saline sands and 
deltaic alluvium. 

Methodology 

Data sources 

Rainfall erosivity (R) factor 

Average rainfall data obtained from IMD last 30 years and processed in ArcGIS software and the R factor was 
obtained using the equation by Wischmeier and Smith (1978).  

R = ∑ 1.735 ∗ 10
(1.5 log(

𝑝𝑖2

𝑝
)−0.8188)12

𝑖=1   
(1) 

Where R is the rainfall erosivity, Pi is the monthly amounts of precipitation and p is annual precipitation. 
Very less variations in R factor ranges from 679 m to 710m. 

Soil erodibility factor (K) 

Soil information collected from soil resource mapping (SRM) prepared by ICAR- NBSS & LUP, Govt. of India. 
The soil erodibility factor is the measure of the vulnerability to soil erosion as they are built-in soil 
properties. The K factor value ranges from 0 to 1, where the value near to 0 indicates least susceptibility to 
soil erosion and whereas the value closer to 1 indicated that they are very high susceptibility to soil erosion.  

Topographic erosivity factor (LS) 

The flow accumulation is usually derived from the digital elevation model (DEM) after processing the fill and 
flow direction in Arc GIS. Cell size is the extentor size of the cells being used in the DEM. The equation for 
computing the topographic factor (LS) in Arc GIS is computed by the formula recommended by Griffin et al. 
(1988).  

Crop management factor (C) 

By using the Landsat 8 data through supervised classification method, raster map of the land use and land 
cover converted to vector format file and the resultant C factor value was allocated to each of the land use 
classes are proposed by Hurni (1985). 

Conservation supporting practice factor (P) 

The conservation practice factor is calculated based on the slope of the area and equivalent P factor values 
derived based on each slope classes by reclassifying the slope map in ArcGIS.  

Soil loss estimation 

ArcGIS and ERDAS software were used to produce the desired output for the RUSLE factors such as R- 
Rainfall erosivity factor, K- Soil erodibility factor, LS- Slope length and steepness factor, C- cover 
management factor and P- Support practice factor. The USLE is the best empirical soil loss prediction 
equation, in spite of its limitations. That equation is A = R× K× L× S ×C ×P, where A is average annual soil 
loss, R is the rainfall erosivity factor, K is the soil erodibility factor, L is the slope-length factor, S is the slope 
steepness factor, C is the cover factor, and P is the conservation supporting-practice factor (Figure 2). 

 
Figure 2. Flow chart of methodology 
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Results and Discussion 

USLE analysis includes R factor, K factor, LS factor, C factor and P factor values which are determined and 
maps are generated using GIS.  

Rainfall erosivity factor (R) 

R factor is calculated based on IMD data over a period of 30 yearsof study area from equation 1 and these 
values are interpolated spatially through GIS technique and R factor map is generated is shown in Figure 3. 
The annual average rainfall erosivity factor (R) was found to be in the range of 697.48 to 710.16 mt ha-1cm−1. 
Many studies (Jain et al., 2001; Dabral et al., 2008) revealed that the soil erosion rate in the catchment is 
more sensitive to rainfall. The daily rainfall is a better indicator of variation in the rate of soil erosion and 
seasonal distribution of sediment yield. While the advantages of using annual rainfall include its ready 
availability, ease of computation and greater regional consistency of the exponent (Shinde et al., 2010). 
Therefore, in the present analysis, average annual (obtained by total rainfall divided by the total number of 
rainy days) rainfall was used for R factor calculation. Similar kinds of R-factor values were also calculated by 
Tirkey et al. (2013) and Behera (2015). 

Soil erodibility factor (K) 

The soil-erodibility factor (K) is represented by the susceptibility of the soil for erosion, conveyance of the 
detached soil and runoff resulted from rainfall. Chance of detachment of soil particles depend upon the 
structure, infiltration, optimum moisture content, water retentions, presence of cations, texture and 
composition. Soil erodability (K) of the study area was calculated using the relationship between soil texture 
class and organic matter content proposed by Schwab et al. (1981); Stone and Hillborn (2000). The soil 
erodability factor values assigned to different texture classes using GIS technique. Spatial distribution of 
surface soil K values of study area has shown in Figure 4. From the study (K factor map) it has been found 
that, in low relief areas like alluvial plains, hills and flood plains region, the K value varies from 0 to 0.36. Soil 
erodibility at near sea (sandbar) is comparatively high (0.88 to 1.1) because soils texture are course and 
generally loamy sand to sandy loam in texture and organic matter content was very low, which make more 
susceptible to erosion. The percentages of organic matter in soil drops erodibility, declines susceptibility of 
soil detachment, but enhances infiltration rates, hence the runoff by reducing erosion (Behera, 2015; Singh 
et al., 2002).  

  
Figure 3. Spatial distribution of Rainfall (R) factor Figure 4. Soil erodibility (K) factor 

Topographic factor (LS) 

Topographic factor represents the influence of slope length (L) and slope steepness (S) on erosion process. 
LS factor was calculated by considering the flow accumulation and slope in percentage as an input. From the 
analysis, it is observed that the value of topographic factor increases in a range of 5 to 50 as the flow 
accumulation and slope increases. SRTM DEM of 30 m resolution is used to calculate LS factor, steeper the 
slope more will be the loss. For study area maximum slope is observed to be 0-5%. It’s considered as very 
gently sloping area as from slope classes and LS factor map is generated and shown in Figure 5. It was found 
that the maximum slope varied in undulated hillock or hills side slope and foothills. According to slope map 
it was observed that slope at the study area is low. Analysis of the topographic factor is very important in 
USLE application, since this parameter characterizes surface runoff speed and quantity of sedimentation. 
Relationship of soil slope on topography established in different condition by Yildirim (2012) and Ozsoy et 
al. (2012).  
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Crop management factor (C) 

Land use and land cover is a better understanding of the land utilization aspects of cropping pattern, fallow 
land, forest, wasteland and surface water bodies, which are vital for developmental planning and erosion 
studies. Survey of India Toposheet and Remote sensing imagery has a potential to generate a thematic layer 
of land use-land cover of a region. The study area has been classified into three land use classes which were 
assigned to different land use patterns using the values given in Table 1. Using land use-land cover map, C 
factor map was prepared and shown in Figure 6. C factor map shows that study area consists of high 
percentage vegetation cover which will reduce soil erosion (Renard et al., 2011).  Soil loss is very sensible to 
land cover in addition to relief (Chatterjee et al., 2014). In the present study almost 50 % of the area is under 
forest. C factor is less significant when land use and land cover area comprises maximum percentage of 
natural vegetation and plantation crops. The value of which ranges from ‘0’ in water bodies to slightly 
greater than ‘1’ in barren land (Toy et al., 2002). 

  

Figure 5. Slope length and steepness factor (LS) Figure 6. Cover management factor (C) 

Table 1. Land use/land cover classes and respective C-factor value 

C-Classes  C-factor Area (ha) % TGA 

Forest 0-0.2 12280 49.9 
Fallow land 0.2-0.4 1533 6.24 
Agricultural area 0.4-1.0 10748 43.7 
Total  24561 100 

*TGA-Total Geographical Area 

Support practice factor (P) 

The support practice factor (P) is the ratio of soil loss in a normal condition to the soil loss due to ploughing 
in an undulating terrain. P values can be reduced by contouring, vegetative strips, strengthening the soil 
bunds, diversions, sediment basins and channel of an eroding area. Permanent vegetation like forest and 
plantation has more P values 0.7 to 1. Plain land open surface have 0.5 to 0.7. The value of P-factor is 1 for 
the upland and 0.50 for low land with gentle slope and cultivation of paddy and pulses (Figure 7).  

Potential annual soil erosion estimation 

The average annual soil erosion potential has been computed by multiplying the developed raster data from 
each factor of USLE analysis. The final soil erosion map displays the average annual soil loss potential of the 
coastal Odisha is shown in Figure 8. The GIS analysis has been carried out for RUSLE to estimate annual soil 
loss on a pixel-by-pixel basis and the spatial distribution of the soil erosion in the study area. The potential 
soil loss in the study area has been categorized into seven types viz., very slight, slight, moderate, moderate 
severe, severe, very severe and extremely severe erosion based on the rate of erosion (t/ha/year), i.e., More 
erosion corresponds to very high erosion and least rate of erosion correspond to low erosion (Table 2). It is 
observed that few parts of the study area have higher values of soil loss, which may be due to the steep slope 
and poor vegetation. It is observed that most part of the study area around 93.03% comes under low erosion 
category due to low slope variability. Negligible soil loss areas (5-10 t/ha/yr) have been recorded under 
forest and low land area. Soil erosion rate was predicted moderately high (10-15 t/ha/yr) for upland 
agriculture, which needs proper soil conservation measures to reduce the erosion. The high rate (20-80 
t/ha/yr) of soil erosion was found in hills side slopes, foothills, barren and fallow land and sand bar of along 
the coastal basin (Behera, 2015; Mishra and Das, 2017). 
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Figure 7. Conservation practices factor (P) Figure 8. Soil erosion map 

Table 2. Soil loss classifications according to the erosion risk classes 

Erosion classes Area (ha)  % TGA 
Very low 22330 90.91 
Low 721 2.93 
Moderate 522 2.12 
High 548 2.23 
Very high 440 1.79 
Total  24561 100 

Conclusion 
The soil erosion has been estimated and spatially distributed in the part of coastal Odisha using RUSLE and 
GIS technique and the soil loss map is classified into seven different erosion risk classes. According to that 
23051 ha (93.03%) land has low erosion risk and 522 ha (2.12%) are moderate and 988 ha (3.72%) are high 
erosion risk category in Ganjam block based on variable climatic, soil and topographical condition. The 
average annual soil loss map is very useful to adopt soil conservation measures and protective method of 
agriculture practices for sustainable natural resource management. 
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Feedstock type is the most dominant factor influencing the physical characteristics and 
chemical composition of biochar. The main purpose of this study was to characterize and 
compare some of the physical and chemical properties of biochars produced by slow 
pyrolysis of 18 feedstocks, which are locally available agricultural residues. Moreover, 
elucidating the potential agronomic benefits of these biochars was the other objective of the 
study. Biochars were produced at 500 oC in an ingeniously developed reactor. The biochars 
were characterized for specific surface area (SSA), field capacity (FC), wilting point (WP), 
plant available water content (AW), pH, electrical conductivity (EC), cation exchange 
capacity (CEC), total carbon (C) and nitrogen (N), plant available phosphorus (P) and 
potassium (K) concentrations. Considerable variation of characteristics among biochars 
indicates the dominant impact of feedstock type on physical properties and chemical 
composition of biochars. Total C contents were highly variable with values up to 91.9% for 
pine sawdust. Phosphorus and K in feedstocks were concentrated in the biochars and were 
two to four times higher in the biochars. The CEC of biochars varied from 79.5 cmol kg-1 
(pepper residues) to 5.77 cmol kg-1 (poplar sawdust). The CEC and SSA had a significant 
negative correlation (P<0.01, r= -0.70) that probably be attributed to the loss of functional 
groups during pyrolysis. The results revealed that depending on the feedstock, some 
biochars have potential to serve as nutrient sources as well as an additive to improve soil 
quality. 

 Keywords: Agricultural residues, feedstock type, biochar, physical and chemical properties, 
soil quality.   

© 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Biochar is a carbon-rich solid and stable material produced by pyrolysis of biomass in an oxygen-limited 
environment (Lehmann and Joseph, 2009). The pyrolytic conversion of the feedstocks mainly composed of 
agricultural residues to biochar and agricultural applications of the biochar can be considered as their 
environmentally and economically acceptable management (Hossain et al., 2011). The biochar can be 
produced from thermochemical processing of a wide variety of feedstocks with different ratios of cellulose, 
hemicellulose, lignin, extractives, etc. such as organic farm waste, waste treatment plant slurry, and forestry 
residue with high cellulose/lignin content. After pyrolysis, the solid byproduct is a porous network of 
carbonates and/or aromatic carbon (Herbert et al., 2012). Biochar types produced from various feedstocks 
have different physical and chemical characteristics as a function of variability in the composition of 
feedstocks (Brewer, 2012). Therefore, comparing the impacts of different biochar types on soil properties 
reported in the literature is difficult to extrapolate to other soils. Biochar improves fertility of soils and has 
no reported controversial effect on soils. The magnitude of beneficial effect is related to physical and 
chemical properties of biochars (Lehmann et al., 2006). Biochar improves water holding capacity of soils 
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(Günal et al., 2018), promotes development and bioactivity of soil micro-flora, reduces nutrient leaching 
(Kanthle et al., 2018), recycles soil nutrients (Oldfield et al., 2018), and increases soil organic carbon (Smith, 
2016) and thus plant growth (Gaskin et al., 2010). Lim et al. (2016) stated that saturated hydraulic 
conductivities of the biochar amended soils were significantly influenced by the rate and type of biochar, as 
well as the original particle size of soil. The researchers reported that biochar addition significantly reduced 
the saturated hydraulic conductivity of coarse and fine sands. Cation exchange capacity (CEC) of a biochar is 
affected by both feedstock type and pyrolysis temperature (Brewer, 2012). CEC values decrease with higher 
pyrolysis temperature due to loss of functional groups. Formation of carboxylic and other oxygenated 
functional groups at the surface by long term oxidation of biochar increases the negative charges and CEC of 
a biochar (Cheng and Lehmann, 2009). Surface area is another important physical property of a biochar that 
has a significant impact on the extent of interactions between biochar and the soil environment (Chu et al., 
2018). The nature of feedstock and pyrolysis process have significant impact on surfaces areas of biochars 
which might vary in the hundreds and even thousands of meters squared per gram, potentially making them 
suitable as the sustainable amendments of soils (Brewer, 2012).  

The increasing demand for food and fiber with increasing population causes a significant amount of 
agricultural residues. Biochar production is a sustainable way to reduce the agricultural residues produced 
in food industry or farm activities (Schellekens et al., 2018) and converts them to environmentally friendly 
additives. Vast amounts of waste biomass are generated by agro-food industries, forestry activities and 
agricultural crop production in Turkey. Large portion of crops such as 2.5 t ha-1 of bread wheat, 13 t ha-1 of 
tomato and 10.5 t ha-1 of corn (Di Blasi et al., 1997) is left in the field each year following the harvest. Citak et 
al. (2006) reported that more than 4 million tons year-1 of citrus and fruit pruning residues, 12.7 million tons 
year-1 of tomato and eggplant residues, 350.000 tons ha-1 of nut slag and many other crop residues need to 
be reused to overcome environmental pollution problems created by these residues. Most of crop residues in 
Turkey are burned onsite, collected and thrown away from the field and dumped to the drainage channels or 
burned in the houses for energy (Günal et al., 2015). Burning or removing the crop residues for any of the 
stated purposes have negative impact on soil organic carbon and consequently to functioning ability of soils. 

Characterization of biochars produced from several feedstocks is important to predict the stability, potential 
in contribution to soil quality and risks in the environment (Schellekens et al., 2018). Thus, the objective of 
this study was to characterize and compare some of the physicochemical properties, critical for agricultural 
use, of 18 biochars produced at 500 oC by slow pyrolysis of 18 feedstocks. 

Material and Methods 

Material 

The feedstocks used to produce biochars were vegetable crop residues (tomatoes, bean, pepper, eggplant, 
cabbage, cauliflower, gooseberry and kidney bean), woody materials (walnut shell, pine sawdust and 
rosehip seed), field crop residues (rice husk, corn cob and wheat straw) and animal manure (poultry litter, 
sheep manure and dairy manure) collected from agricultural fields, farms and local carpenters in Tokat 
province of Turkey. 

Methods 

Biochar Production 

Prior to pyrolysis processing, the biomass of the all sources were ground in a hammer mill to pass a 6 mm 
screen and oven dried at 60 oC to <10% moisture (Brewer et al., 2011). The biochars were produced by slow 
pyrolysis of feedstocks (maximum size 2 mm) at 500 oC in an ingeniously developed reactor. Slow pyrolysis 
process was characterized by slow heating rates (a rate of approximately 10 oC min-1) and long residence 
times of biomass. The pyrolysis temperature was kept constant at 500 oC and biochar was held in the unit 
until pyrolysis gas disappeared. After heating for almost 4 to 6 hours, the biochars were allowed to cool to 
room temperature.  

Characterization of Biochars 

The biochar samples underwent the following analyzes: pH, electrical conductivity (EC), specific surface area 
(SSA), cation exchange capacity (CEC), total carbon (C), total nitrogen (N), plant available potassium (K) and 
phosphorus (P), field capacity (FC) and wilting point (WP) water contents. The biochar production rate or 
mass yield (MY) is defined as the ratio of carbonized product mass to the mass of feedstock (Weber and 
Quicker, 2018). The mass yield was calculated using the following equation:  

MY (%) = (Biochar weight after pyrolysis/Feedstock weight) x 100. 
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The total C and N contents of the biochars were determined using a Leco CN-2000 analyzer (Leco Corp., St. 
Joseph, MI, USA) at 1200 oC. The pH and EC were measured in deionized water at the ratio of 1:5 wt wt-1 
ratio. The samples were thoroughly mixed and allowed to equilibrate for 1 h; the pH and EC were then 
measured using an Orion 720 pH-EC meter with a combination electrode. The K and P concentrations of the 
biochars and raw materials were determined in duplicate following digestion at in H2O2 - HNO3 acid mixture 
and burned in a microwave (Mars 6). The K and P concentrations in the H2O2 - HNO3 solution were 
determined by Atomic Absorption Spectrophotometer (AAS-Agilent 240 FS). Ethylene glycol mono-ethyl 
ether (EGME) method was to measure specific surface area that is typically used for soils (Cerato and 
Lutenegger, 2002). Cation exchange capacity was determined by ammonium acetate method (Chapman, 
1965). The method was modified to apply for biochars due to the low bulk density of biochars creating a 
problem for liquid-solid separation (Brewer et al., 2009). 

Biochars were analyzed for field capacity and permanent wilting point, from which plant-available water 
capacity (AW) was calculated by difference between water retained at permanent wilting point and at field 
capacity (Laird et al., 2010). Biochars were filled in rings with a height of 10 mm and an interior diameter of 
35 mm. The biochars were carefully wetted from below and drained in a pressurized chamber to either 1.1 
or 15 bar on ceramic plates specific to each pressure (Chamber 1600 and 1500, Soil Moisture Equipment, 
Santa Barbara CA, USA), allowed to equilibrate, and weighed after reaching constant water contents. Water 
content was determined by drying at 105°C for overnight and field capacity and permanent wilting point 
were calculated. 

Statistical Analyses 

All data were checked for normality using by the Kolmogorov–Smirnov (Lilliefors) test. Non-normal data 
were transformed to meet the analysis of variances (ANOVA) assumptions. Differences between means of 
feedstock groups were tested with the standard least-squares mode of one-way ANOVA, followed by a 
Duncan comparison using SPSS 23.0 software (SPSS Inc., Chicago, IL, USA). Differences with probability 
larger than 95% were taken as significant. Correlation analyses were conducted among the characteristics of 
biochars produced. 

Results and Discussion 

The benefits of biochar such as a fertilizer replacement and additive to improve the nutrient availability in 
soil depend on characteristics of biochar types. Characterization of the biochar encompasses physical 
characteristics, compositional analysis and soil additive potential. Several physical and chemical 
characteristics of biochars produced are presented in Table 1-4. The mass yields and some physical and 
chemical characteristics of biochars obtained from the different sources are given in Figure 1-6. The type of 
feedstock had significant effect on mass yield of biochars. All feedstocks were pyrolyzed at 500 oC for almost 
4 to 6 hours; however, mass yield varied from 19.68% (poplar sawdust) to 62.99% (dairy manure) with a 
mean of 33.48%.  

Table 1. Physical and chemical properties of biochars produced from vegetable residues 
 Yield, (wg),% SSA, m2g-1 FC, % WP, % AW, % pH EC, dSm-1 CEC,  cmol kg-1 
Tomatoes 33.08 208.9 108.5 120.8 4.1 11.61 6.64 49.5 
Bean 30.40 117.9 111.2 98.3 7.9c 12.18 8.75j 74.7 
Pepper 34.09 133.6 128.2 128.1 5.6 11.40 4.29 79.5 
Eggplant 33.02 174.2 119.9 126.8 5.7 11.60 10.30 42.9 
Cabbage 34.19 78.07 86.8 76.4 10.4 11.84 18.24 43.4 
Cauliflower 37.68 46.53 80.4 58.6 21.9 11.88 15.76 50.9 
Gooseberry 32.09 179.7 131.6 111.7 19.9 12.42 14.79 78.2 
Kidney Bean 30.62 286.6 110.1 108.8 1.3 10.52 5.72 28.9 
 C, % N, % C:N P in Row, g kg-1 P in Bioc. , g kg-1 K in Row, g kg-1 K in Bioc., g kg-1 
Tomatoes 65.3 0.42 156.4 1.43 3.69 10.82 34.31 
Bean 79.0 0.71 111.2 2.33 5.61 24.52 36.54 
Pepper 67.4 0.49 136.3 2.05 6.56 20.68 44.40 
Eggplant 67.7 1.17 57.8 1.65 3.88 23.58 39.51 
Cabbage 39.4 0.92 42.6 1.65 4.00 16.58 44.54 
Cauliflower 42.3 0.84 50.3 0.26 5.65 2.10 41.08 
Gooseberry 52.2 0.65 80.8 1.64 3.92 36.52 52.03 
Kidney Bean 75.8 0.75 100.6 0.96 3.08 6.27 9.29 
EC: Electrical Conductivity, CEC: Cation Exchange Capacity, SA: Specific Surface Area, FC: Field Capacity, WP: Wilting Point, 
AW: Available Water Content; C: Total Carbon, N: Total Nitrogen, P: Phosphorus, K: Potassium 
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,  

Figure 1. Mass yield (%) ± SE of means of different biochar types (n=18). Any two means sharing different letters are 
statistically significant (P≤0.05) 

Specific surface area and cation exchange capacity of biochar types 

Chemical interactions between biochar and soil environment are mostly governed by its surface chemistry. 
(Weber and Quicker, 2018). The type of feedstock had significant effect (P<0.01) on specific surface area 
(SSA) of biochars which ranged from mean value of 153.2 m2 g-1 (vegetable residues) to 313.9 m2 g-1 (wood) 
(Fig. 2). The lowest SSA was obtained for cauliflower (46.53 m2 g-1) and the highest SSA for corncob (397.5 
m2 g-1) (Table 1 and 3). The higher the SSA of a biochar, the biochar can be more active in chemical 
interactions in per gram (Brewer, 2012), and hold more nutrients in addition to the direct supply of 
nutrients. Mean SSA of all biochar was 222.48 m2 g-1 which is quite high as compared to many clay minerals 
in soils. Lee et al. (2013) also reported surface area values for wood stem, sugarcane bagasse and palm 
kernel shell as over 190 m2 g-1 which was similar to the SSA reported in this study.  

Table 2. Physical and chemical properties of biochar types produced from woody materials 

 Yield, (wg),% SSA, m2g-1 FC, % WP, % AW, % pH EC, dSm-1 CEC,  cmol kg-1 

Poplar Sawdust 19.68 391.6 30.0 28.0 2.0 8.77 1.44 5.8 
Walnut Shell 31.23 318.8 45.3 41.3 4.0 9.63 3.55 20.6 
Pine Sawdust 25.27 267.2 58.2 18.4 39.8 7.89 5.06 13.9 
Rosehip Seed 32.65 278.0 17.4 16.3 1.1 8.46 1.73 6.8 

 
C, % N, % C:N P in Row, g kg-1 P in Bioc. , g kg-1 K in Row, g kg-1 K in Bioc., g kg-1 

Poplar Sawdust 83.6i 0.38 221.9 0.26 0.57 2.10 3.20 
Walnut Shell 85.4 0.32 267.9 1.65 0.92 4.43 5.30 
Pine Sawdust 91.9 0.26 348.9 0.31 0.31 0.61 0.63 
Rosehip Seed 87.2 1.01 86.2 1.38 3.61 1.56 1.56 

EC: Electrical Conductivity, CEC: Cation Exchange Capacity, SA: Specific Surface Area, FC: Field Capacity, WP: Wilting Point, 
AW: Available Water Content; C: Total Carbon, N: Total Nitrogen, P: Phosphorus, K: Potassium 

 
Figure 2. Specific surface area (m2 g-1) ± SE od means and cation exchange capacity (me 100 g-1) ± SE of means of 

biochar types (n=18). Any two means sharing different letters are statistically significant (P≤0.05) 
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Cation exchange capacity (CEC) is the ability to adhere and exchange positively charged cations such as 
important nutrients like potassium (K), calcium (Ca), magnesium (Mg) and etc. The CEC of biochars was 
significantly affected by type of feedstock. Although CEC of a biochar is directly related to its surface 
structure and surface area (Brewer, 2012), the mean CEC of woody materials (11.8 me 100 g-1) which had 
the highest SSA was significantly lower than the CEC of the rest of biochar groups (Figure 2). The CEC values 
of biochar types were considerably lower than those reported for 2:1-type clay minerals (70–250 cmol kg-1) 
or humic substances (400–900 cmol kg-1) (Sposito, 1989). The biochar produced from pepper residues had 
the largest CEC (79.5 cmol kg-1); the CEC of biochars rated between 79.5 cmol kg-1 (pepper) and 5.8 cmol kg-1 
(poplar sawdust) (Table 1 and 2). Biochars with high CEC and surface area values can be efficiently used as a 
soil amendment to improve soil quality. However, the CEC values obtained in this study are much lower than 
that reported by Yuan et al. (2011) for canola and corn straw biochars (which from 179 to 304 cmol kg-1). 
The CEC of biochars may increase by aging. Cheng and Lehmann (2009) showed that functional groups, 
acidity and negative charge at the surface of oak biochar particles significantly increased in a controlled 
aerobic incubation experiment which resulted in increased CEC of biochar by aging. 

Table 2. Physical and chemical properties of biochar types produced from woody materials 

 Yield, (wg),% SSA, m2g-1 FC, % WP, % AW, % pH EC, dSm-1 CEC,  cmol kg-1 

Rice Husk 37.83 211.8 63.3 61.9 1.4 10.20 3.29 15.2 
Corncob 27.12 397.5 119.9 107.9 12.1 9.20 9.30 10.0 
Wheat Straw 31.18 214.8 167.5 161.9 5.6 10.90 2.60 39.4 

 
C, % N, % C:N P in Row, g kg-1 P in Bioc. , g kg-1 K in Row, g kg-1 K in Bioc., g kg-1 

Rice Husk 61.7 0.45 136.7 0.32 0.05 4.29 3.89 
Corncob 88.3 0.29 306.9 0.40 0.39 6.78 9.53 
Wheat Straw 71.7 0.91 78.7 0.57 1.30 14.14 27.59 

EC: Electrical Conductivity, CEC: Cation Exchange Capacity, SA: Specific Surface Area, FC: Field Capacity, WP: Wilting Point, 
AW: Available Water Content; C: Total Carbon, N: Total Nitrogen, P: Phosphorus, K: Potassium 

Hydrological properties of biochar types 

Hydrologic properties: field capacity (FC), permanent wilting point (PWP) and available water content (AW) 
of biochars exhibited a wide range depending on feedstock type. Similarly, Gray et al. (2014) indicated that 
water uptake by biochars depends on feedstock type, which controls the residual macroporosity. The FC is a 
measure for the water held in a material that has been saturated and allowed to freely drain. Mean biochar 
FC, accepted as an indication of water availability to plants ranged from 37.7% (woody materials) to 109.6% 
(vegetable residue) (Figure 3). The FC of biochar produced from rosehip seed was only 17.4% and wheat 
straw biochar had ten-fold higher water content (161.9%) at the FC (Table 2 and 3). The biochar with the 
most desirable hydrological property (the highest FC) was produced with the wheat straw (FC=167.5%), 
however, most of the water in straw biochar was also held in PWP which made only 5.6% of the water 
available to plant consumption. Majority of the biochars with high FC had also high WP (Table 1). The mean 
PWP content of biochars was between 26% (woody materials) and 103.7% (vegetable residues) (Figure 3). 
In contrast to FC and PWP, AW content of biochars did not significantly change (P=0.466) with the type of 
biochar. Biochars produced from vegetable residues, field crop residues and animal manures hold 
significantly higher water at FC and PWP, however, majority of water hold by these biochars is tightly held 
and not available for plant use. 

 
Figure 3. Field capacity (%) ± SE of means, permanent wilting point (%) ± SE of means and available water content (%) 

± SE of means of biochar types (n=18). Any two means sharing different letters are statistically significant (P≤0.05) 
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Biochar types generated from animal manure had the lowest mean AW content (3.4%), while biochars of 
woody materials had the highest AW content (11.7%) (Figure 3). Pine sawdust biochars had significantly 
higher AW (39.8%) as compared to the rest of the biochars (mean AW was 9.25%). The AW contents of 
biochars produced from rosehip seed (1.1%), kidney bean (1.3%), rice husk (1.4%), ship manure (1.5%) and 
poplar sawdust (2.0%) were significantly lower than the other biochars (Table 1-4). In contrast to the high-
water holding capacity of biochars produced in this study, Jeffery et al. (2015) reported that the biochars 
used in their study were highly hydrophobic and the strong hydrophobicity prevented water from 
infiltrating into the biochar particles, prohibiting an effect on soil water retention. Weber and Quicker 
(2018) indicated that hydrophobicity and water holding capacity have counteracting or overlapping effects, 
and the surface functional groups and the porosity of the biochar’s bulk volume are responsible from the 
first and second factors, respectively. In another study conducted on a mesic Typic Hapludolls by Laird et al. 
(2010), the biochar amendment increased the water content held at gravity drained equilibrium (up to 
15%), at − 1 and −5 bars soil water matric potential, (13 and 10% greater, respectively). 

Table 4. Some of physical and chemical properties of biochar types produced from animal manure 

 Yield, (wg),% SSA, m2g-1 FC, % WP, % AW, % pH EC, dSm-1 CEC,  cmol kg-1 

Sheep Manure 36.80 161.3 58.1 57.7 1.5 11.82 15.37 36.0 
Poultry Litter 31.83 192.9 78.7 56.1 22.6 11.60 5.00 58.0 
Dairy Manure 62.99 163.7 32.8 29.7 3.1 10.57 4.01 40.0 

 
C, % N, % C:N P in Row, g kg-1 P in Bioc. , g kg-1 K in Row, g kg-1 K in Bioc., g kg-1 

Sheep Manure 58.9 0.74 79.4 1.76 3.98 7.44 9.94 
Poultry Litter 58.8 0.88 66.6 8.44 25.6 25.90 44.46 
Dairy Manure 35.9 0.79 45.2 4.38 13.48 10.35 9.98 

EC: Electrical Conductivity, CEC: Cation Exchange Capacity, SA: Specific Surface Area, FC: Field Capacity, WP: Wilting Point, 
AW: Available Water Content; C: Total Carbon, N: Total Nitrogen, P: Phosphorus, K: Potassium 

Carbon (C) and nitrogen (N) contents and C:N Ratio of biochar types 

Total C contents of biochar types were significantly different (P<0.01) among feedstock groups. The C 
content of woody materials (87.03%) and field crop residues (73.90%) were significantly higher than 
biochars produced from vegetable residues (61.14%) and manures (51.20%) (Figure 4). Carbonization 
increased the total C content of pine sawdust to 91.9% and rosehip seed to 87.2%. The biochar became 
highly carbonaceous, with a C content ranging from 35.9% (dairy manure) to 91.9% (pine sawdust) (Table 4 
and 2). The property of a biochar is a function of the feedstock origin, particle size, temperature and rate of 
temperature increase during pyrolysis, residence time, pressures, and conditions of the starting material 
(Guerro et al., 2005). Along with the C enrichment of biochars, Vaccari et al. (2011) stated that the carbon 
structures present in the biochar become highly resilient to the degradation by microorganisms. Therefore, 
the biochars with high C concentrations have capacity to store carbon for a long period of time contributing 
to mitigation of climate change. Lehmann et al. (2006) also indicated that biochar production from 
agricultural and forestry wastes or urban wastes have an estimated C sequestration capacity of 0.16 Pg C yr-1. 

 

 
Figure 4. Total carbon (%) ± SE of means, total nitrogen (%) ± SE of means and carbon/nitrogen ratio of biochar types 

(n=18). Any two means sharing different letters are statistically significant (P≤0.05) 

Nutrient‐rich vegetable residues contained relatively more minerals than the other feedstocks, which 
decreased the C content. The feedstock type had no significant impact (P=0.054) on total N content of 
biochars. Mean total N content of biochars produced from manures (0.80%) were significantly higher than 
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total N content of woody materials (0.50%) (Figure 4). The amount of total N conserved in biochars ranged 
from 0.26% (pine sawdust) and to 1.17% (eggplant) which was inversely proportional to the total C 
concentrations (Table 2 and 1). Although total C contents varied widely and immobilization of N depends on 
relative amounts of C sources and N availability, total N contents proved equally useful to estimate N 
availability. 

The C:N ratio is an indication of the ability for an organic substrate to release inorganic N when mixed with a 
soil. The effect of feedstock type on C:N ratio was statistically significant (P<0.01). The mean C:N ratio for 
biochars of woody materials (232.3) was almost four times higher than biochars of manures and three times 
higher than biochars of vegetables residues (92.2) (Figure 4). In general, the C:N ratio of biochars varied 
between 42.6 and (cabbage) to 348.9 (pine sawdust) (Table 1 and 2). Mukome et al. (2013) also stated that 
biochars produced from feedstocks high in C content (woody) had high C:N ratio. Therefore, the type of 
feedstock has been considered the main predictor of C:N ratio of biochar. High C:N ratios may lead to N 
immobilization after application of biochars to soil. Pretreating the biochar prior to soil application with a 
nutrient rich source such as compost or dairy effluents (Ghezzehei et al., 2014; Wang et al., 2015; Cui et al., 
2016) to adsorb N and excess nutrients lowers the C:N ratio of biochars. The C:N ratio of biochars had 
significant negative correlations with pH, EC and CEC and positive correlation with SSA of the biochar types 
(Table 5). 

Available phosphorus and potassium contents of biochar types 

The most important characteristics of biochar types affecting the short-term crop performance were 
reported as the nutrient contents such as phosphorus (P) and potassium (K) (Rajkovich et al., 2012). Mean P 
content of biochar groups was ranked as field crop residues (0.45 g kg-1), woody materials (1.35 g kg-1), 
vegetable residue (4.55 g kg-1) and animal manures (6.25 g kg-1) (Figure 5). Large variations of P and K 
concentrations in the feedstocks and biochars indicate that feedstock type plays a significant role (P<0.01) in 
regulating the nutrient contents of biochars (Table 5). Biochar types contained two to four times higher P 
than that of the raw materials. Higher contents of K and P in the biochar types compared with their 
feedstocks accord with the common observation that chemical components concentrate in the solid biochar 
phase during the pyrolysis of feedstock (Gaskin et al., 2008; Chan and Xu, 2009; Yuan et al., 2011). Gaskin et 
al. (2008) reported that about 60% of P in the poultry litter and pine sawdust and 100% of the P in peanut 
hulls feedstock were retained in the biochars produced at 500 oC. The P and K contents of the biochar types 
were significantly different (P<0.05) from each other.  The P content varied from 0.05 g kg-1 (rice husk) to 
25.6 g kg-1 (poultry litter) (Table 2 and 4). The concentration content was between 0.63 g kg-1 (pine sawdust) 
and 52.03 g kg-1 (gooseberry) (Table 2 and 1). Cantrell et al. (2012) also indicated that pyrolysis of manures 
rich in nutrients yield nutrient rich biochars. 

 
Figure 5. Available phosphorus (g kg-1) ± SE of means and potassium (g kg-1) ± SE of means contents of biochar types 

(n=18). Any two means sharing different letters are statistically significant (P≤0.05) 

Desorption of plant nutrients from biochar has direct benefits for plant growth. Initial desorption rate of 
minerals from biochar is quite rapid and followed by a zero-order reaction that continues as long as the 
system is far from chemical equilibrium (Silber et al., 2010). Poultry litter was rich in P (8.44 mg kg-1) and K 
(25.90 mg kg-1), however addition to soil in fresh form may create problems due to the diseases and 
pathogens in fresh manure (Chan et al., 2009). Application of poultry manure in biochar form eliminates the 
problems, and provides higher amount of P and K as well as N. The amounts of P (25.6 mg kg-1) and K (44.46 
mg kg-1) in poultry biochar were very high and may replace conventional P and K fertilizers for many crops 
(Table 4). Considering the application rates of 5 and 10 ton biochar ha-1, application of poultry biochar to soil 
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will provide 128 kg P ha-1 to 256 kg P ha-1 and 222.3 kg K ha-1 to 444.6 kg K ha-1. Mineral release rate of a 
biochar is important for the availability of nutrients in biochar.  Silber et al. (2010) showed that P release of 
corn straw biochar produced at 500 oC significantly increased within 24 h as pH decreased from 8.9 to 4.5. 
The authors stated that a reasonable biochar application rate may successfully meet almost whole P need of 
a crop throughout the growing season. pH-dependent mineral release study of Silber et al. (2010) revealed 
that 1/3 of total K amount (48.7 g kg-1) in the corn straw biochar was released during the first hour. The 
mean K content vegetable residue biochars (37.71 g kg-1) is similar to that reported by Silber et al. (2010) 
and the significant amount of K release from the biochar may replace conventional K fertilizers for many of 
crops grown. However, as indicated by Silber et al. (2010), K release from the biochar will not adequately 
supply long-term plant K demand. In contrast to vegetable residues, biochars produced from woody biomass 
have lower K concentration (2.67 g kg-1) and far from supplying the K demand of crops (Figure 5). 

pH and electrical conductivity of biochar types 

The pH and EC values of biochar types were significantly influenced by type of feedstock (P<0.01) (Figure 6). 
The pH value is the most important factor of a biochar in effectiveness of the agricultural applications 
(Weber and Quicker, 2018). The mean pH values of manures (11.1) and vegetable residues (11.7) were 
significantly higher than pH values of field crop residues (10.3) and woody materials (8.7) (Figure 6).  All 
biochar types had a pH of 7.89 or greater, and the pH values ranged from slightly alkaline (pine sawdust, 
7.89) to very strongly alkaline (gooseberry, 12.42) (Table 2 and 1). The addition of pine sawdust biochar to 
high pH biochar types may lower the pH value. Although only K concentrations of biochars have been 
analyzed among the alkali-earth elements, pine sawdust biochar had also the lowest concentrations of K. 
This could be the main reason for the lowest pH of the pine sawdust biochar. Significant positive linear 
correlation (r=0.86, P<0.01) between pH and K concentration of biochars supports the above discussion 
(Table 5). Fidel et al. (2012) also stated that the alkalinity of a biochar is influenced by organic functional 
groups, carbonates, and inorganic alkali composition. Low pH value of palm kernel shell (6.9) was attributed 
to the lowest concentrations of alkali and alkali-earth elements (Lee et al., 2013).  

In many cases, biochars have been used to ameliorate acidic soils where alkalinity of biochar is favorable for 
improving the soil quality, and increasing the productivity of crops grown in acidic soils. Alkaline and 
strongly alkaline biochars may increase soil pH depending on the rate of application. However, Al-Wabel et 
al. (2017) indicated that biochar application in alkaline soils may not affect soil pH due to the buffering 
capacity of alkaline soils. Moreover, the concentration of basic sites was reported decreasing through 
oxidative interactions with microbes as biochar ages, thus a decrease in soil pH was obtained due to the 
oxidation of alkaline biochar (Liu et al., 2012). Therefore, biochars produced in this study can be used as soil 
additive without considering the alkalinity effect on soils.   

 
Figure 6. The pH and electrical conductivity (dS m-1) ± SE of means of biochar types (n = 18). Any two means sharing 

different letters are statistically significant (P≤0.05) 

Electrical conductivity (EC) values of biochar types should be determined to avoid salinity problems in soils, 
especially at high biochar application rates. The type of feedstock had significant (P<0.01) effect on EC of 
biochar types (Figure 6). The EC values of biochars produced from woody materials (2.95 dS m-1) and field 
crop residues (5.39 dS m-1) were significantly lower from the EC values of vegetable residue biochars (10.56 
dS m-1). The salinity of all biochars was high, with EC varying from 18.24 dS m-1 (cabbage) to 1.44 dS m-1 
(poplar sawdust) (Table 1 and 2).  The EC values of biochar types had significant positive correlations with 
pH, CEC, FC, WP, P and K, while it had significant negative correlations with SSA, total C and C:N ratio of 
biochars. The best predictor for biochar EC values was K producing r value of 0.60 (Table 5) 
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Relationships between physical and chemical properties of biochar types 

Significantly linear relationships (P<0.01) were found between biochar pH values and all properties (except 
available water content) of 18 biochar types. Negative correlations indicated that surface area, total carbon 
content and C:N ratio of biochars were significantly decreased with increasing pH of biochars. Whereas, EC, 
CEC, FC and WP water contents available P and K concentrations significantly (P˂0.01) increased with 
increased pH values of biochar types. The correlation analysis between the CEC and water contents of 
biochars at field capacity and wilting point showed a Pearson’s correlation coefficients of 0.63 and 0.61 
(P<0.01), indicating a significant positive correlation (Table 5). Surprisingly, SSA of biochars and water at FC 
and WP had significant negative correlations (P<0.05) which might be related to the loss of functional 
groups during pyrolysis process. High correlation of CEC with FC and WP also supports the negative 
correlations of SSA with FC and WP water contents of biochars. 

Table 5. Correlations among some physical and biochemical characteristics of different biochar types  

  pH EC CEC SSA FC WP AW Biochar% 

pH 1.00        
EC 0.69** 1.00       
CEC 0.83** 0.49** 1.00      
SSA -0.65** -0.52** -0.70** 1.00     
FC 0.50** 0.48** 0.63** -0.33* 1.00    
WP 0.53** 0.46** 0.61** -0.32* 0.93** 1.00   
AW 0.25 0.29 0.32* -0.19 0.27 0.01 1.00 

 
Biochar% 0.36* 0.16 0.29 -0.63** -0.09 0.03 -0.12 1.000 
  pH EC CEC SSA C N C:N P K 

C -0.62** -0.41** -0.59** 0.74** 1.00         
N 0.33* 0.30 0.32* -0.37* -0.39** 1.00       
C:N -0.51** -0.45** -0.50** 0.59** 0.69** -0.90** 1.00     
P 0.63** 0.36* 0.78** -0.71** -0.62** 0.52** -0.68** 1.00   
K 0.86** 0.60** 0.87** -0.56** -0.56** 0.44** -0.58** 0.67** 1.00 
EC: Electrical Conductivity, CEC: Cation Exchange Capacity, SSA: Specific Surface Area, FC: Field Capacity, WP: Wilting Point, 
AW: Available Water Content, C: Total Carbon, N: Total Nitrogen, P: Phosphorus, K: Potassium 

Positive correlation (P<0.05, r= 0.74) between SSA of biochars and total C content indicates that the higher 
the carbon content of the biochar the higher the surface area of the material. Biochar yields of feedstocks and 
SSA of biochar types had significant negative correlations (P<0.01). Lee et al. (2013) also reported very low 
SSA for cocopeat biochar (13.7 m2 g-1) despite its’ the largest mass yield (45.9% dry ash free basis) among 
the biochars studied. The CEC and SSA of biochars had significant negative correlation (P<0.01, r= -0.70) 
(Table 5). The decrease of CEC with the increased SSA is probably related to the loss of functional groups 
during pyrolysis of feedstocks. Gaskin et al. (2008) found a considerable reduction of the CEC with an 
increase in SSA of biochars. 

Conclusion 
Physical and chemical properties of biochars, produced from several agricultural residues revealed that 
some of biochars might have many advantages in agriculture in terms of crop productivity and sustainability 
of soil fertility. Significant differences among biochars produced at the same pyrolysis temperature showed 
that the feedstock characteristics had the greatest influence on key agricultural characteristics of biochars. 
Application of biochar with high CEC, SSA and nutrient content can be considered an important additive to 
improve quality of soils with low CEC (particularly high sand content) and inadequate organic matter. Most 
of biochars (particularly woody materials and field crop residues) have higher SSA than sandy and 
comparable to or higher than clayey soils, therefore, water storage and nutrient holding capacities of sandy 
soils can be improved by the addition of biochars with high SSA.   
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Soil moisture is an influential parameter in land surface hydrology and precise soil moisture 
data that can help researcher to realize the climate changes and land-atmosphere 
interactions. A initial struggle for the utilize of soil moisture data from satellite sensors is 
their reliability. It is important to appraise the dependability of those data before they can 
be regularly used at a global or local scale. In this study, the satellite soil moisture data was 
evaluated from the Soil Moisture Active/Passive (SMAP) over Simineh-Zarrineh Catchment 
in Bokan region, NW of Iran. A total of 287 soil samples as ground-based observations in the 
time period of 03 April to 03 December 2017 were taken for SMAP data validation. Results 
showed that the satellite data and in situ observation has a good correlation, with a mean 
correlation (r) value of 0.63 in total. This correlation level showed that, commonly, the 
SMAP soil moisture products over Simineh-Zarrineh Catchment (Bokan) have great quality, 
and it would be valuable for versatile utilization, including monitoring of land surface, 
weather prediction, modeling of hydrological process, soil loess monitoring, and climate 
studies. The results reveal that the remotely sensed data demonstrate the good correlation 
with in situ observation across the dry land with mean correlation (r) values of 0.67 
throughout the time period. Particularly, SMAP soil moisture reveal a constant structure for 
obtain the spatial distribution of surface soil moisture. Additional researches are necessary 
for well realizing the SMAP data. 

 Keywords: Dry land, NDVI, RMSE, Soil water.   
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Introduction 
Soil moisture is a main control on many hydrological phenomena, particularly runoff formation, evaporation 
of soil and transpiration of plant. Soil moisture is one of the most difficult variables to prospect, because of 
its interaction with parameters as an example soil types, topography and vegetation (Wilson et al., 2004). 
The utilize satellite data has become a potent tool to increase our knowledge of the impress of soil moisture 
in the hydrological phenomena in some regions, e.g., land-atmosphere phenomena (Miralles et al., 2012; 
Taylor et al., 2012); weather and runoff prediction (Brocca et al., 2010; Bisselink et al., 2011); landslides 
(Brocca et al., 2012); agricultural drought monitoring (Sánchez et al., 2018) and precipitation products 
(Chen et al., 2012).   

In the last two decades, several researches have illustrated that soil moisture can be recaptured by satellite 
missions, the most important ones are the Soil Moisture Ocean Salinity (SMOS) (Kerr et al., 2010) and Soil 
Moisture Active/Passive (SMAP) (Entekhabi et al., 2014). Lately, NASA's Soil Moisture Active/Passive 
(SMAP) satellite mission was inaugurated on January 31, 2015. The goal of the operation is monitoring of 
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soil moisture and landscape freeze/thaw state at global scale. The SMAP measurements will, therefore, 
donate to enhanced predictions of water, energy and carbon movement between the land and atmosphere 
(Entekhabi et al., 2010). Nevertheless, as an outcome of the several procedures used for various satellite 
data, the quality and continuity of passive microwave soil moisture data changes in spatially and temporally 
(Owe et al., 2001; Parinussa et al., 2011; Dorigo et al., 2016). The appraisal of remotely sensed data is 
essential to guide their accurate apply and to enhance our comprehension of their advantages and 
disadvantages under various situation over the world and at various times. 

In the circumstance of the SMAP mission, the requirement is an accuracy of 0.04 cm3.cm-3 for volumetric soil 
moisture (Entekhabi et al., 2014). Moreover mission demands standard, validation prepares the users with 
quality confidence, which in theory should comprise higher assurance and acceptation, resulting in further 
to extensive utilize of the mission products. This in turn prepares encourage for the mission and its 
substitutes. Eventually, from the scientific viewpoint remote sensing in special, there will be approximately 
uncertainty in the data because of lack of clarity in defining contributing area and depth for the different 
satellite operation sensors and frequencies. Validations help us to find a solution for these subjects and 
enhance algorithms through a careful appraisal of algorithm efficiency and anomalies. 

Some researchers have appraised soil moisture data based on passive microwave sensors versus in situ 
observation across various areas (Brocca et al., 2011; Albergel et al., 2012; Parinussa et al., 2015; Wu et al., 
2016).  Former studies have also concentrated on the comparison of some soil moisture data (Kerr et al., 
2012; Albergel et al., 2012; Dorigoet al., 2015). Leroux et al. (2014) performed comparisons between the 
SMOS, ASCAT, and ECMWF (European Centre for Medium-Range Weather Forecasts) soil moisture data and 
the outcomes show that SMOS retrievals are adjacent to the ground measurements with a low average root 
mean square error of 0.061cm3.cm-3. Al-Yaari et al. (2014) conducted a comparison among the SMOS and 
AMSR-E data used by extended period of time and shown that in terms of correlation values, the SMOS data 
was discovered to better capture the soil moisture temporal dynamics in generously vegetated biomes while 
good outcomes for AMSR-E were obtained over arid and semi-arid biomes. Zeng et al. (2015) analyzed 
comparison the AMSRE, AMSR2 and ASCAT data applying annual and seasonal succession, and the outcomes 
show that the AMSR-E and AMSR2 data were underestimated generally. Zeng et al. (2016) performed a 
introductory assessment of the SMAP radiometer data versus in situ observations gathered from various 
networks that contain disparate climatic and land surface situations, and the outcomes demonstrate that the 
SMAP data is in excellent concurrence with the in situ observations, despite the fact that it show dry or wet 
bias at various areas. 

Because of the lack of long time period SMAP soil moisture; there is an absence of sufficient investigation 
compared to other soil moisture data. The SMAP data has been appraised in comparison with the 
uncertainty of downscaled brightness temperature obtained from airborne and ground remarks 
concurrently (Leroux et al., 2014; Das et al., 2016).  

Due to the lack of systematic ground based monitoring of soil moisture and irregular topographies in the 
region such as studies would be essential and should be done. SMAP data can be used to understanding 
hydrological processes in the region because of good temporal resolution. In this research, it would be 
efforts to comparison SMAP data at daily time scales over the Simineh-Zarrineh catchment in Bokan city, NW 
of IRAN used by in situ observation from soil samples for 03 April to 03 December 2017. It would be the 
evaluation of SMAP data by ground based soil moisture in various land uses of semi-arid region to achieve 
the overall outlook of the SMAP soil moisture data accuracy and prepare a more practical outline for the 
applicability and accuracy of SMAP for various implementation.  

Material and Methods 
Study area 

The Simineh-Zarrineh catchment with an area of 17563 km2 is placed in the mountainous area of northwest 
of Iran and covered West Azarbaijan, East Azarbaijan and Kurdistan provinces with 56, 16 and 28 
percentage of the catchment area respectively. (Urmia Lake Restoration National Committee, 2015). The 
Simineh-Zarrineh catchment is located (latitude 35⁰42′14″ to 37⁰44′31″ N, longitude 45⁰31′32″ to 
47⁰22′21″ E) in the southern and southeastern parts of Urmia Lake and regarding the size it is the largest 
sub-basin of Urmia Lake basin (Figure 1). The lowest and highest elevation above sea level in the area is 
1254 and 3389 meter respectively. Dominant crop in dry lands are barely, wheat and in irrigated 
agricultural land are sugar beet, alfalfa and apple. 
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Figure 1. The 2018 Land Use Map of Simineh_Zarrineh Catchment (Bokan), in-situ soil moisture observations sites and rivers. 

The rivers of Zarrinehrud and Siminehrud are perennial streams in this catchment with a highest discharge 
of about 3 billion cubic meters annually in the period 1995–2014 are regarded as water full rivers in the 
country. Zarrinehrud and Siminehrud river basins supply about 52% of environmental flow of Urmia Lake in 
each year. The length of Zarrinehrud and Siminehrud river is about 240 and 200 km and the area of the 
basin is 11642 and 5921 km2 respectively. (Ahmadaali et al., 2018). The local climate is characterized by a 
dry steppe, hot summers, cold winters, low precipitation, high evaporation and low humidity. The annual 
average temperature and annual average precipitation are 12.1 C⁰ and 423 mm respectively.  

Datasets    

SMAP satellite was launched on January 2015 by the National Aeronautics and Space Administration (NASA) 
(Entekhabi et al., 2010). SMAP supplies soil moisture data that envelopment the upside 5 cm of the soil 
column with an preciseness of 0.04 cm3.cm-3 and a spatial resolution of 3, 9, 36 km, and envelopments  the 
earth every three days (Entekhabi et al., 2010; Leroux et al., 2016; Das et al., 2011; Reichle et al., 2016). The 
SMAP criterion science data are demonstrated in the Table 1. on the whole, the SMAP task will create 15 
distributable data representing four levels of data processing.  

Table 1. Product Information of SMAP Mission 
No. Product Description Resolution 
1 L1A_Radiometer Radiometer Data in Time-Order - 
2 L1A_radar Radar Data in Time-Order - 
3 L1_TB Radiometer TB in Time-Order (36×47 km) 
4 L1B_S0_LoRes Low-Resolution Radar бB in Time-Order (5×30 km) 
5 L1C_S0_HiRes High-Resolution Radar бB in Half_Orbit 1 km (1-3 km) 
6 L1C_TB Radiometer TB in Half-Orbit 36 km 
7 L2_SM_A Soil Moisture(Radar) 3km 
8 L2_SM_P Soil Moisture(Radiometer) 36km 
9 L2_SM_AP Soil Moisture(Radar+Radiometer) 9km 
10 L3_FT_A Freeze/Thaw State(Radar) 3km 
11 L3_SM_A Soil Moisture (Radar) 3km 
12 L3_SM_P Soil Moisture (Radiometer) 36km 
13 L3_SM_AP Soil Moisture (Radar+Radiometer) 9km 
14 L4_SM Soil Moisture (Surface and Root Zone) 9km 
15 L4_C Carbon Net Ecosystem Exchange (NEE) 9km 
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Level 1 product contains instrument-related data and appears in granules that are based on half orbits of the 
SMAP satellite. Level 2 products are geophysical retrievals of soil moisture on a fixed Earth grid based on 
Level 1 products and ancillary information; the Level 2 products are output on a half-orbit basis. Level 3 
products are daily composites of Level 2 surface soil moisture and freeze/thaw state data. These level 
products are daily global composites of the Level 2 geophysical retrievals for an entire UTC (Coordinated 
Universal Time) day. Level 4 products are model-derived value-added data products of surface and root 
zone soil moisture and carbon net ecosystem exchange that support key SMAP applications and more 
directly address the driving science questions. These level products contain output from geophysical models 
utilizing SMAP data (https://smap.jpl.nasa.gov/data/). In addition, the SMAP soil moisture data supplies 
measurements and analysis update data including pertinent geophysical fields reported as 3-hourly time 
averages, allocated over a 9-km grid (Reichle et al., 2015). In this research Level 4 products was used for 
validation and verification. All of SMAP data is downloadable from https://nsidc.org 

In Situ Soil Moisture and Land Use Data 

Sampling strategy based on regular sampling grid and in accordance with the pixel size of the satellite. In 
situ soil moisture samples in depth of 0 to 5 cm were collected from 287 soil sample points at six time 
periods in this paper (Figure 1). It has been attempt to select number of point based on the percentage of 
area covered by each land uses (Table 2). At each monitoring point, soil samples of topsoil (0–5 cm) were 
collected using a core sampler with 5-cm diameter and 12 cm height on six occasions from 03 April to 03 
December 2017. Soil samples were taken in accordance with satellite data acquisition time. But when the 
surface was covered with snow, sampling was not done. The minimum and maximum intervals of soil 
samples point were 10.7 and 7.2 km respectively. After collecting, samples were put in plastic bag with tight 
fitting lids. Soil moisture was measured using mass method by the oven in the lab. After weighing, samples 
for 24 to 48 hours were dried in an oven at 105 ° C and then volumetric soil moisture percentage had been 
determined. 

Data acquired in time period of 03 April to 03 December 2017. The soil moisture observation points 
acquired data for six days according to time table of SMAP mission. During the sampling process it has also 
been tried to the spatial distribution of the samples are located in all land uses. 

The land use map is classified in accord with the 2018 Landsat 8 satellite data with a spatial resolution of 30 
m in July (Figure 1). It was utilized to analyze the efficiency of SMAP data for various land use types over the 
Simineh-Zarrineh catchment (Bokan). The Land use map 2018 covering soil samples and rivers location is 
displayed in Figure 1. The number of soil samples distributed in various spatial areas and land use types is 
displayed in Table 2. Total of 287 soil samples were chosen for daily analysis.  

Table 2. The number of soil sample sites situated in various land use over the Simineh_Zarrineh Catchment (Bokan). 

Land Use Percentage of Area(%) Number of Soil Samples 
Water body 4.65 0 
Pasture 35.65 106 
Irrigated agricultural land 8.43 41 
Barren land 19.56 57 
Dry land 28.22 83 
Residential land 3.51 0 

Methods 

Previous researches have follow various approaches to compare remotely sensed soil moisture with in situ 
measurements (Entekhabi et al., 2010; Wu et al., 2016; Crow et al., 2012; Wang et al., 2016). In this study, the 
qualities of SMAP data were appraised by comparing them to the in situ soil moisture measurement from 
ground points. Four statistical indicators were used, containing the mean difference (MD), the root mean 
square difference (RMSD), the unbiased root mean square error (ubRMSE) and the correlation coefficient 
(R).  

The accuracy of SMAP data are assessed regarding the MD, the RMSD, and the R. The MD represents the bias, 
namely the systematic difference between satellite soil moisture retrievals and in situ soil moisture 
observation. The MD was determined by the following equation (1): 

   
∑  (  ( )      ( ))
 
   

 
 

(1) 

The RMSD is a frequently used measure of the differences between SMAP data and in situ observation. RMSD 
is the square root of the average of squared errors. The RMSD was expressed by following equation (2): 
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(2) 

Where; Qs represents as a remotely sensed soil moisture (cm3.cm-3), Qm is the in situ soil moisture 
observation (cm3.cm-3) and N expressed by total number of samples, and i represents a specific sample.  

So that get an enhanced authentic prediction of RMSD, the bias can be absolutely eliminate by determining 
the ubRMSE that illustrates random error. The ubRMSE is computed by the following equation (3) 
(Entekhabi et al., 2014). 

        √(    )  (  )  (3) 

The r reveal the proportionate of preciseness among SMAP data and in situ soil moisture observation. The 
correlation coefficient(r) expressed by following equation (4): 

   
∑ (  ( )    )(  ( )    )
 
   

(   )    
 

(4) 

Where; бs and бm are the standard deviation of satellite and in situ data (cm3.cm-3), respectively and μs is the 
mean of SMAP soil moisture throughout the whole appraisal time period (cm3.cm-3), and μm is the mean of in 
situ soil moisture observation (cm3.cm-3). Normalized Difference Vegetation Index (NDVI) is the extensive 
used vegetation index to recognize healthy vegetation from others or from non-vegetated areas. NDVI was 
calculated following equation (5): 

     (
     

     
) (5) 

Where; NIR is Near Infra-Red band(band 5 for both Landsat 8 and ETM+ sensor) and R is Red band (band 4 
in case of Landsat 8 and ETM+ sensor). 

Results  
SMAP data was appraised by comparing with in situ observation with four statistical criteria during 03 April 
to 03 December 2017 were used to analyze and validation in various land use types. The outcomes of MD, 
RMSD, ubRMSE and R were computed for SMAP product with in situ observation. As seen in Figure 2, the MD 
for SMAP soil moisture had positive values of 0.011, 0.009, 0.023, 0.012 cm3.cm-3 in 08 May, 03 July, 13 
September and 03 November respectively, despite in another times, MD had negative values of 0.007 cm3.cm-

3 and 0.021 cm3.cm-3 in 03 April and 03 December, respectively. The SMAP soil moisture demonstrates good 
performance with RMSD values ranging from 0.18 cm3.cm-3 to 0.33 cm3.cm-3 and ubRMSE value from 0.17 
cm3.cm-3 to 0.33 cm3.cm-3. Figure 2 demonstrates that, SMAP data compared to the in situ measurement is 
well correlated, with r equal 0.77 and 0.72in 03 July and 03 November respectively and great correlated with 
r equal 0.62 in 03 April respectively also good correlated with r equal 0.56, 0.57 and 0.52 in 08 May, 13 
September and 03 December respectively. The SMAP soil moisture demonstrated the good correlation with 
in situ measurement in 03 July. 
 

 
 

Figure 2. Evolution of four statistics results for SMAP daily data of Simineh-Zarrineh Catchment (Bokan). 

As shown in Figure 3, the correlation coefficients for the daily data, as appraised by the different time period, 
the SMAP data is mostly have great performance. SMAP soil moisture displays distinguish variation. The 
correlation between SMAP and in situ data were shown in Figure 3. Correlation values between the data sets 
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are great along most of the time period in variation of biomes and climate circumstances in 03 July and 03 
November with averaged values of r=0.77 and r=0.72 respectively. In 03 April, 03 September, 08 May and 03 
December the correlation between SMAP and in situ data was good with r values of 0.61, 0.57, 0.56 and 0.52, 
respectively.  So that SMAP soil moisture data had been great performed, as indicated by higher r values 
(Figure 2), in the 03 July and November also SMAP soil moisture had the lowest correlation with in situ data 
in the 03 December relative to the other times. 

 

Figure 3. Correlation between SMAP daily data and in situ data in different land use  of Simineh-Zarrineh Catchment 
(Bokan). 1:1 dot line and fitted solid line. 

The accuracy of SMAP data is influenced by the kind of land use. The MD, RMSD, ubRMSE and R were 
computed for the SMAP data with various land use (Figure 4).  

For the SMAP soil moisture data, the good efficiency was achieved in 03 July for the dry lands, where the MD, 
RMSD and ubRMSE values were 0.08, 0.18 and 0.17 respectively. Low range of soil moisture variation in 
pasture partially donates to the low RMSD and ubRMSE, as showed in the correlation coefficients (Figure 4). 
The average value of correlation coefficients for the dry land and irrigated agricultural land were 0.67 and 
0.54 (p > 0.05), respectively. Compared with other land uses, the dry land showed the best r values for SMAP 
soil moisture data ( 0.67 cm3.cm-3). 

SMAP soil moisture data obtained in barren land showed negative MD in 03 April and 03 December, a partly 
high RMSD (0.31 cm3.cm-3) and a good r value (0.75) in comparison with in situ data. The minimum MD and 
the good average value of r outcomes were achieved in dry land for SMAP soil moisture data in 03 July 
(Figure 4). Daily SMAP data demonstrated the lowest r value for irrigated agricultural land, with an average 
r value of 0.54 in 03 April to 03 December.   The efficiency of the SMAP data retrieved from different land use 
of Simine-Zarrineh catchment was analyzed. Daily averaged SMAP data were in comparison with in situ data 
by correlation coefficient (Table 3). 

Negative MD values in the 03 April for barren land and irrigated agricultural land and in the 03 December 
for all land use types had been seen in daily average SMAP soil moisture, which means that the data are 
underestimates (Figure 4a,f). Low positive MD values in SMAP soil moisture data for whole land use types 
had been seen in 03 July (Figure 4d). The highest MD values connect to SMAP soil moisture were achieved in 
the 08 May and for Pasture (Figure 4b).  The good results for SMAP soil moisture in the 13 September for dry 
land obtained in RMSD and ubRMSE (Figure 4c). The SMAP soil moisture showed the lowest RMSD (0.33 

a 
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cm3.cm-3) and ubRMSE (0.32 cm3.cm-3) in the 03 April and 03 November for irrigated agricultural land 
(Figure 4a,e). Small MD values occurred in 03 July and 03 November for all land uses, showing that more 
precise soil moisture predict were achieved for SMAP soil moisture (Figure 4d,e). 

 
Figure 4. Results of cross validation for SMAP soil moisture daily data with different Land use types of Simineh-

Zarrineh Catchment (Bokan). 

Table 3. Mean correlation and standard deviation for SMAP daily data versus in situ data in different land use of Simineh-
Zarrineh Catchment (Bokan). 

 Land use type 03 April 08 May 03 July 13 September 03 November 03 December 
Average 
correlation 
(r) 

Barren land 0.64 0.57 0.75 0.55 0.71 0.67 
Dry land 0.69 0.63 0.81 0.61 0.76 0.61 
Irrigated agricultural land 0.54 0.52 0.58 0.51 0.59 0.51 
Pasture 0.59 0.47 0.66 0.57  0.63 0.59 

Standard deviation 
 

Barren land 0.25 0.19 0.21 0.23 0.18 0.29 
Dry land 0.22 0.17 0.12 0.2 0.15 0.26 
Irrigated agricultural land 0.26 0.23 0.27 0.29 0.25 0.33 
Pasture 0.29 0.21 0.23 0.24 0.22 0.31 

With regard to land uses, dry land, barren land, pasture and irrigated agricultural land the average r value 
were 0.76, 0.61, 0.57 and 0.54 respectively (Figure 5). The best average R value for dry land, Pasture, Barren 
land and irrigated agricultural land in this time period were in 03 July, 03 November, 03 July and 03 
November respectively (Figure 5).  SMAP soil moisture had the good results regarding r values (r>0.70) in 
the 03 July for dry land (Figure 5).    

 
Figure 5: Results of correlation among SMAP data and in situ data for various land use types and different times of 

Simineh-Zarrineh Catchment (Bokan). 
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Discussion 
The vegetation diversity, soil and climate features are the critical parameters that affect the outcomes. 
Moreover, there is significant spatial variety in various land use types and temporal and dynamical 
modification in their features, which lead to various grades of efficiency in spatial-temporal assessment. The 
weak outcomes of this appraisal would be described by some causes. First, uncertainties result from several 
complicated parameters that influence the radiative transfer model (Wu et al., 2016). Second, there exist 
dissimilarity in the vertical depth checked out by the satellite SMAP soil moisture and the in situ data. The 
soil water content of the surface layer (5 cm) detected by SMAP soil moisture will be different from the 
deeper layer which observed by the soil sampling (5 cm). The soil water content in the surface layer that 
detected by satellite tends to react further quickly to atmospheric process than the deeper soil layer. 

The SMAP protocol utilize an Ensemble Kalman Filter (EnKF) to be revealed SMAP data with soil moisture 
prediction from the NASA Catchment land surface model (Reichle et al.,2016). Various recovery procedure 
and brightness temperature measurement was utilized by SMAP (Das et al., 2016; Das et al., 2011), which 
contributes to the differences evaluation results. The immense nonuniformity in each pixel comparative to 
the in situ observation negatively affected the accuracy of the appraisal (Jackson et al., 2010). The 
parameters discussed above may also use to the SMAP soil moisture. The SMAP soil moisture ordinary 
demonstrated well concurrence with the reference data and successfully captured the spatial and temporal 
changes showed in Figures 2–5 and Tables 3. As an example, SMAP soil moisture performed good in the 
areas covered by dry land, because of low fluctuation of vegetation in this time period (Dorigo et al., 2010). 
The apposite, SMAP soil moisture showed poor correlations among the reference data in irrigated 
agricultural land (Figures 4 and 5), since that fluctuation of vegetation in its area is very high. These impacts 
would be originated to the high range of changes in soil moisture in these areas, which approximately fit to 
the anticipated retrieval accuracy of the satellite data (Al-Yaari et al., 2014). Meanwhile SMAP soil moisture 
also showed low correlations with the in situ data in Pasture areas in 08 May. As shown in Figure 1, about 
35.65 percentage of this study area covered with its.  

The outcomes approved that vegetation performs a great role in the appraisal efficiency of the SMAP 
product. It could be seen from Figure 6 the NDVI were large through the year for Irrigated agricultural land. 
The correlation among the SMAP soil moisture calculated r with in situ and NDVI is relative numerous with a 
high value of 0.53 (Figure 7), which revealed the effect of vegetation to soil moisture data. The quality of 
remotely sensed data reduces with increasing vegetation severity in dry land, Pasture and Irrigated 
agricultural land (Figure 7). These results were accordant with former researches (Brocca et al., 2013a,b,c). 
While Barren land areas did not exhibit same correlation structure with other land use types, this can be 
partially described by the very low vegetation in Barren land (Figure 7). 

 
Figure 6. The temporal variation of mean NDVI for various land uses. 

Investigating the temporal trends further nearly, SMAP soil moisture oriented to underestimate soil 
moisture in 03 April and 03 December and presents properly throughout the dry season (e.g., from 08 May 
to 03 September) than throughout the rest of the year. The causes can be linked to some aspects. First of all, 
low frequency of precipitation in summer than other time periods, that partially showed the good 
performance of SMAP data in summer. Meantime, the April to September in addition has plentiful vegetation, 
which more intensifies the incompatibility with in situ soil moisture. In this research, with NDVI of various 
land use types from April  to December 2017 (Figures 6) and the correlation among SAMP soil moisture 
appraised r versus in situ and NDVI (Figure 7), impact of vegetation for soil moisture data can be measurable 
described. 
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Figure 7. Correlation coefficient (r) between NDVI and SMAP soil moisture evaluation results with in situ (r). 

Moreover, several aspects of the spatiotemporal data would be underlined. From Figure 4, it would be 
understand that the dry land outperforms the other land use throughout almost the whole time period. As 
exhibit from Figure 7, bigger NDVI in irrigated agricultural land donated to the poor performance. In spite 
the fact that in dry land the NDVI exhibit great effect on the appraisal of SMAP soil moisture data, in other 
words several parameters as an example large spatial intricacy of topography and surface characteristic may 
principally affect the appraisal outcomes. Nevertheless, the SMAP soil moisture show reverse outcomes for 
correlation from 03 April and 03 December in barren land as shown in Figure 4. This outcome would be 
because of a number of parameters, comprising greater vegetation coverage or variation in precipitation. 
Regarding the complete divergence among satellite and in situ soil moisture data, SMAP soil moisture 
exhibited relatively low mean RMSD and ubRMSE (Figure 2). In Figure 4, the dry land and pasture shows 
lower RMSD for the SMAP data. Meanwhile, the dry land exhibits relatively smaller RMSD and ubRMSE over 
the time period. It is mostly shown from Figure 4 that the dry land is principally situated in area with low 
NDVI variation over the year (Figure 6). The small range and change of soil moisture in these land uses 
partially donated to the small RMSD and ubRMSE. For validation of remotely sensed data, the greatest 
interesting subject is the representativeness of the in situ observations; both in situ sensor errors and the 
taken sampling of the true field mean soil moisture on the basis of a finite number of point samples can 
reason bias and magnitude errors in the predictions (Entekhabi et al., 2014). Despite the fact that SMAP data 
exhibit well concurrence with in situ data in r, for instance, dry land executed good with daily mean 
measurements for SMAP data, moderate executes were found for irrigated agricultural land for SMAP data, 
however the ubRMSE value of SMAP data in different land use and time periods can’t meet the design 
criteria. Anyway, systematic deviations among remotely sensed and in situ data are frequently discovered 
although the temporal dynamics are highly similar (Loew and Schlenz, 2011). In this research, in situ data 
near water body were eliminated. Therefore, differences may seem somewhat. It has been conclude that 
SMAP soil moisture products over Simineh- Zarrineh catchment (Bokan) are practical for different utilization 
such as predicting rainfall, monitoring of climate change and hydrological modeling, that based on good 
remarked universal soil moisture datasets from remotely sensed. 

Conclusion 
This research prepared an inclusive assessment of the SMAP data across the Simineh- Zarrineh catchment 
(Bokan) using in situ data of 287 sampling point distributed through this catchment as ground control. The 
results indicate the SMAP soil moisture data appear relatively good agreement with in situ data placed in 
various land uses and arranged in a time periods. This conclusion can be supported well by the four 
statistical criteria (MD, RMSD, ubRMSE and R). Our analysis evaluation mentions that the efficiency of the 
SMAP soil moisture changes rely on their spatial distribution, time periods distribution and land use types. 
Regarding that spatial series analysis, SMAP data in the land use covered by dry land exhibit well 
concurrence with in situ data. Poor correlation coefficient in 03 December and a good correlation coefficient 
in 03 July have been shown. Generally results demonstrate best performances of the product to retrieve 
surface soil moisture as well as short term variability. Correlation values among the data sets are very 
satisfactory across most of the inspected sites situated in contrasted various land use types with mean 
values of 0.68, 0.64, 0.58 and 0.54 for dry land, barren land, pasture and irrigated agricultural land 
respectively. It is important to express that although the appraised SMAP soil moisture products utilized in 
this research were discovered to be very dependable in accord with the spatial and temporal analysis. 
Concentrated on the effect of spatial-temporal characteristics, the land use types with pasture, irrigated 
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agricultural land, barren land and dry land were significantly influenced by seasonal variation. Generally, the 
conducted validation assessment permitted definition of the dependability of SMAP data through a strong 
and standardized compared by ground measurements for assessment of spatiotemporal series on daily time 
scales across the Simineh- Zarrineh catchment (Bokan). In summary, the accuracy and reliability of the 
SMAP data predicts changes rely on land uses. These outcomes are in concurrence with our anticipation that 
SMAP data are mostly of best quality over low vegetation covered regions. This subject would be addressed 
in future researches to enhance the accuracy of SMAP data predicts. 
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The aim of this study is to map citrus planted areas, which have been detected by traditional 
methods to date, with a high accuracy method and to reveal the land characteristics and 
fertility conditions. A database was created for citrus planted areas with the help of high-
resolution Worldview 2 satellite images in this study. By creating the digital elevation 
model, orthorectification of satellite images was made and slope, aspect and elevation 
characteristics were determined. Using soil maps, maps showing terrain characteristics 
were produced. 43 soil samples were taken to represent citrus planted areas; geostatistical 
maps showing their pH, salinity, lime, texture, organic matter, total N, available P; 
exchangeable K, Ca, Mg, Na, available Fe, Cu, Zn, Mn levels were created and their statistical 
analyses were performed 2,132.08 ha citrus planted area was found in the study area. The 
parameters obtained from the digital elevation model (slope, aspect, elevation), the data of 
the land from the soil maps and the physical properties-macro/micro nutritional contents of 
the soil produced by the geostatistics method were evaluated together. It was determined 
that the features in all areas mapped as citrus planted area are quite suitable for citrus 
production. However, it is thought that Fe and Zn uptake from the soil will decrease due to 
the fact that the pH level is slightly alkaline and high lime contents. Identifying and 
sustainable monitoring of citrus production areas, which are very important in terms of 
economy, accurately, up-to-date, without causing loss of time and labor, will be possible 
with integrated use of GIS and RS techniques. 

 Keywords: Citrus, soil fertility, geostatistics, Worldview 2 satellite imagery.   
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Introduction 
Citrus, which can be grown in tropical and subtropical climate regions, is a plant association containing the 
citrus fruit tree species of Rutaceae family including not only the ones that are common and have economical 
value such as orange, mandarin, grapefruit, bitter orange and lemon species but also shaddock, citron and 
bergamot (Uysal and Polatöz, 2017). Especially rich in vitamin C, it can be consumed as fresh fruit, fruit juice, 
and jam; extracts can be taken from its flowers, fresh sprouts, and peels; whereas its peels can also be used 
in making animal feed. (Gamze and Kısmalı, 2003). Total phenolic matter, mineral matter and vitamin 
content of the peels were found to be higher than fruit and fruit juice (Belitz and Grosch, 1999; Güzel and 
Akpınar, 2017). Our country is extremely suitable for the production of citrus fruits in terms of ecological 
conditions. Turkey is located on the northern edge of the world citrus fruit production (Akgün, 2006). The 
production of citrus fruits, which is an economic vegetable product, has seen to increase considerably in 
recent years. The most important factors in the choice of citrus production are the presence of multiple uses 
in the national economy, its importance in the health-nutrition chain, its high employment potential and its 
ability to adapt to regional conditions. For this reason, it has become a necessity of our age to use more 
modern and reliable methods in order to increase the productivity of citrus production areas, to maintain its 
sustainability and to meet the nutritional needs of people accurately and healthily.  
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The Geographical Information System (GIS) and remote sensing technique have emerged as reliable and 
effective data providers and methods for sustainable management of agricultural areas. Remote sensing 
including satellite images, aerial photographs, LIDAR images, different image processing techniques and 
algorithms (NDVI, EVI, SAVI, NDWI) pixel/object-based classification are used in many applications such as 
determination of the plant pattern in agricultural activities, yield estimation and determination of field use 
and disease/ harm/damage detection. On the other hand, GIS is an application that has the ability to 
visualize information obtained from different sources (vector, raster, text data) as well as to produce, store, 
process and analyze. Das et al. (2009) by using the remote sensing technique and GIS in their study, made an 
assessment of the yield that can be obtained from citrus planted areas. Areas that may affect crops such as 
different plant conditions, water stress, and soil erosion are mapped. Lopez et al. (2010) conducted a 
multistage classification study to identify citrus orchards in the Comunidad Valenciana region of Spain using 
GIS. By automatic classification, an accuracy of 85% was achieved. Supported by field studies, the method 
reached 94.38% accuracy with the proposed methodology in recent conditions. In a study conducted in Iran, 
temperature, co-elevation maps and topographic maps produced for 30 years since 1980 were transferred 
into GIS and statistical analyses were performed. In this study, it was determined that minimum 
temperature value and elevation from the sea had a significant negative effect on citrus production. As a 
result, it was emphasized that citrus fruits are affected more from low temperatures and the maximum 
elevation is suitable up to 700 m for a profitable production (Zabihi et al., 2016). In Pakistan, Naseem et al. 
(2016), has aimed to reveal the relationship between citrus and environmental conditions in order to 
identify the citrus tristeza virus. The geographic information system was used to determine the spatial 
distribution of citrus areas, the formation of citrus tristeza virus and effects of environmental factors; 
temperature and precipitation. The effect of yearly incidence of temperature, precipitation, and associated 
citrus tristeza virus has shown that the annual average temperature has a negative correlation with the 
frequency of citrus tristeza virus. However, a positive correlation was observed between the incidence of 
citrus tristeza virus and precipitation factor. Digital maps created by the data involving topography, land use, 
soil, and climate were used to determine the characteristics of citrus planted areas in Chongqing, China. A 
total of 50 randomly selected orchards (2032 ha) were examined and the topographic features of the 
orchards were determined using the digital elevation model DEM. The data obtained and produced were 
analyzed and it was determined that approximately 33% of the total area of Chongqing city was suitable for 
citrus development (Wu et al., 2011). In the study carried out in citrus fields in Ramsar region of Iran, it was 
aimed to form a citrus land conformity assessment model based on five (slope, elevation, lowest 
temperature, highest temperature, precipitation) biophysical factors. A number of decision strategies and 
scenarios have been successfully developed by changing the critical factors by using the Ordered Weighted 
Averaging (OWA) and the analytical hierarchy process (AHP) method together. As a result, it was 
determined that citrus cultivation was suitable in 6.7% of the study area (Zabihi et al., 2019).  

In recent years, multivariate geostatistics and spatial analyzes have been used to determine the relationship 
between soil properties and soil fertility in spatial analysis (Goovaerts 1997, 1998). In addition to GIS, 
geostatistical methods are a different technique for evaluating the spatial variability of land and soil 
(Foroughifar et al., 2013). These techniques can fully characterize soil properties according to their 
distribution (Chen et al., 2009). The variogram is generally used in geostatistics. The interpolation technique, 
known as kriging, provides an unbiased, linear estimation of a regional variable in an unsampled area, where 
it is best defined in terms of least squares (Oliver and Webster, 2014). Başayigit and Şenol (2009) made an 
application for the preparation of efficiency maps of the areas where fruit growing potential of Isparta 
province is high with GIS. For this purpose, soil samples at two different depths (0-20 cm, 20-40 cm) were 
collected from 120 different points and available P, exchangeable cations and extractable Fe, Cu, Mn, Zn 
analyses were performed. By using inverse distance weighting technique (IDW), point data were converted 
to spatial data and thematic maps were produced for each soil characteristic. Shen et al. (2019) have 
compared inverse distance weighted (IDW) interpolation methods, radial basis functions (RBF), ordinary 
kriging (OK), co-kriging (COK), multiple linear regression (MLR), geographic weighted regression (GWR), 
regression kriging (RK) and geographically weighted regression (GWRK) methods. In four Mollisol regions 
in Northeast China, the areas where landscape pattern, land use type, topographic characteristics, soil tillage 
method, sample density, sample accuracy, and total phosphorus content are different were selected as 
research areas. As a result, GWRK and RK were determined as the most suitable interpolation methods and 
when the cost, time and process were considered, it was explained that the OK method was also relatively 
acceptable. Santos France et al. (2017a,b) used the kriging interpolation method to produce the spatial 
distribution of heavy metal content of soils in northern Spain and northern Peru. In a study conducted in 
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Bara, Nepal, 109 surface soil samples (0-15 cm depth) were taken and pH, organic matter (OM), nitrogen 
(N), phosphorus (P,), potassium (K), zinc (Zn) and boron (B) contents were determined. Digital map layers 
were produced by kriging method for each soil chemical properties. It was emphasized that these maps will 
enable farmers to evaluate their land, allowing them to make easier and more efficient management 
decisions and to maintain the sustainability of productivity. 

The aim of this study was to determine citrus planted areas in Aydın province by remote sensing technique 
and geographical information system. Soil samples (0-30 cm) were randomly taken from 43 different points 
in order to determine the soil fertility level of citrus production areas and their physical and chemical 
properties were analyzed in the laboratory. Each soil feature spatial distributions were determined and a 
digital database was created in which every existing and produced data could be evaluated.  

Material and Methods 
Research area and geographical location 

Aydın Province; is located between the 37th and 38th northern latitudes and 27th and 29th eastern longitudes 
in the southwest of Turkey. The area of the city is 811,600 ha and according to data provided from TUIK in 
2017, 366,608 thousand ha (approximately 45%) of the region is used for agricultural activities. Aydın is 
surrounded by the Aegean Sea from the west, Denizli from the east, İzmir and Manisa from the north and 
Muğla from the south (Figure 1). It is the Menderes basin that affects the agricultural structure of the city at 
a high rate. The city of Aydın is known as the Lower Greater Menderes section of the Greater Menderes 
basin, formed by the Greater Menderes River and its tributaries. There are 17 districts in Aydın, including 
the central district. Development levels of agriculture, industry and tourism sectors vary according to 
districts (Anonymous, 2018). Citrus planted areas distributed in Kuyucak, Nazilli, Sultanhisar and Yenipazar 
districts constitute the research area.  

 
Figure 1. The geographical location of the research area, distribution of citrus planted areas and soil sampling points 
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The city of Aydın has a Mediterranean climate and the average annual rainfall is 645.1 mm. Most of the 
annual rainfall occurs in winter, spring, and autumn. 8.9% of precipitation occurs in summer, 44.5% in 
winter, 22.7% in autumn and 23.9% in spring. When long-term meteorological data are analyzed, the 
average temperature was found to be 8.2 0C in January and 28.4 0C in July (Anonymous, 2017). The average 
relative humidity is 61.2% (Anonymous, 2018). 

Material 

Sultanhisar, Yenipazar, Nazilli and Kuyucak Köşk districts where the citrus planted areas in Aydın province 
are found as orchard facilities were chosen as the research areas. The purchase of 10 1/25.000 scaled 
contour maps that are necessary for the creation of the digital elevation model and which covers the 
research area was made by the General Directorate of Mapping. Three Worldview-2 satellite images of 45 cm 
resolution belonging to June 2013 were used for the determination of citrus areas. During the research, 
Trimble Geoexplorer 2005 series GPS was used in field studies. ArcGIS 10.5 was used to create a digital 
elevation model (DEM) by using contour curves, ENVI software was used to transform images into 
pansharpened, and PCI software was used for orthorectification of images. Forthythree soil samples, which 
were representative of the characteristics of the research area were taken by random sampling method. 
Depth of taking soil samples is approximately 30 cm depending on soil properties. SPSS 15.0 software was 
used to interpret the results of the analysis. Soil characteristics required to determine the fertility status of 
citrus planted areas were evaluated in ArcGIS 10.5 software in the digital database and mapped 
geostatistically.  

Method 

Topographical maps, soil maps, satellite imagery and similar data of the research area were collected and 
entered into the database by using GeoMedia and ArcGIS, which are GIS software, and an updateable 
database was created. Universal Transverse Mercator (UTM) projection and WGS-84 (World Geodetic 
System 1984) datum were used for all data. Field surveys were carried out for orthorectification of 
Worldview-2 satellite images and points were collected from 71 points with sensitive GPS. Orthorectification 
of the satellite images was performed using DEM generated from contour lines. Digital terrain models with 
elevation information are used to rearrange the numerical reflection values according to the topography 
(topographic normalization) by eliminating the shadow effect which is a problem in the classification of 
satellite images (McCormick, 1999). The main purpose of orthorectification is to eliminate the differences 
that occur due to topographic changes seen on the surface of the earth, and shifts in satellite and aerial 
photographs (Düzgün, 2010). Image sharpening process was carried out in satellite images by "Gram-
Schmidt Spectral Sharpening" method in ENVI software. (Yuhendra et al., 2011; Matsuoka, 2012, Özdemir, 
2017). This method allows benefiting from the spectral characteristics of the sensors with a high spatial 
resolution of the image (Marangoz et al., 2005). In order to enrich the properties of the soil layer in the 
digital database, each feature in 1/25.000 scaled soil maps was transferred as attribute information. 

Soil samples were taken from 0-30 cm depth according to general rules (Ballinger et al., 1966). Soil samples 
brought to the laboratory were dried in the laboratory and passed through 2 mm sieves and prepared for 
analysis (Soil Survey Staff, 1951). Contents of the soils including pH (Jackson, 1967), electrical conductivity 
(Jones, 2001), structure (Bouyoucos, 1962, Black, 1965), CaCO3 (Schlichting and Blume, 1966), organic 
matter (Rauterberg and Kremkus, 1951), total nitrogen (Bremner, 1965), available phosphorus (Olsen and 
Sommers, 1982), exchangeable potassium, calcium, magnesium and sodium (Knudsen et al., 1982), available 
iron, zinc, copper and manganese (Lindsay and Norvell, 1978) were determined. Statistical Package Program 
named SPSS 15.0 (Statistical Package for Social Science) was used to compare the soil analysis values, to 
perform statistical analyses and to interpret the results. 95% confidence level (5% level of significance) was 
taken into consideration in performing these analyses. 

Soil characteristics show spatial variability due to the effects of the basic and external factors that form them 
(Heuvelink and Webster, 2001) and this change may occur depending on soil type, topography, climate, 
vegetation and anthropogenic activities (Shi et al., 2009). Geostatistics, which is defined as the tools used to 
examine and estimate the spatial distribution of related variables, is used to show the spatial distribution of 
soil properties (Burrough 1993; Cambardella et al., 1994) and spatial variability in various natural 
phenomena (Mousavifard et al., 2013). The results of 17 soil properties analyzed for the determination of 
soil fertility were evaluated by using geostatistics analysis methods. In general, the concept of geostatistics 
refers to stochastic methods used to determine and estimate the distinctive characteristics of spatially 
referenced data (Mulla and McBratney, 2002). As being one of the stochastic interpolation methods, 
Ordinary Kriging (OK) was used to determine the spatial distribution of soil properties. Kriging is a linear 
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geostatistics interpolation technique that provides the Best Linear Neutral Estimator (BLUE) for space-
dependent variables. Kriging estimates are calculated as weighted sums of sampled adjacent densities 
(Robinson and Metternicht, 2006). In most cases, ordinary kriging proves that forest resistance values are 
sufficiently robust in unsampled areas. Ordinary kriging is the most common method of kriging (Krasilnikov 
and Sidorova, 2008; Mousavifard et al., 2013) and general equality is expressed as follows: 

γ=1/2 N(h)  Σ  [Z (χi)– Z(χj+h)]
2 

 

(1) 

According to Yeşilkanat et al. (2014),” γ (x) semi-variance value, the distance between h, i and j points, N (h): 
the number of pairs of points on the h length (or the number of h vectors in the region), Z (xi): The measured 
value of the variable at point i, Z (xj + h): is the measured value at the point of the variable”. 

Results  
Orthorectification and image sharpening processes were completed and Worldview 2 satellite images were 
manually vectorized by Geomedia 6.0 screen digitizing method. The satellite image was studied with NIR 
1/Rededge/Red band combination to better determine the citrus trees and tree species that can be mixed 
with citrus in the study area (Figure 2). A significant part of the data collection studies carried out at this 
stage was executed as a result of field studies. Mapped citrus planted areas were accepted as boundaries, 
instead of the tree parcel boundaries. For this reason, artificial (home, other reinforced concrete structures, 
etc.) and natural (other tree species, etc.) elements outside the citrus tree, which is within the boundaries of 
the agricultural parcel are not included in the mapping. It was determined that citrus planted areas 
distributed in the research area occupy an area of 2132.08 ha. 

 
Figure 2. Digitized citrus planted areas in Worldview 2 satellite images (Aydın-Nazilli) 

The elevation varies between 53-830 m in the research area. Citrus planted areas at an elevation of 0-200 m, 
201-305 m, 351-500 m, 501-650 m and 651-830 m cover respectively 94.66%, 3.27%, 1.59%, 0.41% and 
%0.07 of the areas. As the elevation up to 700 m is not seen as a limiting factor in citrus production (Zabihi 
et al., 2019), the entire area of the research area is suitable for citrus production. When the citrus production 
areas were examined for the aspect parameter, it was found that they showed an approximate distribution 
in all directions. While flat areas cover 10.28% of the total area; the northern, the northeastern, the eastern, 
the southeastern, the southern, the southwestern, the western and the northwestern directions have a 
distribution of 11.34%, 10.99%, 9.20%, 11.44%, 11.03%, 12.48%, 10.73% and 12.50% in the total area 
respectively. The slope characteristics of the areas where citrus production is made are as follows: Lands 
with a slope of 2-6%, 0-2%, 6-12%, +30%, 12-20% and 20-30% have a distribution of 54.71%, 18.78%, 
18.77%, 3.04%, 2.74% and 1.95% in the total area respectively. 

i=1 

N (h) 
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1/25.000 scaled soil maps containing the great soil group, slope, depth, land use capability class (LUCC), 
stoniness, rockiness, erosion, drainage, texture, land use and other characteristics (salinity-alkalinity) of the 
research area were vectorized. The thematic map of each soil feature was produced and their spatial size 
and % distributions were determined. Due to various land types and geological structures, colluvial soils 
occupy the most area with 51.06%, followed by alluvial soils with 46.21% and non-agricultural areas, 
regosols, rendzinas and limeless brown soils with a total of 2.73%. When the distribution of land use 
capability classes in the area was examined, it was determined that citrus planted areas were mostly on 
Class I lands (41.54%). In terms of the area they occupy, Class III lands (33.37%), Class II lands (20.46%), 
Class IV lands (1.93%) and others (Class VI, VII, VII, 2.71%) follow Class I. In terms of soil depth, most of the 
citrus planted areas are located in areas with a depth of 90 cm and above (97.05%). It is known that in citrus 
the effective root depth is between 30-90 centimeters in aerated and well-drained soil conditions (e.g. 
sandy-loamy) (YAYÇEP, 2010). Therefore, the research area meets the soil requirements of citrus in terms of 
its characteristics. When the erosion characteristics of the area are examined, the areas defined as having 
little or no erosion show a distribution of 85.42%, while the areas exposed to moderate erosion cover an 
area of 11.97%. The remaining areas have a very small area, even though they are considered non-
agricultural and severe in terms of erosion severity. When the research area is classified according to other 
soil properties, the areas that do not have any problems have a value of 47.84%. Additionally, 26.96% of the 
areas are found to have slightly saline or insufficient drainage, 15.31% of the areas to have insufficient 
drainage, 5.67% of the areas to be stony, 1.56% of areas to have salty-insufficient drainage, 0.06% of the 
areas to have poor drainage and non-agricultural areas to cover 2.60% of the area. 

The coefficient of variation, which is considered as an important index for explaining changes in soil 
properties, is classified as low (<15%), medium (15-35%) and high (> 35%) according to the values it takes 
(Wilding, 1985; Mulla and Mc Bratney, 2000; Özyazıcı et al., 2016). In this study, except the properties 
including pH (4.75%), sand (27.19%) and P (33.64%), the soil properties were determined to have high 
variability, while the most variable soil property was found to be Mn (117.08%) (Table 1). In many studies, it 
was explained that the coefficient of variation of pH contents found in soil was low (Tsegaye and Hill, 1998; 
Aimrun et al., 2007; Dengiz et al., 2015). 

Table 1. Some descriptive statistics of soil properties 

Soil properties Min Max Avarege Variance 
Standart 

Deviation 
Standart 

Error 
Variance 

Coefficients 
pH 6,08 7,82 7,46 0,1263 0,3554 0,0542 4,7534 
EC, µs/cm 97,20 1542 531,08 0,0003 0,0186 0,0028 54,7362 
CaCO3, % 0,62 22,51 7,87 52,8930 7,2728 1,1091 92,3757 
Sand, % 19,52 84,96 58,85 260,9826 16,1550 2,4636 27,1922 
Silt, % 7,28 42,56 27,49 99,4464 9,9723 1,5208 36,9026 
Clay, % 6,32 41,76 13,66 82,5271 9,0844 1,3854 67,1926 
OM, % 0,41 6,62 2,27 1,6795 1,2960 0,1976 57,0497 
N, % 0,02 0,33 0,11 0,0042 0,0648 0,0099 57,0008 
P, mg kg -1 3,30 141 38,90 16,9080 4,1119 0,6271 33,6403 
K, mg kg -1 116,40 970 281,98 0,2174 0,4663 0,0711 64,6586 
Ca, mg kg -1 588 4900 3132,58 37,7459 6,1438 0,9369 39,2229 
Mg, mg kg -1 16,86 242,15 139,81 0,2234 0,4727 0,0721 40,5594 
Na, mg kg -1 9,60 422,40 110,51 0,0857 0,2927 0,0446 64,5504 
Fe, mg kg -1 2,86 19,97 8,83 25,8747 5,0867 0,7757 57,5754 
Zn, mg kg -1 0,16 6,30 1,11 1,4136 1,1890 0,1813 106,7328 
Cu, mg kg -1 0,32 8,78 2,14 2,9585 1,7200 0,2623 80,5680 
Mn, mg kg -1  1,24 58,30 11,18 171,2380 13,0858 1,9956 117,0806 

Correlation analysis results of soil chemical properties are given in Table 2. According to the analysis results, 
58 of 153 correlation pairs between soil properties were found to be statistically significant at 1% and 5%. 
The most positive significant correlation was found between N and OM (p <0.01) and lowest between Mn 
and CaCO3 (0.291*). On the other hand, the highest negative correlation was found between sand and clay 
values (-0.857**), while the lowest correlation was found between sand content and Ca (-0.293*). 

Distribution maps showing soil physical and chemical properties were classified using limit data belonging 
to different groups of each parameter. The distribution maps of the research area soils according to pH, 
salinity, lime, sand, alluvion, clay, and organic matter contents are given in Figure 3.  
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Figure 3. pH (A), salinity (B), sand (C), silt (D), clay (E), calcium carbonate (F) and organic matter (G) distribution maps 

of the study area. 

The pH of soil samples varies between 6.08- 7.82 and when classified according to limit values (Richards, 
1954; Ülgen and Yurtseven, 1995), the largest area is covered by the light alkaline soils (90.88%). This is 
followed by neutral soils (8.58%), light acid soils (0.51%), and moderate alkaline soils (0.03%). Citrus trees 
are highly susceptible to excess salts and their tolerance to soil salinity is associated with the ability to 
restrict the entry of toxic ions [sodium (Na), chlorine (Cl) and boron (B)] into roots and their transportation 
to shoots (Srivastava and Singh, 2009). Total salt values of soil samples range between 0.006-0.099. Due to 
the total salt content of soil samples being less than 0.150% (US Soil Survey Staff, 1951), there is no salt 
problem that will cause the above-mentioned effects to occur. Lime contents of soil samples vary between 
0.61% and 22.5%. When the lime contents of soils are classified, 57.21% of the areas are found to be limy 
(2.5-5%), 22.80% to be rich in lime (5-10%), 17.46% to have texture+marn (10-20%) and 2.53% to be lime-
poor (0-2.5%). The structure of the soil samples taken in the study is generally light and moderate. It was 
found that 65.1% of the soil was sandy loam and 18.6% had a loamy texture (Black, 1965). The soil content 
of ideal citrus cultivation is required to be between 8-10% (not exceeding 20%), sand content to be 50% and 
loam content to be 20% (Yayçep, 2010). The class of the soil in the research area, where the sand amount is 
distributed the most (51-68%), covers 69.08% of the whole area. According to the clay quantity, the areas 
containing 8-16% of clay have a distribution of 69.94%. According to the findings obtained in terms of the 
properties of the structure, it was determined that the desired properties for citrus production were present 
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in the research area. The level of organic matter in the soil is important to help maintain an active population 
of microorganisms. Organic matter is therefore considered as an indicator of the sustainability of the soil 
management system (Srivastava and Singh, 2009). Organic matter contents of the research area range from 
0.41% to 6.62%. When the soils are examined in terms of the amount of organic matter, 74.53% are found to 
be in the class of humic (2-4%), whereas 24.94% to be poor and 0.53% to be in the class of strong humic (4-
10%) (Akalan, 1965). 

The distribution maps according to the contents of the soils in the research area, which includes: total 
nitrogen (N), available phosphorus (P), exchangeable potassium (K), exchangeable calcium (Ca), 
exchangeable magnesium (Mg), exchangeable sodium Na, available iron (Fe), available copper (Cu), available 
zinc (Zn), and available manganese (Mn) are given in Figure 4. 

 
Figure 4. N (A), P (B), K (C), Ca (D), Mg (E), Na (F), Fe (G), Zn (H), Cu (I) and Mn (J) distribution maps of the study area. 
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Total nitrogen content of the soils varies between 0.021% and 0.331%. According to the total nitrogen 
distribution map, the areas in the good category with N content of 0.1-0.15% have 72%, the areas with the N 
content in the moderate category (0.05-0.1%) have 25.15%, the areas with N content in the rich category (> 
0.15%) have 1.62% and the areas with N content in the poor category (0-0.05%) have 1.23% of the 
distribution (Çokuysal and Erbaş, 2004). Nitrogen content is in parallel with the organic matter content of 
soils. Soils are characterized as humus, which confirms the high amount of beneficial nitrogen. The 
absorbable phosphorus content of the soils varies between 4.2 and 19.9 mg kg-1. According to Çokuysal and 
Erbaş (2004), soils with beneficial phosphorus content being >3.26 mg kg-1 are classified as a good level. 
Accordingly, the useful phosphorus content in the entire area is defined as good. The exchangeable 
potassium content of the soils was determined between 116.40 and 970 mg kg-1. The class defined as 
sufficient according to the exchangeable potassium content (200-300 mg kg-1) was distributed in the 
research area by 50.01% ratio. This was followed by the class with 23.37% ratio, which is defined as low 
according to the potassium content (200-300 mg kg-1), the class defined as high (300-400 mg kg-1) with 
16.16% ratio, the class defined as very high (>400 mg kg-1) with 8.85% ratio and the class defined as 
deficient (<150 mg kg-1) with 1.61% ratio (Çokuysal and Erbaş, 2004). 

The variable calcium content of the soils was determined between 588 and 4900 mg kg-1. The class, defined 
as excess relative to the exchangeable calcium content (2857-3571 mg kg-1), is the most common with 
58.02%. This is followed by the class with 20.87% ratio, which is defined as good according to the calcium 
content (1428-2857 mg kg-1), the class defined as to excess (> 3571 mg kg-1) with 19.77% ratio and the 
class defined as poor (715-1428 mg kg-1) with 1.34% ratio (Çokuysal and Erbaş, 2004). The exchangeable 
magnesium content of the study area soils was determined between 16.86 and 242.15 mg kg-1. The class 
defined as moderate according to the exchangeable magnesium content (80-160 mg kg-1) has 80,70%, the 
class defined as high (160-350 mg kg-1) has 14.49% and the class defined as poor (<80 mg kg1) has 4.81% of 
the distribution (Çokuysal and Erbaş, 2004). The varying sodium content of the research area soils was 
determined between 9.60 and 422.40 mg kg-1. The class defined as moderate (68-230 mg kg-1), according to 
the exchangeable sodium content, has an 86.95% ratio, the class defined as low (34-68 mg kg-1) has a 
10.41% ratio, the class defined as very low (<34 mg kg1) has a 2.58% ratio and the class defined as very high 
(230-460 mg kg1) has a 0.06% ratio (Loue, 1968).  

The available iron contents of the study area were determined between 2.86 and 19.97 mg kg-1. The class, 
defined as sufficient according to the exchangeable iron content (>4.5 mg kg-1) covers a very large 
proportion of the area with 99.998% (Lindsay and Norvel, 1978). However, due to the fact that the majority 
of citrus production areas are at the level of mild alkaline and medium level alkaline pH, have high lime 
content and sufficient levels of P and Cu in the soil, it is likely that Fe will be transformed into ineligible form 
by plants (Kacar and Katkat, 2007). According to the exchangeable zinc content (0.5-0.1 mg kg-1), the class is 
defined as deficient and is in the first place with 88.04% rate. This is followed by of the class defined as 
sufficient (> 0.1 mg kg-1) with 10.87% and the class defined as deficient (<0.5 mg kg-1) with the ratio of 
1.09% (Lindsay and Norvel, 1978). Since high soil pH lime content is determined in citrus production areas, 
it is predicted that this situation may have negative effects on Zn availability (Kacar and Katkat 2007; 
Karaman et al., 2007; Karaçal 2008). In addition, because of the antagonistic interaction between P and Zn 
(Kacar and Katkat, 2007), Zn uptake of plants decreases and Zn deficiency can be seen as the P content of 
soils increases. Considering the good P content of the research area, it may be a problem in terms of Zn 
nutrition. The copper contents of the study area were determined between 0.32 and 8.78 mg kg-1. It covers 
the entire class area defined as sufficient according to the exchangeable copper content (>.2 mg kg-1) 
(Lindsay and Norvel, 1978). The available manganese contents in the study area were determined between 
1.24 and 58.30 mg kg-1. The class, which is defined as sufficient according to the exchangeable manganese 
content (> 1.2 mg kg-1) covers the entire area (Lindsay and Norvel, 1978). 

Conclusion 
As a result, it was determined that citrus planted areas distributed in the research area occupy an area of 
2132.08 ha. In a topographic look, these areas are on an elevation of <200 m, are mostly flat and slightly 
slopped and distributed to 69.78% of the land facing to the north and south. Their production areas are 
mainly concentrated on alluvial and colluvial soil groups, they have land use talent classes I II and III, +90 cm 
soil depth, and are on areas that erosion and other problems are mostly not observed. Soil pH levels have a 
slightly alkaline reaction, the salt content is very low and lime content is high. The structure classes in most 
of the areas are determined as sandy loam and loam for citrus production. The organic matter coverage of 
the soils is mostly sufficient. In terms of macronutrients; total nitrogen, available phosphorus contents of 
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soils are good and exchangeable potassium contents are sufficient. Exchangeable calcium, magnesium, and 
sodium scopes are again generally determined to be sufficient. When the levels of micronutrients were 
examined, it was found that exchangeable iron, copper and manganese element contents were sufficient and 
zinc contents were deficient. 

The citrus products, which are important in many ways for both the agricultural sector and a country's 
economy, provide employment opportunities to many people in sectors including production, market 
development, industry-processing, transportation, imports and exports in the world and in Turkey. For this 
reason, citrus planted areas have an important potential to be followed within environmentally friendly 
production strategies and sustainable production/consumption concepts. With the research carried out, an 
updateable database was created for mapping the production areas, revealing the productivity conditions, 
determining the disease and pest control, determining the infrastructure opportunities for the sub-
industries, preparing fertilizer production and consumption plans and most importantly for examining the 
yield/quality values in the coming years. In addition, it is thought that it will be an important source of 
information for future studies on the subject. 
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Major, trace and rare-earth elements “(REEs)” dissolved by successive water and acetic-acid 
leaching of soil samples were quantified along a vertical and a lateral trend relative to a 
reference aridisoil covered by palm trees. The total content of the organic carbon ranges 
from 0.07 to 2.7% with the highest values in the topsoil closely below vegetation, confirming 
a higher organic activity. The water-removed elements decrease irregularly with depth and 
with increasing distance to the vegetated area, the highest concentrations being observed at 
20 cm depth and 18 m away from vegetation. The nutrients removed by acetic-acid decrease 
with depth and until 22 m from vegetation. Maximum leaching was observed in the surface 
sample and 32 m away from vegetation. In fact, no straight trends were obtained in both the 
vertical and horizontal samplings; it looks that the elemental contents of each soil layer are 
only representative for themselves. The metallic trace elements are more abundant in the 
topsoil than in the subsoil, suggesting some anthropogenic supply. Mainly controlled by solid 
organic exudates, the REEs are the only ones with general vertical and horizontal trends: they 
decrease at depth, together with an increase laterally away from vegetation. The Ce and Eu 
positive anomalies increase deeper below the vegetation and away: an oxidation-reduction 
change is visible for the former anomaly, probably due to decreasing organic activity. The 
latter anomaly away from vegetation could reflect a larger contribution of soluble minerals to 
the leachates. 

 Keywords: Lateral and vertical distribution records; vegetated aridisoil; major, trace and 
rare-earth elements; water and acetic-acid leachings; organic matter activity; anthropogenic 
supply.   

      © 2019 Federation of Eurasian Soil Science Societies. All rights reserved  

Introduction 
Plant roots and their soil interface constitute an intense interactive zone where many biochemical reactions 
take place. In the light of such reactions, the nutrient dynamics control the activity of the microorganisms, 
the growth of the plants, as well as a variable dissolution and alteration of minerals from hosting soils 
(Jobbágy and Jackson, 2001; Shen et al., 2011; Camenzind et al., 2018). Understanding of such vital reactions 
is fundamental and may be investigated by characterizing the role and distribution of the nutrients, 
especially in the rhizosphere. Varied studies focused on the distribution of specific elements, such as 
phosphorus in the host soils (Hedley et al., 1982a; Helal and Dressler, 1989; Gahoonia and Nielsen 1992; 
Zoyza et al., 1997). Others outlined the vertical distribution of nitrogen and carbon (Nielsen et al., 1988; 
Knops and Bradley, 2009), or the pH variations in the rhizosphere (Hedley et al., 1982b). Manea et al. (2011) 
investigated the vertical distribution of Cu, showing that it decreases with depth, the highest content in the 
topsoil being due to anthropic human activity. Fekiacova et al. (2013) described the vertical distribution of 
Fe in soils, while other studies (Mathan, 1991; Jayaganesh et al., 2011) investigated the vertical distribution 
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of Mg, still in soils, Wood and de Turk (1940) and Hirekurabar et al. (2000) examining that of K. However, 
only a few investigations established a clear relationship between the vertical distribution in the rhizosphere 
and the lateral trend of elements, such as of the lanthanides for instance, that can be useful for soil 
management and plant preservation. In turn, understanding the elemental dynamics in soils by using their 
spatial distribution is necessary to decrypt the elemental evolution and their impact on their immediate 
environment. 

The objectives of this study carried in a region under arid climate were then in an identification of the 
vertical partitioning of essential and non-essential elements in a soil with a vegetal cover, and the lateral 
distribution of the same elements in the same soil at an increasing distance from vegetation to identify best 
the local interactions of the vegetal and mineral worlds. This experiment was also undertaken to estimate 
the availability of nutrients to plants and their immediate mobility. Micronutrients of soils may be associated 
with different phases, such as exchangeable cations, carbonates, Fe and Mn oxides, organic matter, sulphides 
and silicates, as well as salts in arid countries, because these chemical forms can influence their mobility, 
toxicity and bioavailability. Furthermore, soil characteristics, such as the pH and Eh, the clay content and 
cation-exchange capacity, and the occurrence of Mn, Fe oxides and organic matter are also contributing to 
the distribution of heavy metals and their availability to plants in soils (Martı́nez and Motto, 2000; 
Sterckeman et al., 2000; Aydinalp and Marinova, 2003). Water-exchangeable and acid-extractable soluble 
fractions contain mobile compounds that are easily bioavailable. Since nutrients of the accessible fractions 
are mostly involved in the growth of plants and in the activity of microorganisms in soils, reflecting 
potentially both the soil bedrock supply and anthropogenic inputs, the present study was based on the 
examination of major, trace and rare-earth elements removed by successive water and acetic-acid leaching 
experiments. As examination of rare earth-elements (REEs) in soils has repetitively shown specific 
applications (e.g., Tyler, 2004; Semhi et al., 2009; Chang et al., 2016) in the assessment of soil genesis, the 
increase of soil fertility, the evaluation of anthropogenic impacts, and also the identification of pedogenic 
processes, we have dedicated a special interest to these elements. 

REEs also identified as lanthanides consist of elements that are characterized by a ground state electronic 
configuration with at least one electron in the 4f electronic orbitals, mostly non-interactive but with a strong 
ionic bonding character making them as strong acids (Piper and Bau, 2013). REEs occur generally with three 
electrons removed from their d, s and f orbitals; only Eu has a half-filled f-orbital that allows stability for the 
Eu2+ species, and Ce exhibits an oxidation-reduction state that allows Ce to occur as either Ce3+ or Ce4+, 
especially in soils (Taylor and McLennan, 1985). Wyttenbach et al. (1998) studied REEs of leaves from plants 
and the associated soils and found that Ce yields a negative anomaly in all plants with respect to the 
corresponding soil. Miao et al. (2008) reported that the geochemical characteristics of REEs from plants 
depend on the types of soils, that their concentrations are higher in B and C soil horizons than in the above A 
horizon, and that they outline an Eu negative anomaly and a Ce positive anomaly. They also described REE 
fractionations from soil to plant roots, stems and leaves, with heavy REEs (HREEs) relatively less available 
relative to the light REEs (LREEs). Alternatively, Loell et al. (2011) reported a Ce negative anomaly in 
German soils, as did Wyttenbach et al. (1998) in plants, together with correlations between REEs and clay, 
Fe, and Mn oxide contents. 

Material and Methods 
The selected site is the palm-tree nursery of the Agricultural Experiment Station from the Sultan Qaboos 
University in Oman. The station covers an area of 70 hectares and among the variety of fruit crops grown at 
the station, are date palm trees (Phoenix dactylifera L) that account for about 500 trees distributed in open 
fields and along road paths. The area is characterized by an average relative humidity of 46% and an average 
annual temperature of 29°C, the minimum night and maximum day temperatures ranging from 13 to 48°C, 
respectively. The evapotranspiration rate was measured at 3-12 mm/day. The samples belong to the groves 
and vicinity of a date palm cultivar called “Khalas”. This cultivar has an average production of 120 kg/season 
dates at the station. The date palms are irrigated with a bubbler system with two bubblers in each grove 
supplying 280 to 320 L/day of low salinity groundwater (< 2 dS/m) to each date palm tree. The soils were 
collected at different depths and distances from palm trees with determination of the pH values during 
sampling. For the vertical investigation, the samples were collected 10 cm below the surface, as well as at 20, 
50 and 100 cm depths in the subsoil. For the lateral investigation, a second set of samples was collected at a 
constant depth of 50 cm at 10, 12, 18, 22 to 32 m from the vegetation. 

All soil samples were dried for 2 days at room temperature and then were placed in an oven at 60 °C for 
about 10 h before being hand-crushed in a mortar. One gram of dry soil sieved at <63 μm was first leached 
with double-distilled water during 15 min at a room temperature of 20 °C. The extracts were separated from 
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residues by centrifugation at 4,000 rpm (SIGMA model 3-15). The residues were washed again afterwards 
with double-distilled water by shaking and centrifugation. Then, the residue was treated with 40 ml of acetic 
acid (CH3COOH at 0.1 mol/L). The extracts were also separated from solid residues by centrifugation for 
their chemical analysis. 

The elemental contents were determined on an inductively coupled plasma atomic emission spectrometer 
(ICP-AES of the Laboratoire d’Hydrologie et de Géochimie de Strasbourg, France) for the major (Si, Al, Mg, 
Ca, Na, K and P) and some trace elements (Sr, Fe, Mn and Zn), and on an inductively coupled plasma mass 
spectrometer (ICP-MS also of the Laboratoire d’Hydrologie et de Géochimie de la Surface de Strasbourg, 
France) for the other trace elements (V, Cu, Ba, Cr, Co, Ni, Rb, As, Zr, Cd, U and Th) and the rare-earth 
elements (REEs). Repeated analysis of international standards such as B-EN and GL-O on a weekly basis 
provided an analytical precision of +2.5% for the major elements, +5% for the trace elements and +10% for 
the REEs, on the basis of the analytical procedure by Samuel et al. (1985). The total organic carbon (TOC) 
was measured with a TOC analyzer (Simadzu Model TOC-V) on a precision better than +5% and a detection 
limit of 0.05 mg/kg). 

Results  
The results include pH, TOC (in %) and concentrations (in mg/g, g/g and ng/g) of the elements analyzed in 
the collected leachates by either water or dilute acetic-acid action. In the study site, the soils are alkaline 
with a pH ranging from 7.34 to 8.71 (Table 1), the vertical and lateral variability being very limited.  

The TOC ranges from 0.07 to 2.7% with the highest value in the surface horizon close to vegetation, 
decreasing vertically and horizontally away from vegetation, which confirms the expected organic activity 
decrease away from vegetation (Table 1). The vertical TOC are higher than the lateral ones, confirming that 
the organic activity in the vegetation area is higher than in the corresponding de-vegetated one. As organic 
matter plays a determining role in binding heavy metals in soils and sediments (Akan et al., 2003), it is also 
considered to immobilize them and reduce their uptake by the plants, which is not what was found here. 
Alternatively, organic complexation of heavy metals in soils (Weng et al., 2002; Silveira et al., 2003; Tukura 
et al., 2007; Ashworth and Alloway, 2008) reduces heavy-metal pollution of plants including consumable 
vegetables. 

The elements removed by water leaching  
The contents of the major elements 

The water extracts contain mainly elements that are easily removable, mainly adsorbed on the mineral 
particles and organic compounds sensitive to water contact. The most extracted elements here are Na, Ca 
and Mg with a vertical distribution indicating an important extraction of Ca, Mg, Na, K, Mn and P at 20-cm 
depth, while the highest extraction of Fe and Al occurred further down in the horizon at a 50-cm depth (Fig. 
1), Si being most leached in the uppermost 10-cm deep horizon. To be noticed also is the parallel changes of 
the Ca and Na contents in both the vertical and the horizontal trend. On the other hand, the P contents are 
drastically decreasing when sampling is away from vegetation, vertically and horizontally. The K contents 
appear more complex as they decrease when buried, which could relate to increasing distance to vegetation. 
However, in the horizontal display, they increase with increasing distance to vegetation (Figure 1).  
The lateral distribution indicates that Al and Fe are enriched 10-m away from vegetation with ups and 
downs beyond: decrease at 12 m, increase again at 18 and 22 m, before another decrease at 32 m. Ca, Si and 
K yield also waving contents when collected away from vegetation. None outlines a constant change, either 
increasing or decreasing, which suggests that the interference between organic and inorganic influences is 
not straight (Figure 1). In summary, the total amounts of major elements leached by water decrease with 
depth by about half between the uppermost and lowermost samples. On the other hand, it fluctuates by a 
similar ratio when the distance to vegetation increases, the lower contents being recorded at 10 and 22 m 
away from vegetation (Figure 2). 

The Na/K ratio varies between 1.6 and 29.1, the highest value being observed in the vertical trend at the 
100-cm depth, which suggests crystallization of Na salts at depth rather than in the topsoil due to the arid 
climate. The lateral distribution of this ratio indicates also a decrease of Na soluble phases when the distance 
from vegetation increases, even at similar depth (Table 1; Figure 3). The highest value for the K/Rb ratio is 
at a 50-cm depth in the vertical profile. Along the horizontal display, the same ratio decreases first when 
distance to vegetation increases, then it increases until 22 m away from vegetation. The Ca/Sr ratio 
increases with depth, while zigzagging horizontally when distance increases (Figure 3). The Mg/Ca ratio 
ranging from 0.2 to 1.35 tends to decrease with depth and with distance from vegetation due to an increase 
of the Ca content. Its highest value is observed in the topsoil due to a higher Mg concentration relative to Ca. 



 K. Semhi et al.  / Eurasian J Soil Sci 2019, 8 (4) 364 - 377 

367 
 

 

 

 



 K. Semhi et al.  / Eurasian J Soil Sci 2019, 8 (4) 364 - 377 

368 
 

 
Figure 1. Vertical and lateral variations of some major element in the water leachates relative to depth in the left column and 
to distance to vegetation in the right column. The black dot in the graphs corresponds to the reference sample in both trends. 

The finely dotted lines represent the reference contents in the vertical and horizontal samplings. 

 

Figure 2. Total major elemental contents of the water leachates in the top row and of the acetic leachates in the bottom row, 
relative to depth to the left and to distance to the vegetation to the right. The black dot in the graphs corresponds to the 
reference sample in both trends. The finely dotted lines represent the reference contents in the vertical and horizontal 

samplings. 
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Figure 3. The Ca/Sr, K/Rb and Na/K ratios of the water leachates relative to depth in the left column and to distance to 

vegetation in the right column. The black dot in the graphs corresponds to the reference sample in both trends. The finely 
dotted lines represent the reference contents in the vertical and horizontal samplings. 

The contents of the trace elements 

Vertical distribution of the trace elements shows a progressive decrease with depth for the Rb, Th, Zr, Pb, Cu, 
Cd and U contents. While Ni increases with depth, the contents of Cr do not show any significant change 
except at 50 cm depth where it increases. Ba decreases with depth with an increase at 20 cm depth. Co and 
As increase at 20 cm and at 1 m depth, whereas the V contents decrease at 20 cm depth and increase at the 
50 cm and 100 cm. Zn increases progressively, while Sr increases at 20 cm and decreases deeper. The lateral 
distribution of the trace elements in the water extracts highlights increasing Co, Rb, Cr and Ni contents at 10 
m from vegetation that decrease at 12 m away. The concentrations of Cu and V decrease with increasing 
distance from vegetation. The concentration of As is characterized by a significant reduction 32-m away 
from vegetation, Cd and U are decreasing with increasing distance from vegetation, Cd having a significant 
decrease at 12 m and 32 m from vegetation. The concentration of Pb waves away from vegetation with an 
increase at 10 m, a decrease at 12 m, an increase at 18 m and a decrease again at 22 m. The Sr content of the 
leachates increases significantly at 12 m, while Zn decreases until 12 m, increasing at 18 m and decreasing at 
32 m.  

In sum, the trace elements removed by water and expressed as the total dissolved elements decrease 
generally irregularly with depth and with increasing distance from vegetation. The highest availability is 
observed in the 20-cm deep horizon and at 18 m away from vegetation (Figure 1). 

The contents of the REEs 

The total REE contents of the water extracts from vertical trend are about 23 ng/g at 10 cm below the 
surface, 17 ng/g at 20 cm and 25 ng/g at 50 cm, decreasing to about 14 ng/g at 1-m depth (Table 1). Relative 
to the surface, transfer of REEs to the deeper horizons occurred without any major fractionation, as their 
distribution patterns remain flat relative to that of the most surficial sample (Figure 4A). The small ups and 
downs among the element contents are most probably due, at least partly, to the analytical uncertainty of 
very small amounts. Only a slight decrease towards the heavy REEs (HREEs) can be observed, which is 
probably not significant analytically either. However, the slope has the tendency to increase with depth even 
if only slightly. Also to be noticed are the positive Eu anomaly for the deepest leachate and the negative Eu 
anomaly in the two deeper leachates. Changing oxidation-reduction conditions for the former and an 
increasing inorganic impact for the latter could explain these modifications that will be discussed in a 
further section. 
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Figure 4. (A) The REE distribution patterns from water leachates of the vertical trend, relative to the topsoil leachate. (B) The 
REE distribution patterns of the acetic acid leachates along the horizontal trend. 

The lateral distribution could only be examined at 10 m away from vegetation as most REE contents of the 
water leachates were below detection limit of the used equipment. When compared to the water leached of 
the soil sample at 50 cm below vegetation, that located 10 m away from vegetation shows a pattern with a 
significant decrease in the heavy REEs’ contents (HREEs; Figure 5A). Furthermore, together with a 
significant negative Tb anomaly that is yet difficult to explain, a small positive Nd anomaly and a more 
significant positive Eu anomaly are visible. 

  

Figure 5. (A) The REE distribution pattern of the water leachate at 10-m distance from vegetation relative to the same 
pattern of the reference water leachate at 0.50 m depth. (B) The REE distribution patterns of the water leachates 

relative to the equivalent acetic acid leachates along the vertical trend and in the horizontal sample from 10-m distance. 

The elements removed by acetic acid leaching  
The contents of the major elements 

Acetic acid is often used to leach metallic elements present in exchangeable mineral fractions that are 
sensitive to changing pH in sediments (Sahuquillo et al., 2003). The acetic-acid extracts from soil samples 
collected here contain elements that were released subsequently at the initial water-leaching step, meaning 
that basically the samples did no longer contain such adsorbed elements. In fact, Ca and Fe are the most 
removed elements near the surface, to the opposite of Mn, Na, P and Mg that accumulate at depth (Figure 6), 
and of Si, Al and K that accumulate at 50 cm. The vertical elemental trends indicate that Mg, P, Mn and Na 
increase with depth, Al increases at 50 cm depth and decreases above at 20 cm and below at 100 cm, while Si 
increases in the upper horizons and decreases at 100 cm depth. 

The lateral distribution relative to vegetation indicates a reduction of Mg, P, Si, Fe and Al, an irregular 
increase of Ca and no change for K with increasing distance (Figure 6). The content of Na increases slightly at 
10-m distance and decreases beyond, while Fe decreases significantly at 12 m and 22 m, Mn increases at 10 
m before decreasing to the opposite to Al that decreases strongly at 10 m. The availability of nutrients 
illustrated by the total removed major elements by acetic-acid leaching decreases 22 m away from vegetated 
area, as it did with increasing depth. Compared to the soil with the vegetal cover at 50 cm depth, the 
maximum availability of the major elements is obtained 32 m away from vegetation, as it was in the topsoil 
under vegetation. In summary, the total amounts of major elements leached by water and acetic acid are 
very different, but unexpectedly they mimic also each other. The patterns relative to the distance to 
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vegetation are especially quite identical, those obtained for the vertical profile being very similar (Figure 2). 
Even if not leaching the same fractions, water and acetic acid have a similar impact on similar soil 
compositions. 

 
Figure 6. Vertical and lateral variations of major elements in the acetic-acid leachates relative to depth in the left column and 

to distance to vegetation in the right column. The black dot corresponds to the reference sample in both trends. 

The Na/K ratio ranges from 2.5 to 5.9, this latter value being observed in the topsoil at 20 cm depth. The 
ratio decreases at 50 cm depth and increases in the subsoil along the vertical trend. Relative to the soil 
around the vegetation, the same Na/K ratio does not outline any lateral variation away from vegetation. 
After a significant decrease in the 10 initial meters, the Ca/Sr ratio remains quite identical when distance to 
vegetation increases (Figure 7). Ranging from 0.01 to 0.08, the Mg/Ca ratio tends to increase with depth and 
to decrease with distance from vegetation as for the leachates by water do, in fact, to an increase of Ca (Table 1). 

The contents of the trace elements 

The vertical distribution of the trace elements outlines progressive decreases of the As, Rb, Th, Pb, U, Ni, Cu 
and V contents with depth, those of Cr decreasing at 20 cm, increasing at 50 cm, and those of Co increasing 
until 50 cm and decreasing at 100 cm. Ba decreases at 50-cm depth, decreasing further at 100 cm, while Zr 
increases at 50 cm depth and again at 100 cm. The lateral distribution relative to vegetation of the elements 
leached by acetic acid outlines increases in the Pb and Th contents with increasing distance, while those of 
Zr decrease. The Ni contents decrease progressively until an increase at 32-m distance. The contents of Cr 
and Co increase at 10 m and then decrease, while those of V and Cu decrease at 12 m and 22 m. The As 
contents increase at 10 m and 18 m, while Rb increases at 10 m and 12 m, decreasing further away. Ba is 
more concentrated at 32 m than near the vegetation. The U and Cd contents increase at 10 m, decrease at   
12 m and 22 m, increasing again at 32 m.  
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Figure 7. The Ca/Sr, K/Rb and Na/K ratios of the acetic-acid leachates relative to depth in the left column and to distance to 

vegetation in the right column. The black dot corresponds to the reference sample in both trends. 

No correlation was observed between the contents of the elements leached by water and those of the 
elements leached by the acetic acid except for Na and Si, especially in the lateral distribution. There seems to 
be a competition between the water and acetic-acid leachates for these two elements, suggesting the 
leaching of phases that are soluble in either water or acetic acid are of varied sources, unless they were 
incorporated into mineral phases variably sensitive to the leaching solutions. This outline may also indicate 
that soil washing with water may have decreased the solubility of Na and Si in the acetic acid. Among the 
trace elements, only the water-leached Cr is proportional to the acetic-acid leached Cr, suggesting the same 
source for both phases, while Rb behaves as do Na and Si. 

The contents of the REEs 

The total contents of REEs in the acetic-acid leachates from vertical trend is much higher than in the water 
leachates: at about 17.3 g/g near the surface close to the plants, it decreases to 1.8 g/g at 100 cm depth. 
The overall distribution shows a somehow higher accumulation in the topsoil. The lateral REE distribution 
indicates that the lowest amount occurs at 10 m from vegetation with a progressive increase at 32 m away 
from vegetation (Table 1). The REE patterns of the acetic-acid leachates from vertical sampling plotted 
relative to their contents in the reference soil at 50 cm depth outline increasing heavy REEs (HREEs) at 20 
and 50 cm depth, while the distribution pattern is flat for the leachate from 1-m deep sample (Figure 8). Also 
to be noticed are the two positive Ce and Eu anomalies. In sum, this very different pattern relative to those of 
the water leachates confirms that the REEs extracted by water and acetic acid were located in different 
components of different origins.  

Relative to the REEs contents of the 50-cm deep reference level below vegetation, the distribution patterns 
at increasing distance from vegetation yield a significant enrichment in light REEs (LREEs) as well as 
increasing negative anomalies in Ce and Eu (Figure 4B). Earlier studies showed that higher concentrations of 
LREEs are observed in soils developed on phosphate and carbonate rocks (Chen and Yang, 2010), which is 
not the case here. The already mentioned negative Ce anomaly also visible in most leachates is often 
considered to characterize oxidizing environments (McLennan, 1989). The distribution patterns of the REEs 
trends are very similar, except varied extends of the Ce and Eu anomalies, with only an increasing slope from 
La on the light side of the REE distribution to Lu at the heavy side correlated with the distance to the 
vegetation. At the 32-m distance, the pattern has the steepest slope, while completely flat at the 10-m 
distance.  
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Figure 8. REE distribution patterns of the acetic-acid leachates relative to the acetic-acid leachate of the topsoil sample 

along the vertical trend at 0.20-m, 0.50-m and 1-m depth. 

Of interest is the progressive increase of the Ce negative anomaly from 10 to 32 m distance to vegetation, 
which suggests a progressive change in the oxidation-reduction conditions in the soil when the distance to 
vegetation increases. From a somewhat reduced environment imposed by the vegetation, the conditions 
become more oxidizing away. The negative Eu anomaly that basically is representative for increasing 
contents of silicate minerals (Weill and Drake, 1973) is also increasing progressively with the distance to the 
vegetation. This progressive change could record a progressive input of an inorganic REE supply to the 
leachates relative to the organic supply. 

When possible, comparison of the REE patterns of the water and acetic acid leachates from the same samples 
outlined instructive displays. In fact, the water and acid-acetic solutes of the soil samples close to vegetation 
at 10, 20 and 50 cm are very similar with flat patterns (Figure 5B). Only two leachates yield different 
patterns: that from 1-m depth outlines a significant positive Ce anomaly, the rest of the pattern being still 
flat, and that from 10 m away yields a downwards slope for the HREEs, and very visible positive Ce and Eu 
anomalies that have been already mentioned. 

Discussion 

Differences in the vertical and lateral distributions of elements can be assigned to changes in the 
physicochemical properties of the studied soil including pH, amount and activity of the occurring organic 
matter, as well as amount and type of minerals, especially clays such as smectite characterized by high 
cation-exchange capabilities. As a preliminary hypothesis, the vertical downwards increase of elements 
could indicate either some dissolution of secondary phases or leaching of elements adsorbed on crystal 
surfaces in the topsoil, while a vertical decrease may indicate either the supply of elements into a plant 
activity volume in the rhyzosphere near the surface, or an input from anthropogenic sources via the 
atmosphere at the upper soil level and a decrease downwards. The lateral increase of elements can be due to 
either dissolution of secondary phases, a decrease of the micro-organic soil components, or even fixation of 
anthropogenic supplies by the micro-organisms near the vegetation and a lateral decrease focusing on their 
role in plant growth. 

The message of the elements leached by water 

Increasing of the Al, Ca, Mg, Fe, Mn, K and Na contents from water leachates at 20 cm depth relative to those 
of the topsoil above suggests an evapo-transpiration that usually induces such increase of nutrient 
concentrations (Cramer et al., 2008; Onwuka and Mang, 2018). On the other hand, while elements primarily 
taken up by plants, such as K and P, decrease with depth, the important increase of Al and Fe at 50 cm depth 
may indicate a downwards leaching with possible incorporation into secondary phases. Ifansyah (2013) 
reported that humic acid is able to increase the P availability and to reduce the Al and Fe solubility in soils. 
High solubility of Al and Fe, together with a P decrease at 50 cm depth, does not correlate here with a change 
of the pH, which increased only slightly from 8.29 to 8.97 at 50 cm, compared to the topsoil. Ifansyah (2013) 
reported also that the high Al and Fe solubility is accompanied by hydrolysis that induces a release of 
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hydrogen ions into the soil fluids and consequently an acidification of the soil. The interpretation of the data 
obtained here is different. As humic substances are strongly complexing Al and Fe(III), the total Al 
concentration and its speciation in the soil depend mainly on the pH and the chemical environment of the 
pore waters (Gerke, 1997; Kisnieriené and Lapeikaité, 2015). On the other hand, Al has no specific biological 
function (Poschenrieder et al., 2008). Adsorption affinity of phosphate by ferro-hydrite complexes (Wang et 
al., 2015) could also explain the P decrease at 50 cm depth. 

The lateral distribution of the leached elements most probably highlights a progressive decrease of the plant 
activity; the lower K leaching obtained close to vegetation may then be due to the soil contribution to the 
plant cycling. This hypothesis is confirmed by the K increase in the samples away from vegetation. It is also 
supported by the P contents decreasing progressively in the leachates away from vegetation. Elements such 
as Si, Al and Ca, which contents increase with the distance from vegetation, may also be indicative of a 
progressively increased contribution of altering minerals from soil. Na decreasing away from vegetation, 
while Mg and Fe rather fluctuate with the distance to the vegetation, could then relate to either decreasing 
minerals containing the former or varied amounts of minerals with the latters. Elements such as Cu, Cr and 
Pb are enriched in the upper horizons and depleted at depth, which suggests some anthropogenic supply. 
Conversely, As, V and Ni are enriched at depth, which could result from a more active leaching near the 
surface and a transfer downwards. In general, elements, which contents decrease with distance to vegetation 
as is the case for V, Cu, Cd and U, suggest also a complexation process with organics of the soil that are also 
expectedly decreasing when the distance to vegetation increases. 

The message of the elements dissolved by acetic acid 

Elements such as Mg, Na, P, Si and Mn are increasing at depth that results from a combined leaching and 
precipitation of secondary phases in the deeper soil. Relative to the topsoil close to vegetation, the Al, Si, Mg, 
Mn, Na and P contents increase at 10 m, and then decrease with distance, while Fe shows a lateral decrease. 
The Ca contents decrease at 10 m, while increasing at the other sampling stations. The content of K remains 
unchanged with distance, which suggests that when involved in plant activities it contributes more to the 
water leachates as a potential nutrient than to the acetic-acid leachable phases.  

The message of the trace elements 

The increasing contents of the trace elements relative to depth characterize a leaching from topsoil 
downwards as the contents may originate from soluble minerals, while any decrease at depth reflects rather 
a precipitation with increasing pH. Alternatively, leached trace elements characterized by decreasing 
contents with depth may also indicate surficial supplies of anthropogenic sources. The elements most 
leached from soil surface are V, Ni, Cu, Th, As and Rb (with an important decrease at 50 cm). Co increases 
downwards with an important step at 50 cm. The REEs are more accumulated in the topsoil, whereas the 
decrease of the trace elements relative to depth parallels the increase of pH.  

The REE contents of the leachates decrease at depth relative to those from topsoil with, laterally, an increase 
at 18 m, a decrease at 22 m, and a renewed increase at 32 m. The distribution confirms that there is a higher 
plant activity and/or amount of organic matter in the topsoil that complexes and fixes REEs. Alternatively, 
the irregular increases of the REE contents with distance could illustrate local inputs from dissolved 
minerals. A comparison of the water and acetic acid leachates in the vertical trend shows that the Ce and Eu 
positive anomalies are significantly larger when sampling is deeper in the vertical trend and further away 
from vegetation in the unique available pattern. These anomalies point to the fact that the earlier reported 
negative anomalies in soils (Wyttenbach et al., 1998; Loell et al., 2011) seem not to be general rules. Here, 
the Ce anomaly indicates apparently that there is a progressive oxidation-reduction change when sampling 
is more distant from plant activity, surprisingly towards a more reduced environment, which could relate to 
some lower activity of the microorganisms, or even to a more or less decrease of their occurrence. The 
increasing Eu anomaly obtained away from vegetation might reflect a larger contribution of mineral 
compounds in the leachates, confirming in turn a decreasing organic contribution. The higher contents in the 
HREEs relative to the LREEs in the leachates away from vegetation, vertically and horizontally, seem to be 
quite systematic (Figure 4A and B; Figure 5A and B). 

The K/Rb, Ca/Sr and Na/K ratios 

The K/Rb ratio of the water-soluble fractions ranges from about 1,569 to 6,700 in the different soil samples. 
As reported by Chaudhuri et al. (2007), these high values are more common for organic than mineral 
materials. The vertical distribution indicates a higher ratio in the subsoil relative to the topsoil, as is the case 
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in the lateral distribution. This trend is somewhat to the opposite to that of the associated total organic 
carbon.   

The Ca/Sr ratio ranges from about 14.9 to 111 with the highest value 10 m away from vegetation and the 
lowest 12 m away. It is lower in the topsoil than in the subsoil because of Sr decrease with depth. In its 
lateral fluctuation, the changes of the Ca/Sr ratio parallel the changes in the Ca of the acetic acid leachates 
(r2=-0.65), while they parallel the Sr changes (r2=0.80) in the water extracts. No alternative correlations 
between Ca/Sr ratio and Ca contents are observed in the water extracts and between Ca/Sr ratio and Sr 
contents in the acetic acid extracts. 

The K/Rb ratio ranges from about 1,335 to 8,835 in the acetic-acid leachates of the analyzed samples. Its 
fluctuations are better correlated with Rb than with K. The general tendency is an increase with depth and 
with distance from vegetation, because of a preferential Rb decrease. The Ca/Sr ranges from 259 to 670 with 
no clear trend in the subsoil, the fluctuations being correlated with the Ca rather than with the Sr changes 
(Figure 3).  

The Na/K ratio ranges from about 1.63 to 29.1 in the water leachates. The vertical fluctuations show a higher 
ratio in the subsoil because of an increased content in Na. Alternatively, the lateral distribution of the ratio 
outlines a decrease with the distance from vegetated area except at 12 m where no change relative to 
samples collected close to vegetation is visible. In the acetic acid leachates, the Na/K ratio ranges less widely 
from 1.62 to 5.86. For both the water and acetic-acid leachates, a positive correlation is observed between 
Na/K ratio and the concentration of Na, which suggests a uniform supply of Na along both the vertical and 
the lateral trend. 

Conclusion 
The elemental distribution in water and acetic-acid leachates shows that plant cycling is not systematically 
the dominant control of the nutrient distribution in soils. However, elements such as Mg, Na, P, Si and Mn 
enriched here at depth in the acetic acid leachates appear to be controlled essentially by the organic cycle. 
Usually involved in plant cycling, K remains unchanged in the acetic-acid solutes with depth and distance to 
the plants. For the water leachates, its vertical distribution outlines a decrease with depth because 
essentially involved in the plant activity. Opposite results characterize the P contents that decrease in the 
water and acetic acid leachates away from vegetation. A human impact is suspected for the metallic trace 
elements that are enriched in the acetic-acid leachates at the surface relative to the subsoil. The vertical 
distribution of the K/Rb ratio ranging from about 1,569 to 6,700 in the water-soluble fractions indicates a 
higher ratio in the subsoil than the topsoil. It ranges from about 1,335 to 8,835 in the acetic acid leachates, 
increasing with depth and distance to vegetation. In turn, this experiment raises the basic heterogeneity of 
soils below and away from vegetation: no constant trend being observed in both directions. It looks like the 
soluble elements of each soil sample are only representative for themselves. 

Not controlled directly by the plants but more probably by solid organic exudates, REEs are more 
accumulated in the acetic-acid leachates of the topsoil. Their contents in the leachates decrease at depth 
relative to those in the leachates of the topsoil with an irregular increase laterally away from vegetation. The 
REEs distribution confirms a higher amount of organic matter in the topsoil that complexes and fixes REEs. 
Alternatively, the irregular increases of the REE with distance illustrate local irregular inputs from solid 
phases dissolved by acetic acid. Ce and Eu positive anomalies are significantly larger when sampling is 
deeper in the soil and away from vegetation. The Ce anomaly apparently indicates that there is a progressive 
oxidation-reduction change when sampling is distant from plant activity, probably induced by a significantly 
lower activity of the microorganisms. On the other hand, the increasing Eu anomaly away from vegetation 
might reflect a larger contribution of the mineral compounds to the leachates. Higher contents in the HREEs 
relative to the LREEs in the leachates away from vegetation, vertically and horizontally, seem to be quite 
systematic outlines. 
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