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 Abstract 

Article Info 
In modern economic and industrial realities, agricultural lands are often located next 
to industrial areas, which leads to soil contamination and, as a result, agricultural 
products with pollutants. Pollution of soils and plants by several pollutants of various 
nature has acquired huge proportions. There is a threat of migration of dangerous 
ecotoxicants, including heavy metals and benz[a]pyrene, one of the main persistent 
compounds, a marker of PAH soil contamination, along trophic chains that may be 
dangerous to public health. This study examines the use of various types of mineral 
sorbents (Tripoli, Brown coal, Diatomite) and mineral sorbents (Biochar, Granular 
activated coal) to reduce the toxic effects of pollutants on the sources of 
anthropogenic emissions of heavy metals and polycyclic aromatic hydrocarbons 
adjacent to the sources. Using scanning electron microscopy, it was found that the 
sorbents have a high specific surface area. With the help of phytotesting in combined 
contaminated soils, the optimal dose of sorbent administration was determined at 
the level of 1% and 2% for various pollution variants. In addition, the analyzed 
sorbents are ordered by the effect of reducing the phytotoxicity of combined soil 
pollution. It was found that the introduction of sorbents into contaminated soil 
contributed to an increase in the morphometric parameters of the test culture - 
barley (Hordeum sativum distichum), which confirms the effectiveness of the 
sorption remediation of jointly contaminated soils with heavy metals and 
benz(a)pyrene. 

Keywords: Heavy metals, polycyclic aromatic hydrocarbons, remediation, sorbents, 
biochar, germination energy. 
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Introduction 
Heavy metals (HMs) and polycyclic aromatic hydrocarbons (PAHs) are among the most hazardous soil 
pollutants. The combined pollution of soils by HMs and PAHs constitutes a significant threat to the 
environment and human health.  In the last decades, among HMs, copper (Cu) got a great deal of environmental 
and toxicological concern (Ben-Ali et al., 2017; Sushkova et al., 2017; Li et al., 2020). Copper compounds are 
among the most widely distributed contaminants; nonetheless, copper is a trace element that is required by 
plants to function properly.  Now coming to PAHs, benzo(a)pyrene (BaP) is one of the most harmful members 
of this class of chemicals. BaP is subject to statutory control around the world and is a critical indication of 
contamination of soil with organic pollutants (Skłodowski et al., 2006; Abdel-Shafy and Mansour, 2016; 
Eeshwarasinghe et al., 2019). There is no universal method for restoring soils contaminated with heavy metals 
and polycyclic aromatic hydrocarbons. The effectiveness of the methods used depends on the soil properties, 
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the degree of adaptation, and the stability of the plants growing on it. The main approach for the restoration 
of combined contaminated soils lies mainly in either reducing the content of pollutants to a safe level or 
stabilizing and immobilizing pollutants to reduce their bioavailability.  

Hence, the introduction of natural and artificial sorbents can be used as an independent method of soil 
remediation. While this soil reclamation method is economic and straightforward in its application, it is 
exceptionally effective in both the selective removal of contaminants and the restoration of the soil's natural 
condition.  For soil remediation, the common sorbents based on natural resources and mineral raw materials 
(diatomites, tripoli), or obtained because of pyrolysis of biomass (activated carbon, biochar) (Ding and Luo, 
2005; Gutiérrez-Ginés et al., 2014; Smirnov and Konstantinov, 2016; Smirnov et al., 2017; Singh et al., 2017; 
Xu et al., 2021). The current work is designed, and the scientific novelty of this work is in the choice of sorbents 
and the doses of their introduction into soils under the combined contamination of Cu and BaP has been 
substantiated. This work aims to study the transformation of Cu and BaP in the soil, as well as the effect of 
combined pollution on the growth and development of barley (Hordeum sativum distichum). 

Material and Methods 
The experiment was carried out in a climate chamber at the Academy of Biology and Biotechnology of the 
Southern Federal University. The soil (0-20 cm) of the specially protected natural area "Persianovsky reserved 
steppe", which is represented by Haplic chernozem, was used. Vegetative vessels with a closed drainage 
system with a volume of 3 l were loaded with soil sifted through a 2 mm sieve. The mass of soil in the vessels 
was 3 kg. Added an aqueous solution Cu(CH3COO)3 (275 and 550 mg/kg, which corresponds to 5 and 10 
maximum permissible concentration (MPC) of the metal, and BaP solution in acetonitrile (200 and 400 mg/kg 
BaP), which corresponds to 10 and 20 MPC of polyarene. The selection of pollutant doses is carried out based 
on the degree of soil destruction in the Rostov region (Minkina et al., 2009; Sushkova et al., 2016; Bauer et al., 
2020). 

After 30 days from the moment the pollutants were introduced into the soil, sorbents were introduced 
according to the experimental scheme: 1) Control; 2) Control + 0.5% sorbent; 3) Control + 1% sorbent; 4) 
Control + 1% sorbent; 5) Control + 2% sorbent; 6) Control + 2.5% sorbent; 7) 10 MPC BaP + 5 MPC Cu 
(Background 1); 8) Background 1 + 0.5% sorbent; 9) Background 1 + 1% sorbent; 10) Background 1 + 1.5% 
sorbent; 11) Background 1 + 2% sorbent; 12) Background 1 + 2.5% sorbent; 13) 20 MPC BaP + 10 MPC Cu 
(Background 2); 14) Background 2 + 0.5% sorbent; 15) Background 2 + 1% sorbent; 16) Background 2 + 1.5% 
sorbent; 17) Background 2 + 2% sorbent; 18) Background 2 + 2.5% sorbent (Figure 1).  

 
Figure 1. Growing experiment with spring barley (Hordeum sativum distichum) 

The sorbents used were granular activated carbon (GAC), biochar produced at the Academy of Biology and 
Biotechnology of the Southern Federal University, diatomite from the Kamyshlov deposit, brown coal, and 
tripolite from Razrer Brusyan. The doses of sorbents were selected based on previous studies (Bolan et al., 
2014; Minkina et al., 2016; Pinskii et al., 2018; Gholizadeh and Hu, 2021). In total, there were 53 variants in 
the experiment in 3-fold repetition. Soil incubation with sorbents lasted 30 days, after which a test culture was 
sown - two-row barley of the Ratnik variety (Hordeum sativum distichum) in the amount of 20 pieces per 3-
liter pot. Plants were grown for 45 days - until the booting phase. Based on the previously obtained results of 
photo-testing, the choice of sorbents and their application rates were substantiated 

Scanning electron microscopy (Carl Zeiss EVO-40 XVP microscope) was used to analyze the topography and 
morphology (microgeometry) of carbon sorbent fragments (Figure 2) (Bain et al., 2010; Rajput et al., 2021a,b). 
GAU consists of cylindrical granules 0.5-3 mm in size. Microscopic examination showed that it is 
heterogeneous in its dispersed and morphological composition and contains both rhombohedral fragments 
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up to 20-25 microns in length and particles several hundred microns in size (Figure 2). Large particles are 
sieve-like structures with through cylindrical holes with a diameter of approximately 10-20 microns and 1-2 
microns. These formations in their shape and structure repeat the capillary structure of the wood from which 
they were obtained as a result of incomplete combustion of the feedstock. The biochar sample is a coarse-
grained, highly porous material with a large surface area. The size and structure of the particles is determined 
by the characteristics of the feedstock.  

 
Figure 2. Images of the surface of the sorbents were made using scanning electron microscopy, microphotograph of      
A-granulated activated carbon, B – biochar from sunflower husk, C - surface of diatomite from the Kamyshlovskoye 

deposit, D - brown coal, E - surface of Brusyan-Logacharsky tripolite 

Microscopic examination showed that, as in the GAC sample, biochar particles have an anisotropic structure 
of pores, which are long cylindrical cavities located along the longitudinal axis of sunflower husk particles 
(Minkina et al., 2013; Chen et al., 2020; Wang et al., 2020; Cheng et al., 2021). On the sagittal view (Figure 3), 
a developed surface is visible with many cracks and slit-like pores 1-2 microns wide. A segmental cleavage 
contains many rounded pores 10–30 µm in size, as well as pores 0.5–1 µm in size (Table 1). A brown coal 
sample consists of particles 0.1-1 mm in size. Microscopic examination showed the homogeneity of the sample. 
Most of the material has a loose texture and granular structure, irregularly shaped pores (Figure 2). The 
particles predominantly have an isomorphic, close to rounded shape. The total mass of the samples can be 
divided into the skeletal part and the finely dispersed component. Dust consists of both aggregates and 
individual particles (Figure 2). Aggregates are formed not only from small particles (<5 μm), they include large 
mineral grains, on the surface of which smaller particles adhere. The aggregates have sizes from tens of 
micrometers to 1 mm. Microaggregates of size from 20 to 70 µm prevail. 

Table 1. Physical characteristics of the private surface and porosity of sorbents 
 
Sorbent 
brand 

 
Feedstock 

 
Sorbent 

form 

 
Granule 

size (mm) 

Specific 
surface area 

(m2/g) 

Pore volume (cm3/g) 
General Macro 

>500 nм 
Меzо2-
500 nм 

Micro 
>2 nм 

GAU Wood Granules 0,5-3 950 0,98 0,4 0,19 0,39 
Biochar Husk Records 1-5 640 0,81 0,14 0,04 0,63 

Brown coal Brown coal Powder 0,1-1 451 0,17 0,03 0,05 0,09 
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Figure 3. Germination and germination energy of the test culture of Hordeum sativum distichum in a model laboratory 

experiment 

The Kamyshlovskoye deposit of diatomites is located on the northeastern outskirts of the city of Kamyshlov, 
Sverdlovsk region, 2 km from the Kamyshlov railway station, and is a large sheet-like deposit of diatomites. 
The thickness of diatomites within the deposit does not change significantly, except for the eastern part of the 
deposit, where the thickness of the deposit increases significantly. Within the boundaries of the explored area, 
the deposit is composed of diatomites of the Irbit Formation and opoks of the Serov Formation. Diatomites 
over the entire area are overlain by Pliocene-Quaternary sediments with a maximum thickness of 6 m or more. 
The diatom complex in the rocks of the productive strata of the Kamyshlovskoye deposit is represented by 
Coscinodiscus payeri (lower part of the Lower Eocene) - large isometric diatoms with dense and thick valve 
walls predominate (Figure 2). 

Diatomites (mainly from Eastern Europe) with a relatively low SiO2 content of about 50% are effective as soil 
additives, including pollutant immobilization. At the same time, in the diatomites of the Trans-Urals, the 
average content of SiO2, as a rule, ranges from 75 to 80%. In addition, there are numerous, relatively simple 
and cheap methods for their mechanical, thermal and chemical treatment, which make it possible to reduce 
the content of the clay component and bring the content of SiO2 to 95% or more, as well as increase the specific 
surface area. Chemical properties, granulometric and mineral composition of the used sorbents are presented 
in Table 1 (Figure 2) (Fedorenko et al., 2021). 

Methods 

The toxic effect of pollutants is evaluated by such indicators as germination energy, germination, shoot length, 
root length. Germination energy was observed on the third day. Then, on the seventh day, germination was 
determined. At the end of the experiment, the experimental plants were collected and their morphometric 
characteristics were determined: the length of the shoots and the length of the roots. Next, the toxicity index 
was calculated for each factor in order to determine the toxicity of the studied soil before and after pollution. 
The toxicity index of the evaluated factor for each biological test object was determined by the formula 
(Kotyak, 2019; Kotyak et al., 2019): TF = TF0 /TFk, where is TF0 – the value of the measured indicator in the 
studied variant, TFk – on control. To assess the toxicity of the factor, the following scale was used: VI toxicity 
class (stimulation) –ITF >1.10; V (norm) - 0.91 – 1.10; IV (low toxicity) - 0.71 – 0.90; III (medium toxicity) - 
0.50 – 0.70; II (high toxicity) - <0.50; I (ultrahigh toxicity) - the environment is not suitable for the life of the 
test object.Statistical data processing was carried out using the software package Microsoft Excel 2016, 
STATISTICA 2010. The average value of the indicator was determined, the standard deviation and validation 
of the samples were performed using a comparative Student's test. 

Results  
Germination and germination energy in uncontaminated soil amounted to 99%, which indicates high sowing 
qualities of the test crop. The average length of the roots varied in the range of 104-110 mm, and the stems - 
106-112 mm (Figure 3, 4). The combined contamination of the soil with Cu and BaP has a toxic effect on the 
growth and development of the test culture. So, in the variant with the introduction of 275 mg/kg of Cu into 
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the soil (corresponds to 5 MPC) together with 200 mcg / kg of BaP (corresponds to 10 MPC), root length and 
stem height are suppressed by 79% compared to the control sample, in addition, germination and seed 
germination energy are reduced by 29% and 33% (Figure 4).  

 
Figure 4. The effect of sorbents on the morphometric parameters of double row spring barley (Hordeum sativum 

distichum) in the tubulation phase (45 days), expressed in the variant with 5 MPC Cu and 10 MPC BaP (Background 1) 
and with 10 MPC Cu and 20 MPC BaP (Background 2) 

Accordingly, with an increase in the content of introduced pollutants to 550 mg/kg Cu (10 MPC) and 400 
mcg/kg BaP (20 MPC), the negative effect on the growth of roots and stems increases by 90%, as well as on 
germination and germination energy by 39% and 46% compared to plants (Figure 3), growing on unpolluted 
soil. Effective dose also remained 2.5%, but its effect is noticeably lower than that of the two previous sorbents: 
the length of the roots reached 79 mm, and the shoots – 73. 

In the study results, the germination energy of spring barley seeds in uncontaminated soil was    length of the 
roots varied between 104-110 mm, and for the stems between 106-112 mm. The combined soil contamination 
with Cu and BaP had toxic effect on the growth and development of the test culture. So, in the variant with 275 
mg/kg Cu in soil (corresponds to 5 MPC) together with 200 μg / kg BaP (corresponds to 10 MPC), the root 
length and stem height were inhibited by 79% in comparison to the control. Additionally, the germination rate 
and seed germination energy decreased by 29% and 33%, respectively. As the pollutants’ concentration 
increased to 550 mg/kg Cu (10 MPC) and 400 μg / kg BaP (20 MPC), the rate of stem and root growth 
decreased by up to 90%, as well as the germination energy by 39% and 46 % compared to plants growing in 
uncontaminated soil. It is noted that the joint soil contamination with organic and inorganic pollutants has a 
maximal toxic effect on plants as compared to the effects of individual pollution. Plant morpho-biometric 
parameters were not significantly affected by the introduction of mineral and carbonaceous sorbents into 
uncontaminated soil for shorter duration; however, in several studies involving a longer vegetation 
experiment, a positive effect on plant growth and productivity was observed. The use of mineral sorbents in 
contaminated soil had a positive effect on the morpho-biometric parameters of plants (Dietz et al., 1999; 
Kabata-Pendias, 2011; Mousavi et al., 2018). 

Discussion 
Germination and germination energy in variants with the introduction of different doses of diatomite was 70-
94% and 66-90%, and in variants with tripoli - 71-94% and 67-91%, respectively (Figure 3). The introduction 
of diatomite into the soil with artificial pollution of 10 MPC BaP + 5 MPC Cu in doses of 0.5-2.5% increased the 
length of roots and stems in comparison with the contaminated soil. The best morpho-biom    etric indicators 
of plants grown on contaminated soil were established with the introduction of 1.5% diatomite and 2% tripoli. 
With an increase in the content of pollutants in the soil to 20 MPC BaP + 10 MPC Cu, the efficiency of the 
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introduced doses of mineral sorbents slightly decreases. Germination and germination energy with different 
doses of diatomite in the soil observed to be 63-85% and 59-81%, and for tripoli - 64-84% and 60-83%. A 
dose of 0.5% diatomite and tripoli improved the parameters of the root length only by 1.5, 1.4 times, and the 
stem height by 1.4 times. With an increase in the doses of sorbents introduced into the soil, their effectiveness 
increases (Bauer et al., 2018; Rajput et al., 2021a,b; Kumar et al., 2021). The amendments efficiency was visible 
at 2.5% diatomite and tripoli. Similar phytotoxic effects were shown by diatomite and tripoli on the in regard 
to their physicochemical properties. The addition of carbon sorbents to the contaminated soil (10 MPC BaP + 
5 MPC Cu) led to an improvement in the morpho-biometric parameters of plants. High germination (≤95%) of 
the test culture was recorded when 2–2.5% carbon sorbents were used, the germination energy varied within 
90–94%. On variants of contamination of 10 MPC BaP + 5 MPC Cu at application rates> 1% GAU and biochar, 
the morpho-biometric parameters of plants reach the control sample. The lowest efficiency was found when 
using brown coal: 2.5% of brown coal, which contributed to an increase in root length, stem height by 3.7, and 
4.0 times compared to the contaminated version (soil), however, the growth and development of plants do 
not reach control. The content of carbon sorbents in the contaminated soil 20 MPC BaP + 10 MPC had a positive 
effect on the growth and development of plants, whereas the sorbent concentration increased their efficiency 
become more evident. The use of GAU in doses 0.5-2.5% increases the length of the roots and the height of 
plants up to1.6-9.2 times, and biochar – up to 1.7-8.9 times.  

The optimal dose of GAU and biochar application was 2% since with the introduction of 2.5% mathematically 
(statistically) reliable changes in morpho-biometric parameters were not observed GAU and biochar, in 
comparison with brown coal, were the most effective, which is associated with their characteristics especially 
specific surface area and pore volume. Thereby, in 2% brown coal concentration in soil, the root length 
increased by 7.1 times and the stem height by 6.1 times, while in the case of GAU and biochar, the increase 
was approximately 9 times (Chikhi et al., 2011). 

With combined contamination, the morphometric parameters of spring barley deteriorated compared to the 
control (Figure 4). One of the most sensitive characteristics is the length of barley roots, which showed a 
significant impact on the formation of yield. It was found that the length of the roots decreased with combined 
contamination by 40% in the variant with 10 MPC BaP and 5 MPC Cu (Background 1) and by 66% with a 
doubling of the dose of pollutants compared with the control. This may be caused by the high carcinogenicity 
and mutagenicity of BaP, as well as other metabolites, which are the representatives of PAHs, and their 
carcinogenic metabolites formed during the degradation of BaP. It is generally recognized that the negative 
influence of heavy metals on growth processes, the development of stem meristems and roots increases with 
an increase in the concentration of metal in the soil. 

The height of cereal plants reflects the general condition of plants when the main biomass is growing and 
forming, and reveals their reaction to nutritional conditions and soil toxicity. Based on current research 
outcomes, it was found that the length of the stems decreased by 27% and 56%. The inhibition in the growth 
and development of plants was not only reported in cultivated, but also in wild conditions under combined 
pollution by many researchers (Matsumoto et al., 1979; Zhou et al., 2021). Such processes may be related with 
a disruption of the antioxidant enzyme functions of plants as a result of the harmful effect of BaP's influence 
on these enzymes' activities.  In the work of Bernard (Bernard et al., 2015), it was shown by the example of 
broccoli (Brassica oleracea) and white clover (Trifolium repens) that the level of resistance to oxidative stress 
(reactive oxygen species) at the biochemical level is directly associated with disturbed morphological 
characteristics of the plants. 

There is an increase in the length of the barley root by 37% compared to the contaminated version of 20 MPC 
BaP and 10 MPC Cu (Background 2) with the introduction of 1% diatomite, and the length of the stem - by 8% 
and 7%, respectively. In the variants with higher pollution, a similar increase in the growth of spring barley is 
observed. The reduction of the toxic effect of pollutants during the introduction of diatomite occurs due to the 
fixation of bioavailable Cu compounds and the strengthening of the transformation of BaP. The maximum 
decrease in the morphobiometric parameters of plants on polluted soil (Background 1) was recorded when 
1% of GAU is applied: the length of the barley root increased by 58%, and the root by 35% (Figure 4). The 
decrease in phytotoxicity might be due to a decrease in Cu mobility and BaP transformation (clause 1.3). GAU 
also has a stimulating effect on the development of agricultural crops (Feng et al., 2016; Bauer et al., 2020a,b). 

In the second year of research, the effect of sorbents increases, which leads to better growth and development 
of test cultures, but the trends observed in the first year of research persist (Figure 4, 5, 6). Thus, the combined 
introduction of Cu and BaP into the soil has a negative impact on the morphometric parameters of barley. The 
most sensitive indicators of combined contamination are the length of the roots and stem. Further, the 
inhibition of the growth and development of test crops depends on the degree of contamination. When mineral 
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and carbon sorbents are applied, morphometric parameters of spring barley are improved by reducing the 
content of BaP and mobile Cu compounds. The best effect is observed when applying GAU. In the second year 
of research, there is a tendency to reduce the toxic effect of pollutants on the growth of test cultures. An 
increase in the effect of mineral and carbon sorbents was found as a result of greater fixation of Cu compounds 
and transformation of BaP. 

  
Figure 5. The effect of sorbents on on factor of toxicity index of 

double row spring barley (Hordeum sativum distichum), 
expressed in the variant with 5 MPC Cu and 10 MPC BaP 

(Background 1) 

Figure 6. The effect of sorbents on factor of toxicity index of 
double row spring barley (Hordeum sativum distichum), 

expressed in the variant with 10 MPC Cu and 20 MPC BaP 
(Background 2) 

 

Conclusion 
It was shown that the introduction of mineral and carbonaceous sorbents into uncontaminated soil did not 
significantly affect the morpho-biometric parameters of plants. Germination energy was almost the same 
between different types of carbon sorbents. By reducing the phytotoxicity of the combined contamination of 
soil, the analyzed sorbents can be sequenced (sequenced) as follows: GAU> biochar> diatomite> tripoli> 
brown coal. In Haplic chernozem, combined contamination with Cu and BaP, the introduction of GAU, biochar, 
and diatomite to reduce the phytotoxicity of the soil showed the most noticeable changes when adding 
sorbents at a dose of 1% in the variant 10 MPC BaP + 5 MPC Cu and 2% in the variant 20 MPC BaP + 10 MPC 
Cu. Thus, these research outcomes will be helpful for remediation of combined polluted soils by heavy metals 
and benzo(a)pyrene and leveling the negative impact of pollutants on plant growth and development. 
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 Abstract 

Article Info 
In this study, liquid fermented wastes from 15 licensed biogas plants located within 
different regions of Türkiye were determined and the parameters that are important 
to waste management evaluations were revealed. Accordingly, some physical, 
chemical, and biological analyses include moisture, dry matter (DM), organic matter 
(OM), pH, EC, total N, P, K, Salmonella, Escherichia coli, E.coli O157:H7, and 
Enterobacteria were conducted. Spearman’s correlation analysis was conducted to 
determine the relationship among the results, and a regression analysis was 
conducted to reveal the effect of the results on each other. In the wastes, DM values 
were between 0.53-9.71%, OM values were between 0.53-7.76%, N contents were 
between 0.10-0.74%, P contents were between 0.04-0.22%, K contents were between 
0.15-0.56%, EC values were between 1.50-6.51 dSm-1, B contents were between 
16.96-34.63 mg kg-1, and Na contents were between 0.11-0.40%. A correlation 
analysis was conducted to reveal the relationship of OM and DM to other parameters. 
OM content had a significant correlation with N (73.9%), P (80.4%9, Fe (71.4%), Mn 
(75.7%), EC (53.2%), K (60.7%), and Mg at 72.1%. The DM contents had a significant 
correlation with N (68.2%), P (95.4%), Cu (60.0%), Fe (88.2%), Mn (94.3%), Zn 
(67.5%), EC (76.1%), K (81.4%), and Mg at 83.9%. A significant regression model and 
the variances of DM and OM variables were 37.8 and 24.8% for N (%), 61.7 and 31.5% 
for P (%), 53.9 and 22.4% for K (%), 46.6 and 23.8% for Ca (%), and 70.0 and 45.7% 
for Mg (%), respectively. Finally, these observations should be used to demonstrate 
the usability of liquid fermented wastes for agricultural purposes. 

Keywords: Biogas, slurry, dry matter, organic matter, correlation, regression. 
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Introduction 
Interest in the anaerobic digestion of organic wastes is gaining more and more attention for helping to reduce 
greenhouse gas emissions and facilitating the sustainable development of biogas production and energy 
supplies. It has been observed that as a result of the daily increases in agricultural activities based on the 
increase in the population and the investments made in agriculture, large amounts of agricultural biomass 
wastes are being released.  

Biogas power plants are one of the most suitable alternatives for eliminating the negative effects of these 
wastes on soil and surface waters by processing manure and other organic wastes from livestock and creating 
a waste management plan. Nearly 19,000 biogas plants operating in Europe and investments in these plants 
have increased in recent years. The biogas industry has the potential to reduce greenhouse gas emissions 
worldwide by 10-13% and create jobs for thousands of people by 2050 by increasing the volume of renewable 
energy sources (Anonymous, 2021). 

Biogas power plants produce clean energy from waste and are indispensable disposal facilities for modern, 
sustainable, environmental policies that not only generate electricity from natural resources, such as 
renewable energy facilities but are also taken under record. Biogas facilities are important in terms of finding 
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solutions to the energy deficit of Turkey, preventing environmental pollution, and serving the liberation of the 
major agricultural areas of the country that are about to experience desertification; however, the industry is 
already facing the issue of what to do with the liquid fermented wastes. Biogas facilities for the use of liquid 
fermented products in agricultural areas are attempting to resolve the issues within their means and 
knowledge within their regions. The Ministry of Environment and Urbanization and the Ministry of 
Agriculture and Forestry, who are the investigators of these issues, evaluate them from their perspective and 
have different legislation for implementation. In addition, the high cost of pasteurization of the wastes from 
biogas enterprises and the lack of standard quality and the continuity of security for the raw material source 
are the main problems of the biogas sector in Turkey. The most important of these problems is how to evaluate 
the liquid fermented waste. Under current conditions, the current use and storage methods of liquid waste in 
agriculture cause significant environmental problems. This rich byproduct has the potential to seriously 
pollute the environment if not appropriately handled (Yan et al., 2019). Many environmental problems are 
created from the irresponsible use of these wastes (Nasir et al., 2012).  

Biogas slurry/waste is defined as an easily absorbable byproduct of plants, rich in macro- and micronutrients, 
such as N, P, and K, also known as anaerobic digestion products (Wang et al., 2018). The nutritional content of 
this waste may change depending on the raw material and anaerobic process. It has been stated that the 
composition of these slurries from biogas power plants generally comprises 93-99% water and 1-7% dry 
matter (DM), most of which are organic but some of which inorganic (Stinner et al., 2008; Fouda et al., 2013; 
Wentzel and Joergensen, 2016).  
The current system in biogas facilities is continuously fed. The products released are separated into solid and 
liquid phases. The solid waste is fermented biogas fertilizer, while the liquid waste is ~200 T d-1 for every 1 
MWh. Considering the power of biogas plants operating in Turkey at 150 MWh, ~10.950.000 m3 of waste is 
generated annually. With the foresight that this amount of waste will continue to increase each day, the 
resulting wastes must be well identified and characterized to create a sustainable management plan. If not, 
the damage to the environment will be considerably greater. 

One example of the negative effects of fermented wastes has to do with the negative effects on the soil of 
applying higher than the recommended doses of fertilizer, depending on the content of the waste, the creation 
of diseases as a result of this application without pathogen removal, and the effect of high doses on climate 
change by increasing N2O and releasing ammonia (Warnars and Oppenoorth, 2014). Some studies conducted 
on biogas wastes have considered such criteria as nutritional value, compliance with hygiene legislation, 
application time, application method, effects on climate change, and economic value when evaluating the 
products of fermentation from biogas plants (Al Seadi et al., 2013; Dahlin et al., 2017; Herbes et al., 2020). 
Without determining these properties, no wastes should be delivered directly to the soil or the environment. 

The characteristics of the wastes may change at the end of the production processes based on the properties 
of the raw material used or the protocols of the biogas plant operations. For example, thermal pretreatment 
may be suitable for protein-rich waste but not for lipid-rich waste. The products released can be different 
depending on waste composition and quality. Certain features, such as high moisture content of the wastes, 
low energy density, storage requirements, and deterioration during storage, reveal the importance of 
determining the waste characteristics (Egieya et al., 2018). It is of great importance to determine waste quality 
for a sustainable evaluation.  
In the present study, liquid fermented biogas wastes taken from 15 biogas plants licensed within different 
regions of Turkey were used. The aim of the present study was to (i) determine and characterize the liquid 
fermented biogas wastes, (ii) determine the waste pathogenicity, and (iii) obtain information about the nature 
of the waste by making certain inferences based on the data obtained.  

Material and Methods 
Collection and preparation of biogas wastes 
Biogas liquid fermented wastes were taken from the lagoons of 15 licensed biogas plants located within 
different regions of Turkey and saved in clean polyethylene containers 40 cm high by 15 cm in diameter with 
the mouth of the container open and the container placed upside down at a distance of at least 1 m. After 
collecting the waste, we measured ~5 L after removing any air (e.g., it’s the mouth was tightly closed and 
wrapped with aluminum foil). The sampled liquid fermented wastes were carefully transported to the 
Department of Soil Science and Plant Nutrition Laboratories, Ankara University and stored at 4 oC (liquid 
fermented wastes were kept until the analysis was completed) in the fridge. 
Composition of biogas wastes 

The composition of the liquid fermented wastes taken from the biogas plants comprised animal manure (13 
samples) and urban wastes (2 samples). The samples were first filtered to remove the coarse particles in the 

http://ejss.fesss.org/10.18393/ejss.1177712


A.Namlı et al. Eurasian Journal of Soil Science 2023, 12(1), 10 - 18 

 

12 

 

waste and then kept at 4oC before the analysis process. Some of the chemical properties of the liquid fermented 
wastes are shown in Table 1. In determining the wastes composition, moisture (%), dry matter (DM, %), 
organic matter (OM, %), pH (1:10), EC (1:10), total N (%), P (%), Ca (%), Mg (%), K (%), Na (%), Fe (mg kg-1), 
Zn (mg kg-1), Cu (mg kg-1), Mn (mg kg-1), B (mg kg-1), Cd (mg kg-1), Cr (mg kg-1), Pb (mg kg-1) and Ni (mg kg-1) 
were analyzed. 

Standard methods commonly used in liquid fermented wastes were used to determine the basic properties of 
the slurries examined in the study as follows: The moisture and dry matter (DM) content of the slurry was 
determined by oven drying at 70 °C. Organic matter content (OM) in the slurry was determined after ashing 
in an oven at 550°C and weighing (Bauer et al., 2009). pH and electrical conductivity (EC) in a 1:10 
slurry/water mixture were determined as potentiometrically (Jackson, 1958); total nitrogen (N) by Kjeldahl 
method (Bremner, 1965); slurry samples digested with HNO3-HClO4 acid mixture (Kalra, 1997). Total P, Ca, 
Mg, K, Na, Fe, Zn, Cu, Mn, B, Cd, Cr, Pb, and Ni in the acid digest concentrations were determined by ICP-OES 
(Perkin Elmer Optima 2100 DV, Waltham, MA, USA). 

Biogas liquid fermented wastes were analyzed for pathogens in their original state and after the heat 
treatment at 70°C for 1 h; Salmonella, Escherichia coli (E. coli), E. coli O157:H7, and Enterobacteria presence 
were analyzed.  
Determination of Salmonella:  

Salmonella was determined using a 25 g or 1 mL sample and the following methods (Mooijman et al., 2019): 
i. Pre-enrichment: 1 mL biogas sample was added to a nonselective liquid medium (buffered peptone 

water; BPW) and incubated at 37 ± 1°C for 18 ± 2 h. 
ii. Growth on selective media: After pre-enrichment, 100 µL sample taken from the culture medium was 

diluted with phosphate-buffered saline (PBS) up to 10-6, and 100 µL each dilution was transferred to 
xylose lysine deoxycholate (XLD) agar and inoculated using the smear plate method in bismuth sulfite 
agar medium. The agar plates were incubated at 37 ± 1°C for 24 ± 3 h. 

iii. Verification: Colonies with a black center and black precipitate zone with a metallic glow around 
bismuth sulfite agar and colonies with a black center on XLD agar medium were determined to be 
Salmonella. 

Determination of E. coli: 
Escherichia coli was determined according to the following methods for 25 g or 1 mL samples: 

i. Pre-enrichment: 1 mL biogas sample was added to BPW and incubated at 37 ± 1°C for 18 ± 2 h. 
ii. Growth on selective medium: After pre-enrichment, 100 µL sample taken from the culture medium 

was diluted with PBS up to 10-6, and 100 µL each dilution was transferred to eosin methylene-blue 
lactose sucrose (EMB) agar medium and smear inoculated. The agar plates were incubated at 37 ± 1°C 
for 24 ± 3 h. 

iii. Verification: After incubation, the colonies with a violet color and greenish metallic glow with reflected 
light on the EMB agar medium were determined to be E. coli (Leininger et al., 2001). 

Determination of E. coli O157:H7:  
Escherichia coli O157:H7 was determined according to the following methods for 25 g or 1 mL samples: 

i. Pre-enrichment: 1 mL biogas sample was taken onto tryptone soy liquid medium containing 
novobiocin and enriched at 41.5 ± 1°C for 6 h and then for 12-18 h. 

ii. Isolation: After pre-enrichment, cefixime telluride sorbitol was inoculated on MacConkey agar (CT-
SMAC) selective medium from the culture medium. The agar plates were incubated at 37°C for 18-24 h. 

iii. Verification: MacConkey agar with sorbitol, cefixime, and tellurite inhibit the growth of most 
noncytotoxigenic E. coli strains and other strains of E. coli that cannot ferment sorbitol. Other 
microorganisms that can be confused with E. coli O157:H7 on traditional MacConkey agar with sorbitol 
were inhibited by CT-SMAC (Zadik et al., 1993). Sorbitol-negative colorless colonies formed on the CT-
SMAC agar surface were determined to be E. coli O157:H7. 

Determination of Enterobacteriaceae:  
Enterobacteriaceae was determined by calculating the number in a 1 g or 1 mL sample. Inoculum suspensions 
were prepared using 10-fold dilutions of the sample taken from the test sample (ISO 21528). 

i. Inoculation using selective media: 100 µL each of the prepared suspensions was taken and smeared 
on violet red bile glucose (VRBG) agar medium. The agar plates were incubated at 37°C for 24 ± 2 h. 

ii. Verification and calculation of colony-forming units: After incubation, the red colonies surrounded 
by a reddish precipitate zone of 1-2 mm in diameter were counted as members of the Enterobacteriaceae 
family. Counted colonies were calculated according to the following formula:  

cfu / g (mL) = average of two parallel plates x dilution factor 
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Statistical analyses 
SPSS ver. 24.0 (IBM Corp., Armonk, NY, USA) was used for statistical analyses. While evaluating the obtained 
data, in addition to the descriptive statistical results (average, standard deviation, median, frequency, ratio, 
minimum, maximum), a Spearman’s correlation analysis was conducted to determine the relationship among 
the measurements. A regression analysis was conducted to analyze the effects of the measurements on each 
other. Significance was determined at p < 0.01 and p < 0.05 levels.  

Results and Discussion 
The components and pathogen content values of the liquid fermented wastes are provided in Tables 1 and 2. 
Some of the physical properties were cloudy, clear, scented, odorless, and dense. We determined that the 
physical properties of the liquid wastes were considerably different based on the analysis results.  

 
Because the substrate mixtures used in biogas production were very heterogeneous in terms of plant nutrients 
and OM composition, their chemical composition was also very diverse. The DM content of the liquid 
fermented wastes varied considerably, and the DM amounts varied between 0.53-9.71%. The OM content of 
the liquid wastes were between 0.53-7.76%. The pH of the liquid fermented wastes was slight to strongly 
alkaline. The EC values of the liquid fermented wastes were between 1.50-6.51 dS m-1. The total N contents of 
the liquid wastes were between 0.10-0.74%, P contents were between 0.04-0.22%, and K contents were 
between 0.15-0.56%. The B contents of the liquid wastes were between 16.96-34.63 mg kg-1, and the Na 
contents were between 0.11-0.40%. The Fe contents of the liquid wastes were between 60.00-1638 mg kg-1 
and the Mn contents were between 3.89-37.30 mg kg-1. The Cd, Cu, Cr, Ni, Pb, and Zn contents of the liquid 
fermented wastes were below the limits determined by the “Regulation on Organic, Mineral and Microbial 
Originated Fertilizers Used in Agriculture” (Tables 1 and 3).  
Correlation analyses 
OM and DM contents of the fermented liquid biogas wastes are the main characteristics taken into 
consideration in the evaluation of wastes. In addition, these two parameters can be determined easily and 
quickly; therefore, correlation analyses were conducted to reveal the OM and DM relationships with other 
parameters.  
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Table 3. Distribution of statistical parameters 
Parameters Mean Standard deviation Maximm Minimum Median Skewness Kurtosis 

Moisture (%) 96.0 2.7 99.5 90.3 96.5 -0.515 -0.451 
Dry Matter (%) 4.0 2.7 9.7 0.5 3.5 0.515 -0.451 
Organic Matter (%) 2.6 2.0 7.8 0.5 2.4 1.372 2.271 
pH (1:10) 8.4 0.8 8.9 5.6 8.7 -3.095 9.460 
EC (1:10) 2.9 1.4 6.5 1.5 2.3 1.509 1.979 
N (%) 0.3 0.2 0.7 0.1 0.3 0.618 -0.401 
P (%) 0.1 0.1 0.2 0.0 0.1 0.953 0.155 
K (%) 0.3 0.1 0.6 0.1 0.4 -0.076 -0.725 
Ca (%) 0.4 0.2 0.7 0.1 0.3 0,452 -1.480 
Mg (%) 0.1 0.1 0.2 0.0 0.0 1.162 0.677 
Na (%) 0.2 0.1 0.4 0.1 0.2 0.130 0.014 
Fe (mg kg-1) 360.9 401.1 1638.2 60.0 297.7 2.588 7.773 
Zn (mg kg-1) 30.1 24.0 103.7 6.7 23.8 2.198 6.189 
Cu (mg kg-1) 10.1 8.8 33.2 1.9 8.0 1.828 3.015 
Mn (mg kg-1) 19.9 12.3 37.3 3.9 19.3 0.181 -1.603 
B (mg kg-1) 25.5 5.0 34.6 17.0 25.2 0.030 -0.171 
Cd (mg kg-1) 0.5 0.2 0.9 0.2 0.4 0.951 -0.989 
Cr (mg kg-1) 6.8 3.1 12.2 1.4 6.0 0.616 0.003 
Pb (mg kg-1) 4.8 2.5 9.0 0.6 4.1 0.562 -0.351 
Ni (mg kg-1) 4.8 2.2 9.0 2.1 4.2 1.116 0.161 

Table 4. Distribution of statistical parameters of animal manure and urban waste 

Type of waste Parameters Mean 
Standard 
Deviation 

Maximum Minimum Median 

Manure waste 
 

Moisture (%) 95.9 2.7 99.5 90.3 96.5 
Dry Matter (%) 4.1 2.7 9.7 0.5 3.5 
Organic Matter (%) 2.6 2.1 7.8 0.5 2.4 
pH (1:10) 8.4 0.9 8.9 5.6 8.6 
EC (1:10) 2.8 1.3 6.5 1.6 2.3 
N (%) 0.3 0.2 0.6 0.1 0.3 
P (%) 0.1 0.0 0.2 0.0 0.1 
K (%) 0.3 0.1 0.6 0.1 0.4 
Ca (%) 0.4 0.2 0.7 0.2 0.3 
Mg (%) 0.1 0.1 0.2 0.0 0.0 
Na (%) 0.2 0.1 0.4 0.1 0.2 
Fe (mg kg-1) 381.4 424.9 1638.2 60.0 297.7 
Zn (mg kg-1) 30.5 24.5 103.7 6.9 23.8 
Cu (mg kg-1) 10.7 9.2 33.2 2.7 8.0 
Mn (mg kg-1) 20.2 12.0 37.3 5.4 19.3 
B (mg kg-1) 24.2 4.0 29.2 17.0 25.1 
Cd (mg kg-1) 0.5 0.3 0.9 0.2 0.4 
Cr (mg kg-1) 6.8 3.3 12.2 1.4 6.0 
Pb (mg kg-1) 4.8 2.6 9.0 0.6 4.1 
Ni (mg kg-1) 4.9 2.4 9.0 2.1 4.2 

Urban waste 
 

Moisture (%) 96.4 3.1 98.6 94.3 96.4 

Dry Matter (%) 3.6 3.1 5.7 1.4 3.6 

Organic Matter (%) 2.3 1.4 3.3 1.4 2.3 

pH (1:10) 8.8 0.2 8.9 8.7 8.8 

EC (1:10) 3.3 2.6 5 1.5 3.3 

N (%) 0.5 0.3 0.7 0.3 0.5 

P (%) 0.1 0.1 0.2 0.1 0.1 

K (%) 0.3 0.1 0.4 0.2 0.3 

Ca (%) 0.3 0.3 0.5 0.1 0.3 

Mg (%) 0.1 0.0 0.1 0.0 0.1 

Na (%) 0.3 0.0 0.3 0.3 0.3 

Fe (mg kg-1) 227.6 210.4 376.4 78.9 227.6 

Zn (mg kg-1) 27.4 29.3 48.2 6.7 27.4 

Cu (mg kg-1) 6.1 5.8 10.2 1.9 6.1 

Mn (mg kg-1) 18.0 20.0 32.1 3.9 18.0 

B (mg kg-1) 34.0 0.9 34.6 33.4 34.0 

Cd (mg kg-1) 0.3 0.0 0.4 0.3 0.3 

Cr (mg kg-1) 6.3 0.7 6.8 5.8 6.3 

Pb (mg kg-1) 5.2 1.9 6.6 3.9 5.2 

Ni (mg kg-1) 4.3 0.5 4.7 4.0 4.3 
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The OM content, in a positive direction, had a significant correlation with N at 73.9%, P at 80.4%, Fe at 71.4%, 
Mn at 75.7%, EC at 53.2%, K at 60.7%, and Mg at 72.1% (Figure 1). The numbers obtained show the correlation 
coefficient between the organic matter and the determined parameters. This order was determined as P > Mn 
> N > Mg > Fe > K > EC. There was no statistically significant relationship between OM and Cd, Cr, Cu, Ni, Pb, 
and Zn, or pH parameters (p > 0.05). This order given is based on the highest positive correlation coefficient 
between the organic matter and the determined parameters.  

 
Figure 1. The relationship of organic matter with macro elements (A), micro elements (B) and EC (C) 

Correlation analyses 

OM and DM contents of the fermented liquid biogas wastes are the main characteristics taken into 
consideration in the evaluation of wastes. In addition, these two parameters can be determined easily and 
quickly; therefore, correlation analyses were conducted to reveal the OM and DM relationships with other 
parameters. The OM content, in a positive direction, had a significant correlation with N at 73.9%, P at 80.4%, 
Fe at 71.4%, Mn at 75.7%, EC at 53.2%, K at 60.7%, and Mg at 72.1% (Figure 1). The numbers obtained show 
the correlation coefficient between the organic matter and the determined parameters. This order was 
determined as P > Mn > N > Mg > Fe > K > EC. There was no statistically significant relationship between OM 
and Cd, Cr, Cu, Ni, Pb, and Zn, or pH parameters (p > 0.05). This order given is based on the highest positive 
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correlation coefficient between the organic matter and the determined parameters. The DM content, in a 
positive direction, had a significant correlation with N at 68.2%, P at 95.4%, Cu at 60.0%, Fe at 88.2%, Mn at 
94.3%, Zn at 67.5%, EC at 76.1%, K at 81.4%, and Mg at 83.9% (Figure 2). This order was determined as P > 
Mn > Fe > Mg > K > EC > N > Zn > Cu. There was no statistically significant relationship between DM and Cd, 
Cr, Ni, Pb, and pH parameters (p > 0.05). 

 
Figure 2. The relationship of dry matter with macro elements (A), micro elements (B) and EC (C) 
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Regression analysis  
Regression analysis was conducted to predict how the independent variables affected the dependent variable 
in the parameters determined in the wastes. OM and DM contained in the fermented liquid biogas wastes as 
independent variables were examined for the reasons explained in section 3.1.  
Table 5. Regression results of macro-elements in biogas waste according to dry matter and organic matter independent variables 

N (%) **p < 0.01 

Independent variables 
Univariate 

p-value 
Odd’s Ratio 

95% C.I. for EXP(B) 
R2adjusted 

Lower Upper 
Dry Matter 0.009 0.049 0.015 0.83 0.378 

Organic Matter 0.034 0.056 0.005 0.108 0.248 

P (%) **p < 0.01 

Independent variables 
Univariate 

p value 
Odd’s Ratio 

95% C.I. for EXP(B) 
R2adjusted 

Lower Upper 
Dry Matter 0.001 0.016 0.009 0.023 0.617 

Organic Matter 0.017 0.016 0.003 0.030 0.315 

K (%) **p < 0.01 

Independent variables 
Univariate 

p value 
Odd’s Ratio 

95% C.I. for EXP(B) 
R2adjusted 

Lower Upper 
Dry Matter 0.001 0.035 0.017 0.053 0.539 

Organic Matter 0.043 0.033 0.001 0.065 0.224 

Ca (%) **p < 0.01 

Independent variables 
Univariate 

p value 
Odd’s Ratio 

95% C.I. for EXP(B) 
R2adjusted 

Lower Upper 
Dry Matter 0.003 0.047 0.019 0.075 0.466 

Organic Matter 0.037 0.049 0.003 0.094 0.238 

Mg (%) **p < 0.01 

Independent variables 
Univariate 

p value 
Odd’s Ratio 

95% C.I. for EXP(B) 
R2adjusted 

Lower Upper 
Dry Matter 0.001 0.017 0.011 0.024 0.700 

Organic Matter 0.003 0.019 0.008 0.031 0.457 

C.I.: confidence interval; EXP:Exponentiation 

A regression analysis was conducted to estimate the values of N, P, K, Ca, and Mg using the results of DM and 
OM parameters found in the biogas waste. A significant regression model and variances of DM and OM 
variables were 37.8% (R2adjusted = 0.37) and 24.8% (R2adjusted = 0.24) for N (%), 61.7% (R2adjusted = 0.61) and 
31.5% (R2adjusted = 0.31) for P (%),53.9% (R2adjusted = 0.53) and 22.4% (R2adjusted = 0.22) for K (%), 46.6% (R2adjusted 

= 0.46) and 23.8% (R2adjusted = 0.23) for Ca (%), and 70.0% (R2adjusted = 0.70) and 45.7% (R2adjusted = 0.45) for Mg 
(%). According to these data, the DM and OM parameters and macro-elements can be predicted to be positive 
and significant (Table 5). Also according to these data, the DM result can be estimated to be sorted as Mg (70%) 
> P (61.7%) > K (53.9%) > Ca (46.6%) > N (37.8%). The OM result can be estimated to be sorted as Mg (45.7%) 
> P (31.5%) > N (24.8%) > Ca (23.8%) > K (22.4%).  As a result of the regression analysis, the DM and OM 
parameters, micro element and the heavy metal analyses, no significant regression model was found for Fe, 
Zn, Cu, Mn, B, Cd, Cr, Pb or Ni parameters (p > 0.05).   

Conclusion  
The present study evaluated the liquid fermented wastes after production from 15 biogas plants (2 urban, 13 
manure) being actively produced in Türkiye. The evaluation of the biogas liquid fermented wastes is one of 
the important factors in the construction of biogas plants. In the evaluation of these liquid wastes, it is possible 
that they can be considered as organic input and used in agricultural production; however, the properties of 
the liquid fermented waste is an important issue. In general, the type of waste used in the process of producing 
biogas the quality of that waste is based on the properties of the liquid fermented waste. The pathogen 
problem is important in liquid fermented wastes, especially those obtained from animals, and sound 
sanitation protocols are methods by which to overcome this problem. The fact that 15 plants contained 
important pathogens in the liquid fermented waste before sanitation and that no pathogenic microorganisms 
that may pose any risk were found after sanitizing at 70°C reveals the importance of sanitation. Because of 
some economic concerns, this process is not applied in biogas facilities; therefore, its release and application 
to the lands without pathogen removal should be strictly controlled. Another negative factor to using biogas 
liquid fermented wastes is their salt content. EC values in original liquid fermented waste samples, which give 
the total soluble salt content, can be high enough to limit agricultural use. The EC values of the 15 biogas liquid 
fermented wastes considered within the scope of the present study were within the range of 13-30 dS m-1 in 
the original samples. This factor should not be ignored over long-term and overlapping applications of liquid 
fermented wastes to the soils. The most important properties in the application of liquid fermented wastes 
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are the OM and DM amounts. Detection of these two parameters is both easy and fast; therefore, OM and DM 
parameters were considered independent variables, and correlation and regression analyzes were conducted 
to estimate the distribution of macro-and micronutrients and heavy metals, which affect crop production and 
productivity, based on the presence of these two parameters. According to the results, DM and OM parameters, 
and macro-elements can be predicted significantly. The amount of macro-elements in the liquid fermented 
waste varied depending on the increase and decrease in OM and DM. On the other hand, a significant 
correlation and a regression model were not determined between OM and DM and their heavy metal contents. 
It is important to determine the pathogenicity, EC values, and OM and DM contents in studies to determine the 
usability of liquid fermented wastes for agricultural purposes.  
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 Abstract 

Article Info 
Phthalates are endocrine disruptors, reported to cause deformities and reproductive 
damages in animals. Numerous studies reported the presence of phthalates in water 
samples of rivers, wetlands, and estuaries, while the scenario in case of ponds is 
different, however they are reported as an integral part of biosphere. In this study, 
the level of phthalates’ contamination in the water samples collected from the 
different ponds of Amritsar district for four consecutive seasons in two years was 
analysed. The maximal level of phthalate contamination was found in samples 
collected during the monsoon season (July 2015) of first year of sampling followed 
by post-monsoon (October 2015) and winter season (January 2016). S8 sampling site 
was found to be the most phthalate contaminated site followed by 
S1=S11>S2=S9=S4=S5=S7>S6=S3>S10. Benzyl butyl phthalate was most abundant 
(found in 32% water samples) followed by di-n-butyl and dimethyl phthalate, while 
diallyl phthalate and diethyl phthalate were not detected. The two main drivers for 
these seasonal variations were observed to be temperature and precipitation. Hence, 
this data will be useful to explain the temporal and spatial distributions of phthalates 
in aquatic ecosystem, as well as to devise cost-effective ways to reduce their 
ecological footprints. 

Keywords: Ponds, endocrine disruptor, plasticizers, priority contaminants, HPLC 
analysis. 
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Introduction 
Plastic industry is significantly expanding with 368 million tons of production since 2019 (Prevarić et al., 
2021). Phthalates are a well-known class of plasticizers that are produced in vast amount alongside plastic 
(González-Sálamo et al., 2018). They are poorly water-soluble chemicals with low volatility and have been 
used in numerous industries for the production of plastic products, cosmetics, medical equipment, insect 
repellent, propellant, etc. They are used widely due to their strength, plasticity, cost-effectiveness, and 
durability (Kumari and Kaur, 2021). But indiscriminate usage of phthalates has contaminated the different 
environmental matrices (Tao et al., 2020; Weizhen et al., 2020; Zhang et al., 2021; Suresh and Jindal, 2022). In 
polyvinyl chloride plastics, rubber, cellulose, and styrene manufacturing for softness and flexibility, phthalates 
are documented as a primary plasticizer (Cao et al,. 2016; Gao and Wen, 2016). Phthalates have the ability to 
leach, migrate, and evaporate into the atmosphere during the manufacturing process, usage, and dumping of 
plastic waste as they are not chemically bonded which causes environmental pollution. Moreover, phthalates 
are not easily degraded by microorganisms leading to the widespread presence in sewage sludge, landfill, 
sediments, and various water bodies (Qu et al., 2015). High consumption rate, continuous release into the 
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environment, and resistance to microbial degradation is the main factors for their ubiquitous presence in the 
air, water, and food (Liu et al., 2014; Kumari and Kaur, 2020).  

Humans get exposed to phthalates through different pathways like inhalation, ingestion, and direct contact 
through the skin which can cause developmental and reproductive toxicity. Once phthalates enter the human 
body, they are metabolized within hours to some days (Frederiksen et al., 2007). Exposure to these toxic 
substances can cause detrimental health effects including cardiovascular diseases, neuro disorders, 
alterations in metabolic activities, teratogenicity, etc. (Pirsaheb et al., 2022; Tran et al., 2022). Phthalates have 
endocrine-disrupting properties (Lyche et al., 2009) and higher concentrations can cause cancer, fetal death, 
injuries to the liver and kidney, deformities in the body, and reproductive damage in animals (Kay et al., 2014; 
Posnack, 2014; Kumari et al., 2020a). Furthermore, the United States Environmental Protection Agency 
(USEPA) has declared butyl benzyl phthalate (BBP), di-ethyl phthalate (DEP), dibutyl phthalate (DBP), di-(2-
ethlyexyl) phthalate (DEHP), di-n-octyl phthalate and dimethyl phthalate (DMP) as priority pollutants out of 
25 phthalate esters available in the market (Semenov et al., 2021; Wang et al., 2021). 

Among the various aquatic ecosystems, ponds are neglected. Several reports have documented the phthalate 
contamination in zooplankton, wastewater, sediments, river water, wetlands, and estuaries (Li et al., 2017; 
Wang et al., 2017; Ramzi et al., 2018; Abtahi et al., 2019; Lee et al., 2020; Schmidt et al., 2021; Jönander et al., 
2022) but few studies have been reported on phthalate contamination in ponds. Ponds are exceptional 
freshwater resources that exhibit self-sufficient and self-regulating ecosystems. They are a significant part 
of the water cycle and contribute to miscellaneous roles in the biosphere. Ponds contribute to regional 
biodiversity and act as steppingstones between aquatic ecosystems and landscapes (Hassal, 2014). The 
Ramsar convention and literature studies have defined ponds as wetlands and have also revealed the 
significance of ponds (Linton and Goulder, 2000). Thus, contamination of pond water by toxic chemicals is 
a serious ecological problem. Detailed studies on rivers and wetlands are being investigated by various 
researchers. However, studies on pond water bodies have been often neglected and only few studies are 
available in the literature mostly for physicochemical, metal, and pesticides analyses (Rehan et al., 2017; 
Rajput et al., 2017; Rajput et al., 2018; Kaur and Hundal, 2018; Rajput et al., 2019). Phthalates’ detection in 
water bodies has been not reported earlier in the same geographical region but similar studies have been 
conducted by other researchers in the adjacent areas. For example, Ajay et al. (2021) reported the presence 
of phthalates in sediments samples collected from Lake Basin. Dibutyl phthalate and di(2-ethlyhexyl) 
phthalate were found to be ranged from 6-357 ng/g DW, which could be contributed to anthropogenic 
activities in the adjacent areas. Keeping in view, the research was carried out to investigate the presence of 
phthalic esters in pond water and its seasonal fluctuation over a period of two years using reverse-phase-
ultra-high-performance liquid chromatography coupled with photodiode array detector as it has high 
sensitivity and selectivity for the determination of contaminants (Rajput et al., 2021). 

Material and Methods 
Study area 
Amritsar is situated in the Majha region of Punjab which falls in the north-western part of India. It is located 
at 31.63° N and 74.87° E with an area of 2673 Km2 and population density of 932. The region is characterized 
by semi-arid conditions. The year may be divided into four seasons:  monsoon (July-September), post-
monsoon (September-November), winter (December-March), and summer (April-June). Weather variations 
can be observed during different seasons. The heat during summer is intense with a maximum temperature 
of 48°C. Due to western disturbances; the region is affected by cold waves during the winter season. January 
is the coldest month with foggy conditions and the temperature drops down below the freezing point of water.  
Sample collection 
For the systematic collection of water samples, the map of the study area was prepared, and gridding was 
done (Figure 1). The sampling points were chosen with the help of GPS (Global positioning system). Eleven 
different locations were selected, and the codes were allotted to the sampling points (Table 1). Sampling was 
carried out from 2015-2017 in July 2015 (monsoon season), October 2015 (post-monsoon season), January 
2016 (winter season), May 2016 (summer season), July 2016 (monsoon season), October 2016 (post-
monsoon season), January 2017 (winter season) and May 2017 (summer season). The samples were collected 
in prewashed glass bottles. To prevent plastic contamination no plastic products were used during sampling 
and analysis. The collected samples were transferred to the laboratory immediately and stored at 4℃. 
Extraction procedure 
All the solvents (HPLC grade) were procured from Himedia Laboratories Private Limited (India). 
Dichloromethane and methanol were used as a solvent for the extraction of phthalates. An aliquot of 100 mL 
of each sample was taken in a separating funnel, and 10 mL of methanol and dichloromethane (1:1, v/v) was 
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added and shaken several times till an organic layer of 2 cm was formed. All the samples were extracted thrice, 
the obtained extract was reduced to 1.0 mL using a rotary evaporator and then the residue was dissolved in 2 
mL acetonitrile followed by filtration using a 0.22 µm membrane filter. 

Table 1. Sampling sites along with their coordinates. 

Sampling site Code Coordinates 

Latitude Longitude 

Baserke Gallan S1 31°61’77” N 74°71’90” E 

Ajnala S2 31°84’00” N 74°76’00” E 

Raja Sansi S3 31°72’45” N 74°78’60” E 

Manawala S4 31°74’06” N 74°68’83” E 

Majitha S5 31°76’00” N 74°95’00” E 

Lopoke S6 31°71’70” N 74°63’27” E 

Attari S7 31°69’31” N 74°65’79” E 

Jandiala S8 31°58’93” N 75°05’68” E 

Sathiala S9 31°55’50” N 75°26’55” E 

Mehta S10 31°63’39” N 74°87’22” E 

Kathunangal S11 31°73’24” N 75°02’31” E 

 
Figure 1. Map of the study area with sampling sites. 

Phthalates estimation and chromatographic conditions 

The quantification of phthalates (i.e., dimethyl phthalate, diethyl phthalate, di-n-butyl phthalate, diallyl 
phthalate, benzyl butyl phthalate) in water samples was executed using a validated reverse-phase-ultra-high-
performance liquid chromatography coupled with photodiode array detector (RP-UHPLC-PDA) (Kumari et al., 
2020b). The stock solution (1000 mg/L) of phthalates was prepared in HPLC acetonitrile and working 
concentrations ranging from 2.5-1000 mg/L were prepared by serial dilution method. The operating 
conditions of HPLC for phthalate estimation are given in Table 2. The use of plastic or plastic products was 
avoided to evade the background contamination of phthalates as well as potential interference. The 
procedural blanks were included during the whole analytical procedure. The final concentrations of 
phthalates were corrected by excluding the concentrations if detected in procedural blanks (Kumari et al., 
2020b).  The values of limit of detection (LOD) were 0.69, 0.93, 0.68, 0.67, and 0.93 for BBP, DAP, DBP, DEP, 
and DMP, respectively. Correspondingly, the recorded values for limit of quantification (LOQ) were 2.08, 2.81, 
2.05, 2.03, and 2.81 (Kumari et al., 2020b).  

All the experiments were performed in triplicate and the results were expressed as mean ± standard error. 

Table 2. Operating Conditions of HPLC for phthalate estimation (Kumari et al., 2020). 

Phthalates 
Dibutyl phthalate (DBP), Benzyl butyl phthalate (BBP) and Dimethyl phthalate 
(DMP), Diethyl phthalate (DEP), Diallyl phthalate (DAP) 

Column and column temperature C18 column and 40°C 
Flow rate and injection volume  0.9 ml/min and 20 µL 
Detection wavelength 226 nm 
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Results and Discussion 
Urban water bodies are more prone to contaminated with different pollutants like phthalates due to the 
discharge of untreated effluents from industries and municipal sewage (Zeng et al., 2009). The half-life of 
phthalates in the aquatic environment can range from days to several weeks depending upon the 
environmental conditions and chemical structure of the phthalate (Staples et al., 1997). Phthalates enter 
surface water through non-point sources like disposal of plastic material, road runoff, aerosol deposition, 
industrial discharge, agricultural activities, etc. (Roslev et al., 2007). Phthalates can occur in the aquatic 
environment due to the lack of covalent bonding with the polymeric matrix which accelerates their presence 
in the environment. This release of phthalates in the environment can occur either during the industrial 
processes or by leakage from the final product (Gani et al., 2017).  Humans get exposed to phthalate toxicity 
through different pathways like inhalation, ingestion, and direct contact through the skin which can cause 
developmental and reproductive toxicity. In this context, Wang et al. (2014) reported daily phthalate 
exposure ranging from 2.6 to 7.4 µg/kg/day from indoor air and dust. Phthalate exposure leads to higher 
concentrations of phthalate metabolites in urine, blood, and serum of human beings. These metabolites are 
formed in subsequent oxidation of parent phthalates to mono phthalate ester in the human body (Singh and 
Li, 2012). Benzyl-n-butyl is converted into monobenzyl phthalate. Net et al. (2015) found monobutyl 
phthalate (71.42 µg/L) in human urine.  

The present study revealed the presence of different phthalates in pond water samples (Table 3). The effect 
of seasonal variations on phthalate concentration was also found in the study. It was observed that maximum 
phthalates were detected in the water samples collected during July 2015 (monsoon season) followed by 
October 2015 (post-monsoon season) and January 2016 (winter season). No phthalate was detected in the 
samples collected during January 2017 (the winter season of the second year of sampling). The summer 
season of both years exhibited a lower concentration of phthalates which can be due to the higher 
biodegradation rate of phthalates in summers (Liu et al. 2010). Moreover, lower concentrations of phthalates 
in the summer season can be due to dilution, which is further affected by precipitation. Loraine and 
Pettigrove (2006) advocated that more use of personal care products in the summer season can cause 
increased levels of phthalates in surface water. Seasonal variations in the presence of endocrine disrupters 
in the aquatic environment have been reported in preceding studies also. In a study, Zhou et al. (2016) 
reported higher concentrations of steroid hormones in Lake Water in November than in May. Likewise, Kim 
and Kannan (2007) reported peaked concentrations of perfluorinated acids in summer season than winter 
season in various lakes in Albany, USA. Furthermore, Wang et al. (2012) reported a lower concentration of 
bisphenol-A in May than in November, whereas an inverted trend was observed in the case of 4-nonylphenol. 
Seasonal fluctuation in the occurrence of phthalates is important as they mainly originate from several non-
point sources and their existence could be inflated by precipitation and hydrological situations which 
contribute to significant seasonal variations in different regions (Muller et al., 2019; Luo et al., 2021).  
Among the different samples of monsoon season (July 2015) benzyl butyl phthalate was detected at eight sites 
viz., S1, S2, S4, S5, S6, S7, S9, and S11. The minimum concentration of 0.16±0.02 mg/L was found at the S9 site 
whereas the highest concentration of 2.43±0.01 mg/L was observed at the S2 site. Di-n-butyl phthalate was 
found at two sampling sites i.e., S2 and S4 with concentrations of 48.66±1.29 and 39.54±1.59 mg/L 
respectively. Di-n-butyl is extensively used in polyvinyl chloride and polyvinyl acetates to increase flexibility. 
It is also used in various cosmetic products. In the natural environment, the concentration usually ranges from 
30-100 µg/L whereas in urban areas it can reach from 10-1472 mg/L (Hu et al., 2020). In July 2015, water 
samples did not show the presence of dimethyl phthalate. During October 2015 (post-monsoon season), 
benzyl butyl phthalate was the only detected phthalate. Its maximum concentration was detected in the water 
sample collected from the S1 sampling site whereas minimum concentration was detected at the S5 sampling 
site i.e., 2.78±0.07 mg/L and 0.29±0.01 mg/L respectively. Benzyl butyl phthalate is commonly used as an 
adhesive in packaging material, perfumes, vinyl gloves, etc. (Li et al., 2021). Exposure of BBP has been 
reported to cause eczema, rhitis, decrease in ovary weight and uterine and increase in liver size (Ema and 
Miyawaki, 2002; Bornehag et al., 2004). Gao et al. (2019) detected the presence of BBP in sediments and 
water of Taihu Lake of China with concentration of 1.30 mg/Kg and 4.72 µg/L respectively. The dissemination 
of phthalates in water bodies is affected by seasonal variations. In monsoon season, the high surface water 
runoff could act as a causative agent for higher contamination of phthalates in monsoon and post-monsoon 
season. During the winter season (January 2016), BBP was detected at seven sampling sites viz., S1, S2, S3, S6, 
S8, S9, S11 whereas dimethyl phthalate was present only at S3 sampling site with the concentration of 
1.6±0.03 mg/L. Di-n-butyl phthalate was not found in any water sample. In April 2016 sampling (summer 
season), only DBP was detected in the water sample collected from the S8 sampling site i.e. 11.61±0.59 mg/L. 
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Di-n-butyl phthalate is used in many personal care products like body lotions, perfumes etc. as a solvent 
(Ahuactzin-Pérez et al., 2018b). It is one of the chief phthalates that are present in various environmental 
matrices like water and sediments (Gao and Wen, 2016). DBP can enter the food chain by getting absorbed by 
plants and other living organisms (Muneer et al., 2021). 

Table 3. Phthalate esters (mg/L) in water samples collected from different sites from July 2015-May 2017.   

Phthalic 
ester 

Site 
code 

First year of sampling (July 2015-May 2016) Second-year of sampling (July 2016-May 2017) 
Monsoon Post-

monsoon 
Winter Summer Monsoon Post-

monsoon 
Winter Summer 

 
 
 

Benzyl 
butyl 

phthalate  

S1 0.73±0.01 2.78±0.07 0.58±0.01 - - - - - 
S2 2.43±0.01 0.50±0.09 0.76±0.03 - - - - - 
S3 - - 0.70±0.03 - - - - - 
S4 1.59±0.01 1.24±0.02 - - - - - - 
S5 1.09±0.03 0.29±0.01 - - - - - 0.18±0.01 
S6 0.35±0.04 - 0.32±0.06 - - - - - 
S7 0.43±0.04 0.84±0.02 - - - 0.46±0.01 - - 
S8 - 0.59±0.01 1.68±0.07 11.61±0.59 - - - 0.37±0.05 
S9 0.16±0.02 0.60±0.03 1.33±0.04 - - - - - 

S11 0.74±0.04 1.77±0.13 0.41±0.005 - 63±0.98 - - - 
Di-n-
butyl 

phthalate 

S1 - - - - - 33.14±0.58 - - 
S2 48.66±1.29 - - - - - - - 
S4 39.54±1.59 - - - - - - - 

Dimethyl 
phthalate 

S3 - - 1.60±0.03 - - - - - 

Results are presented as Mean±S.E. 

In most of the sampling sites, where phthalates were detected, the stormwater and municipal sewage were 
released into the ponds.  The untreated municipal sewage containing various anthropogenic contaminants 
such as phthalates found their way into the aquatic ecosystem. Rainfall provides a basic force for surface runoff 
and atmospheric deposition of contaminants in the water body as evident from the higher concentrations of 
phthalates in monsoon season. There was also a substantial difference in the phthalate concentration in water 
at different sites. Higher concentration was measured at sites which were surrounded by houses, and streets, 
thus receiving a great number of contaminants from surroundings. Whereas, no phthalate was detected at S10 
sampling site which was well maintained pond. The results are suggestive that phthalates contamination is 
mainly dominated by local inputs. Furthermore, phthalates are also used as solvents for many pesticides 
besides getting leached from packaging material (Wang et al., 2013; Li et al., 2016). Therefore, application of 
pesticides and fertilizers in nearby agricultural fields could be the main reason of the accumulation of 
phthalates in water (Liu et al., 2010; Zeng et al., 2013).  
In July 2016 (monsoon season of the second year of sampling), benzyl butyl phthalate was the only detected 
phthalate with a concentration of 63±0.98 mg/L at the S11 sampling site. In October 2016 (post-monsoon 
season), BBP (0.46±0.01 mg/L) and DBP (33.14±0.58 mg/L) was detected in water samples collected from S7 
and S1 sampling sites respectively. Phthalates were not detected during the winter season (January 2017) 
whereas in summer season (May 2017) benzyl butyl phthalate was detected at S5 (0.18±0.01 mg/L) and S8 
(0.37±0.05 mg/L) sampling sites. Benzyl butyl phthalate softens the resins without chemically binding with 
them thus also known as an external plasticizer (Kumari and Kaur, 2019). Due to this, BBP migrates slowly 
from the discarded plastic material and get diffused into an aquatic environment where it can last for long 
periods (Dominguez-Morueco et al,. 2014; Liu et al., 2015). When aquatic organisms are exposed to phthalates, 
mortality occurs due to sub-lethal effects of peroxisome proliferator activator receptors. Moreover, phthalates 
are known for their capacity to disrupt reactive oxygen species, plummeting cells’ capability to combat 
oxidative stress and inducing apoptosis. These events may lead to mortality of aquatic organisms (Mathieu-
Denoncourt et al., 2015). Benzyl butyl phthalate can also accumulate in tissues of organisms thus entering into 
the food chain by process of bioaccumulation. When these aquatic organisms are consumed by another 
organism of the higher trophic level, they get biomagnified in the food chain. Thus, the risk of phthalates 
exposure to humans increases because humans are at the top of the food chain (Chatterjee and Karlovsky, 
2010; NTP-CERHR, 2003). Phthalate exposure during pregnancy can lead to various adverse health effects on 
mother as well as on child (Sol et al., 2020; Van den Dries et al., 2020; Philips et al., 2020; Deierlein et al., 2022). 
Phthalates are also reported to cross the placental barrier and may lead to suboptimal foetal development and 
adversarial genetic effects (Santos et al., 2021). 
Di-n-butyl phthalate was the second most detected phthalates in the study. The frequent occurrence of DBP 
in the environment has gained a lot of attention due to its endocrine disrupting properties in animals and 
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adversarial effects on the reproductive system in humans (Xu et al., 2014; Ahuactzin-Pérez et al., 2018a). Di-
n-butyl phthalate is not soluble in water and does not degrade easily, therefore, the most found phthalate 
in various water bodies. Di-n-butyl phthalate can enter into waterbody through direct discharge into the 
aquatic environment from many plastic products as they are not chemically bonded to plastic (Liu et al., 2014). 
Experimental studies have proved DBP as a reproductive toxicant and anti-androgenic (Motohashi et al., 
2016). Studies have been reported that DBP exposure leads to dysfunction of serum reproductive hormones 
(Mendiola et al., 2012; Joensen et al., 2012; Meeker and Ferguson, 2014). Dimethyl phthalate was found only 
in one sample during the winter season of the first year of sampling. Dimethyl phthalate easily leached into 
the environment from plastics tubing, plates, paper, and containers (Xu et al., 2009). Due to its wide 
applications in various fields, DMP has contaminated soil, air, groundwater, sediments, aerosol particles and 
surface water (Montuori et al., 2008; Wang et al., 2008; Wu et al., 2011; Huang et al., 2015). DMP is a stable 
phthalate as compared to others and has the half-life of approximately 20 years (Staples et al., 1997). Among 
various aquatic organism, amphipods are the most sensitive species towards DMP toxicity with LC50 ranges 
from 0.0282 to 0.377 ml/L (Mathieu-Denoncourt et al., 2016). Dimethyl phthalate can cause excess 
accumulation of reactive oxygen species in algal cells which can lead damage in thylakoid membranes, 
disruption in chloroplast structure and alterations in photosynthetic functions of cells (Gao et al., 2021). 
Overall, it can be concluded that the seasonal variations of phthalates in water varied with the sampling site, 
the surrounding aquatic environment and local atmospheric deposition. The highest number of phthalates 
were detected at S8 sampling site followed by S1=S11>S2=S9=S4=S5=S7>S6=S3>S10. In case of phthalates, 
BBP was the most abundantly found phthalate followed by DBP and DMP. Diallyl phthalate and diethyl 
phthalate were not detected in any water sample. The outcomes of the present research strongly indicate that 
the phthalate contamination in pond water is significantly associated with anthropogenic activities. 

Conclusion 
The current study implies the first set of data on the occurrence of phthalates in the pond water of Amritsar 
district (Punjab, India). The outcomes uncover the presence of phthalic acid esters in the pond water. Dumping 
of municipal waste containing plastic product could be the main responsible cue of phthalates’ contamination. 
Among all phthalates, BBP was the predominant one. Furthermore, the study revealed that the climate 
variations have played an imperative role in phthalates’ distribution as their higher concentrations were 
reported during the monsoon and post monsoon seasons. Thus, prevalence of phthalates in the pond water 
can severely induce detrimental impacts on the surrounding biota.   
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 Abstract 

Article Info Microorganisms are an essential fraction of soil organic matter, which presence 
and activity depend directly on soil physical conditions. This study aimed to 
address the effect of soil temperature and moisture under contrasting 
macroporosity conditions on soil biological properties. Soil physical-chemical 
characterization implicated the collection of composite samples and 
undisturbed surface soil samples (0 to 10 cm). Also, samples of undisturbed 
surface soil were extracted in 40 polyvinyl chloride cylinders of 18 cm diameter 
and 20 cm height for the arrangement of soil mesocosm as the experimental 
units of a completely randomized experiment with a 2x2x3 factorial 
arrangement. The experiment duration was 21 days, and the soil biological 
properties measured were microbial biomass (MB) and soil respiration (SR). 
Macroporosity showed a significant effect on MB, which indicates that aeration 
pore influences the number of microorganisms in the soil; for the SR, the 
macroporosity had a not significant effect. The temperature at the ranges 
established in the experiment did not significantly affect MB, whereas a highly 
significant effect of temperature over SR was observed. A highly significant 
effect of soil moisture was observed on MB and SR. Macroporosity, moisture, 
and temperature are determining factors in the presence of soil 
microorganisms, both directly and through the interaction between them. 
Herein the microorganisms have a wide range of thermal adaptation, and the 
effect of soil temperature can boost soil microorganisms. In turn, it was 
observed that the microorganisms present are significantly sensitive to the 
moisture deficit in soil. 

Keywords: Microbial biomass, soil respiration, biological degradation, physical 
properties, climate change. 
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Introduction 
Conserving the soil as the best habitat for organisms that occupy it is a role that corresponds fundamentally 
to soil microorganisms since they are responsible for the main biogeochemical processes through which the 
flow of energy and matter occurs; in terrestrial ecosystems (Pulleman et al., 2012; Mujtar et al., 2019). 

Brevik et al. (2015) reported that microorganisms make up an important fraction of soil organic matter (SOM), 
together with the macro and mesofauna of the soil, and the roots, which constitute the living biomass of soils. 
Soil microorganisms are responsible for decomposing and transforming organic waste in soils. Through the 
intense activity of numerous and diverse microorganisms, SOM decomposes, transforms, and stabilizes the 
soil organic carbon (SOC) (Macías and Camps-Arbestain, 2010; Pulleman et al., 2012). 

Soil microbial activity is considered to be an ecological indicator of fundamental importance since, on the one 
hand, it represents the level of biological activity involving the labile component of SOM and, on the other, it 
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integrates the factors of the environment with the soil use and management (Zagal et al., 2002). Indeed 
different use and management systems on the same soil can differentially affect soil microorganisms, thus 
modulating the ecosystem services provided by these organisms (Di Ciocco et al., 2014); consequently, it is 
necessary to know the behavior of the microorganisms in each situation. 

Soil management practices are decisive since the agricultural use of soils generally causes a drastic decrease 
in the total microbial biomass of soils, together with a decrease in the total SOC. The latter is because the 
decomposition of SOM by microorganisms is strongly affected by the soil's chemical and physical conditions 
(Kaurin et al., 2018). For example, soil temperature, water content, and aeration are physical conditions that 
directly influence the activity of microorganisms. For this reason, soil management practices, such as tillage, 
irrigation and drainage, use of fire, and incorporation of organic fertilizer, can modify soil microorganism 
communities and affect soil quality (Brevik et al., 2015). 

Soil microorganisms' activity will be determined by their sensitivity to temperature, the availability of 
substrates, their interactions with surface processes and other environmental factors such as soil moisture, 
and possible adaptations of microbial physiology (Schindlbacher et al., 2011). According to the IPCC (2007), 
climate change is expected to substantially impact soil moisture and temperature conditions with greater 
frequency and duration due to droughts. Furthermore, since soil warming is occurring, changes have been 
observed in the composition of the soil microbial community. The latter, in terms of an increase or decrease 
in the abundance of fungi. Also, because of an increase or decrease in the abundance of gram-positive or gram-
negative bacteria (Rinnan et al., 2008). Also, Kaurin et al. (2018) mentioned that climate models project a 5 to 
15% decrease in soil water content in the topsoil (10 cm) by the end of the century. It can mean that microbial 
communities and the biogeochemical cycles they control will be affected by extreme changes in soil water 
content. That is because soil microbial communities are susceptible to changes in soil moisture (Morugán-
Coronado et al., 2019). 

Scientists have increased their interest in the understanding of how drought can impact soil microbes. In this 
direction Siebielec et al. (2020) studied the impact of water stress on soil microbial activity and diversity. 
Their results proves the greater susceptibility of microbial communities to drought in sandy soils and the 
important role of exogenous organic matter in protecting microbial activity in drought periods. Also, Borowik 
and Wyszkowska (2016) proved that soil microbe’s activity depends on the soil moisture level in dependence 
with the grain-size distribution of soil. They demonstrated that both excessively dry and wet soil create 
unfavorable conditions that may deplete the biomass of microorganisms. Since soil aeration pores 
(macroporosity) are a physical characteristic that can be modified by use and management practices (Bronick 
and Lal, 2005) and is directly involved with the water-air relationships necessary to favor the survival of soil 
microorganisms (Dexter, 2004). Ishak et al. (2016) studied the interactions between soil moisture and soil 
microbial activity at different soil compaction conditions, finding that microbial activity was higher in 
uncompact soils and decreased as soil compaction increased. 

The effect of changes in soil temperature and moisture under contrasting aeration conditions on soil 
microorganisms must be studied. This research aims to evaluate the effect of the soil aeration pores 
(macroporosity), the soil temperature, and moisture content on the presence of microorganisms in 
agricultural soil in Norte de Santander, Colombia. 

Material and Methods 
Study site and soil sampling 

The soil selected for this study is located in the Astilleros village of El Zulia municipality in Norte de Santander, 
Colombia. In an oil palm field 20 years old, with geographic coordinates of reference: 8º 12` 17” N and 72º 32` 
52” W and 84 m above sea level altitude. The soil is classified as Fluventic Dystrudepts (Soil Survey Staff, 2010) 
under a humid tropical forest with an average annual temperature of 27.3 ºC and a mean annual rainfall of 
2000 mm (IGAC, 2006a). 

A soil sampling was carried out by tracing an imaginary cross of 50 meters on each side to mark five points 
(intersection and ends of the cross) to achieve soil physical-chemical characterization. At each point, a 
composite soil sample was collected consisting of five sub-samples of surface soil (0 to 10 cm depth), also 
arranged on the ends (04) and intersection (01) of a 2-meter-long cross (Valadares-Pereira et al., 2017). At 
these same five points, ten undisturbed surface soil samples (two at each point) were extracted in metallic 
cylinders of 5 cm in diameter and 5 cm in height for physical analysis. Also, samples of undisturbed surface 
soil (0 to 15 cm depth) were extracted in 40 polyvinyl chloride (PVC) cylinders of 18 cm in diameter and 20 
cm in height (eight at each point) for the arrangement of experimental units (Schindlbacher et al., 2011; 
Lubbers et al., 2017). 
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Experimental Design 

The evaluation was carried out through a completely randomized experiment with a 2x2x3 factorial 
arrangement with 3 repetitions, representing 36 experimental units. The experimental units consisted of soil 
and microorganism mesocosm, conformed by undisturbed soil extracted at a depth of 15 cm in the PVC 
cylinders indicated above (Figure 1). The duration of the experiment was 21 days, and the factors were: 
macroporosity (two levels), soil temperature (two levels), and soil moisture (three levels), as presented in 
Table 1. 

 
A: cylinder buried up to 15 cm deep with 5 cm edge. B: extraction of the cylinder with an undisturbed soil sample. C: 

cylinder prepared with canvas and mesh in its lower part. 
Figure 1. Images of the mesocosm design (experimental units) and construction process, with undisturbed soil at 15 cm 

depth in PVC cylinders of 18 cm in diameter and 20 cm in height. 

Table 1. Organization of treatments to evaluate the effect of macroporosity, soil temperature and soil moisture on the 
presence of microorganisms. 
Macroporosity Temperature Moisture 

Compacted soil with macroposority <8% 

Low temperature 
16 - 20 ºC 

<20% FCb 
FCa 

>80% Sat. c 

High temperature 
36 - 40 ºC 

<20% FCb 
FCa 

>80% Sat. c 

Well aerated soil with macroporosity >10% 

Low temperature 
16 - 20 ºC 

<20% FCb 
FCa 

>80% Sat. c 

High temperature 
36 - 40 ºC 

<20% FCb 
FCa 

>80% Sat. c 
a: soil moisture at field capacity (FC), b: soil moisture less than 20% of field capacity (<20% FC), c: above 80% of soil saturation (>80% 
Sat.). 

The soil was compacted with a hydraulic press for the treatments with aeration at the limiting level 
(macroporosity <8%) (Figure 2). The treatments with the non-limiting aeration level (macroporosity> 10%) 
were left with the natural aeration of the soil without disturbance. During the 21 days of the experiment, to 
achieve the low temperature (16 – 20 0C), a room with refrigeration was used, and for the high temperature 
in another room, the heat was generated with incandescent bulbs to raise the soil temperature (36 – 40 0C). 
Thermometers were used for daily monitoring of soil temperature in the experimental units. Distilled water 
was applied when daily measurements determined it to achieve soil moisture at the three established levels, 
using a Delta T Devices brand dielectric sensor. 

 
D: preparation of treatments with aeration <8% E: soil temperature monitoring with a Hg thermometer, F: soil 

moisture monitoring with a dielectric sensor. 
Figure 2. Images of the control process of the levels of each factor evaluated. 
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Soil Physical-chemical characterization. 

In order to assess the general conditions offered by the soil to microorganisms in their first 10 cm of depth, 
the main chemical properties were determined: pH and electrical conductivity in soil/water suspension (1: 
1), and the cation exchange capacity by the 1N ammonium acetate method, pH 7  (IGAC, 2006b). In addition, 
the acid digestion with potassium dichromate oxidation method determined the oxidizable soil organic carbon 
content (Lozano et al., 2005). Also, the following soil physical properties were measured: texture with the 
agitation and sedimentation method of modified Bouyoucos, total porosity and aeration pores 
(macroporosity) using the tension table method with undisturbed samples in metallic cylinders, and the bulk 
density in the same metallic cylinders of 5 cm in diameter and 5 cm in height, the moisture content at 
saturation and field capacity was measured in the field with the dielectric sensor, (Pla, 1983; 2010). 

Measurement of the presence of soil microorganisms 

Considering that the experimental units of undisturbed surface soil without vegetation constitute mesocosms 
of the soil with the microorganisms that inhabit it (Lubbers et al., 2017), the effect of the macroporosity, the 
soil temperature, and soil moisture was evaluated in each experimental unit, through indirect measurement 
of the presence of microorganisms in the soil, through soil microbial biomass (MB) and soil respiration (SR) 
determinations. 

CO2 emission can measure the presence of microorganisms in the soil due to their respiration. Therefore, at 
the end of the 21 days of the experiment, an alkali trap was placed in each experimental unit and covered with 
a hermetic chamber for 24 hours, thus achieving the measurement of soil respiration (SR) according to the 
static absorption in NaOH method (Anderson, 1982; Lozano et al. 2005). 

At the end of the SR measurement, a 200g soil sample from 0 to 10 cm deep was extracted in each experimental 
unit. These samples were used to measure in the laboratory the carbon of the microbial biomass using the 
induced respiration method, which is an indirect way of measuring the microbial biomass; as a function of a 
microbial metabolic response (Dalal, 1998) as a result of adding an easily degradable substrate such as 
glucose. It is presumed that the respiratory activity of microorganisms is equivalent to the MB present in the 
soil (Jenkinson and Ladd, 1981; Anderson and Domsch, 1989). 

Statistical analysis 

The results were tabulated with Microsoft’s Excel software to perform the descriptive statistical analysis. Then 
with the statistical program Minitab18, the statistical assumptions were reviewed, and an analysis of variance 
was carried out, which allowed interpretation of the relationship of the soil microorganism with the physical 
conditions: temperature, moisture, and macroporosity. 

Results and Discussion 
Soil chemical and physical characteristics 

In general, the chemical properties analyzed showed the typical condition of a Dystrudept (Table 2), a strongly 
acid reaction, a low cation exchange capacity, medium organic carbon content, and a non-saline condition 
(IGAC, 2006b). 

Table 2. Chemical characteristics of the surface soil from 0 to 10 cm deep (n=5). 

pH a EC, dS m-1 b SOC, g kg-1 c CEC, cmolc kg-1 
5.07 (±0.21) 0.31(±0.11) 14.0(±0.38) 11.84(±1.91) 

a: electric conductivity (EC), b: soil organic carbon (SOC), c: cation exchange capacity (CEC) 

The soil physical analysis has revealed (Table 3) that sand is the predominant mineral particle, and the textural 
class is sandy clay loam. In addition, an ideal bulk density consistent with the textural class (USDA, 1999) is 
observed as an appropriate total porosity and a favorable macroporosity (aeration pore space), which is 
interpreted as good physical conditions for the growth of plants and microorganisms (Dexter, 2004; Pla, 
2010). 

Table 3. Physical characteristics of the surface soil from 0 to 10 cm deep (n = 5). 

Sand,  
g kg-1 

Clay,  
g kg-1 

Silt,  
g kg-1 

a Bd,  
Mg m-3 

Total Porosity,  
% v v-1 

Macroporosity,  
% v v-1 

b Moisture at FC,  
% v v-1 

604.3 
(±76.4) 

256.5 
(±3.57) 

139.2 
(±5.29) 

1.35 
(±0.05) 

47 
(±4.18) 

13.93 
(±2.79) 

29.07 
(±5.86) 

a: bulk density (Bd), b: field capacity (FC) 
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Effect of macroporosity, soil temperature and moisture 

In order to evaluate the effect of the factors: macroporosity, soil temperate, and soil moisture, we carried out 
a three-way analysis of variance to the data recorded on MB and SR in the experiment (Table 4), revealing a 
significant effect of the macroporosity, which indicates that soil aeration pore space influences the quantity of 
microorganisms in the soil. However, for the SR, the macroporosity had a not significant effect. 

Table 4. Statistical effects of soil macroporosity, soil temperature, and soil moisture on microbial biomass and soil 
respiration (3-way ANOVA with 95% confidence level). 

Source of Variance Microbial Biomass  Soil Respiration 
Factor 1: Macroporosity Significant* Not significant 
Factor 2: Soil Temperature Not significant Highly significant*** 
Factor 3: Soil moisture Highly significant*** Highly significant*** 
Factor 1 x Factor 2 Not significant Not significant 
Factor 1 x Factor 3 Significant* Not significant 
Factor 2 x Factor 3 Significant* Significant* 
Factor 1 x Factor 2 x Factor 3 Significant* Not significant 

*p value<0,05 ; ***p value<0,001 

It was found that the temperature in the ranges established in the experiment did not significantly affect the 
MB, suggesting the existence of adaptation mechanisms of microorganisms to changes in soil temperature, as 
Malcolm et al. (2008) indicated. On the other hand, in our experiment, we observed a highly significant effect 
of temperature over SR (Table 4), which coincides with Liua et al. (2018), who pointed out that the response 
of microbial respiration to changes in soil temperature has reported an exponential increase in SR with 
increasing soil temperature. As expected, a highly significant effect of soil moisture was observed on MB and 
SR due to the direct influence of soil moisture on the survival of microorganisms (Iglesias, 2008; Wang et al., 
2019). Either excessively dry or wet soil conditions decrease the MB, by creating stress on most aerobic 
bacteria and fungi (Borowik and Wyszkowska, 2016). 

When evaluating the effect of double or triple interactions of the studied factors over MB, we found significant 
effects for three interactions, which show that the response of microorganisms is due to possible adaptations 
of microbial physiology, as well as interactions with surface processes and environmental factors such as 
temperature (Schindlbacher et al., 2011). However, the interaction of soil temperature and soil moisture was 
the only one with a significant effect on the SR. 

It was observed that the MB is significantly lower in the compacted soil with macroporosity <8% (Table 5), 
confirming that soil microbial presence depends on the pore structure and soil compaction conditions 
(Moráis-Lima do Nascimento et al., 2016). The variation in soil temperature from 16 0C to 40 0C did not cause 
a significant difference in the total amount of microorganisms present in the soil (MB). However, it did 
generate a significant difference in their activity, with high temperatures generating a significant increase in 
SR. Soil moisture is a very influential factor in soil microorganisms (Table 5). MB and SR are significantly lower 
when the soil has less moisture. 

Table 5. Microbial biomass and soil respiration according to each factor after 21 days of experiment in the soil 
mesocosms with microorganisms. 

Variable /Factor 
Macoporosity Soil Temperature Soil moisture 

<8% >10% 16 – 20 0C 36 - 40 0C <20% FC FC >80% Sat 
n= 18 n= 18 n= 18 n= 18 n= 12 n= 12 n= 12 

Microbial Biomass  
(mg C kg-1) 

50.64 ax 
(±34.78) 

66.70 b 
(±28.29) 

62.70  
(±34.60) 

54.64 
(±30.25) 

25.37 a 
(±14.09) 

77.11 b 
(±16.82) 

73.54 b 
(±31.84) 

Soil respiration  
(mg CO2 m-2 h-1) 

168.40 
(±150.80) 

212.20 
(±143.40) 

106.79 a 
(±81.70) 

273.77 b 
(±151.30) 

90.86 a 
(±44.10) 

223.82b 
(±173.70) 

256.16 b 
(±140.10) 

x: comparison of means was made by Fisher LSD (95%); different letters indicate a significant difference at p<0,05.  

Discussion 
In agreement with other studies (Frey et al., 2009), reduced soil macroporosity can cause a decrease in MB 
due to O2 depletion by aerobic microorganisms and CO2 increase in the soil atmosphere.  Nevertheless, the CO2 
evolved seems to stay trapped in the compacted soil since we found an insignificant effect of macroporosity 
on the SR.  It may also correspond with the anaerobic respiration in compacted soils (Liu et al., 2018). So, the 
relationships between soil compaction and the growth characteristics of microorganisms are complex (Cui 
and Holden, 2015). 
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Similar interpretation was made by Ishak et al. (2016), who found that soils with low compaction contain 
more soil pores predominated with macropores that enhance soil capacity to retain soil water and provide 
soil oxygen diffusion, thereby increasing soil respiration. But in the compacted soils low microbial activity was 
observed, which is presumably because at higher levels of compaction and high moisture content, water is 
taking up all available pore space and creating anaerobic conditions.  

Based on Luia et al. (2018) approach, the hypothesis is that the acclimatization or adaptation to different 
climates by soil microorganisms determines their growth and respiration response to temperature. Therefore, 
the optimum temperature should be positively correlated with ambient temperature. The study site presents 
maximum air temperatures of up to 35ºC as the annual average, so this may be the reason why our results 
show that the variability in temperature keeps the microbial biomass similar, whereas higher temperatures 
increase its metabolism, generating more respiration in correspondence with many studies that reported a 
significant increase of SR when soil temperature ascends (Bárcenas -Moreno et al., 2009; Lipson et al., 2009). 

Regarding the interaction of macroporosity and moisture on soil microorganisms (Figure 3), we observed that 
when aeration is limiting (macroporosity <8%), there is a greater MB with the soil moisture at field capacity 
(FC). On the other hand, if the soil aeration is satisfactory (macroporosity >10%), there is a higher MB when 
the soil moisture is near saturation. The air-water ratio in soil explains it. In other words, when a limitation 
on soil aeration appears, microorganisms are affected in their survival in conditions of moisture close to 
saturation, but if the soil aeration is high, they can thrive in water excess. 

Regarding the interaction of temperature and soil moisture on the soil MB (Figure 4), we observe that when 
the temperature is low, there is a higher MB with soil moisture near saturation, and when the temperature is 
high, there is a higher MB with the moisture at field capacity (FC). To understand this, we must consider that 
the temperature may influence the renewal of soil air because the air expansion within the pore space and the 
tendency of warm air to move upward may boost some air exchange between soil and atmosphere (Jury and 
Horton, 2004). In addition, besides soil, water affects aeration, so aerobic activity decreases as soil becomes 
wetter and eventually saturated due to restricted O2 diffusion (Voroney and Heck, 2015). On the other hand, 
the thermal properties of water must be involved in boosting MB at cold soil temperature with water content 
near saturation. 

  
FC: field capacity, Sat: saturation. Intervals are the standard deviation. 

Figure 3. Effect of the interaction between 
macroporosity and soil moisture on microbial biomass 
after 21 days of experiment in the soil mesocosms with 

microorganisms. 

Figure 4. Effect of soil moisture and temperature 
interaction on microbial biomass after 21 days of 

experiment in the soil mesocosms with              
microorganisms. 

The analysis of the effect of the triple interaction of factors (Figure 5) allowed the finding that the combination 
of factors that favored the highest total MB is when the soil has high macroporosity, low temperature, and soil 
moisture from field capacity to saturation. Demonstrating that a higher macroporosity is necessary for 
suitable moisture conditions to allow aeration; therefore increasing the availability of O2 for microorganisms 
(Dexter, 2004; Voroney and Heck, 2015). While the most limiting condition for the soil MB is limiting aeration 
with dry soil in any temperature condition. 

For the interaction of soil temperature and soil moisture on SR (Figure 6), it was found that the highest SR 
occurred when the soil temperature was high and the soil moisture was ideal or near saturation. It expresses 
that these conditions accelerated the microbial activity of soil. In contrast, low temperature with moisture at 
field capacity or dry soil is the most limiting condition for the microbial activity of the soil and generates an 
SR decrease. 
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FC: field capacity, Sat: saturation. Intervals are the standard deviation 

Figure 5. Effect of the triple interaction of factors on 
microbial biomass after 21 days of experiment in the soil 

mesocosms with microorganisms 

Figure 6. Effect of soil moisture and temperature 
interaction on soil respiration after 21 days of 

experiment in the soil mesocosms with microorganisms 

In the experiment, it was observed that water content had a highly significant effect on the MB and SR, which 
indicates that soil water content is decisive for the soil microorganism’s survival. Field capacity or a condition 
near saturation appears to be suitable for microorganisms, coinciding with the various studies that have 
indicated this (Harris, 1981; Barros et al., 1995; Prado and Airoldi, 1999; Chen et al., 2007). However, the 
marked effect of the scarcity of soil water on microorganism's survival found in this study is also due to the 
absence of growing plants since these, through their exudates, can help in the survival of microorganisms 
(Chen et al., 2007). 

The temperature significantly affects SR, but on MB, the effect of temperature is conditioned by the soil water 
content. It implies that temperature alone does not alter the presence of microorganisms in this soil but indeed 
increases their activity level, which has also been reported in other studies (Barcenas-Moreno et al., 2009; 
Vimal et al., 2017; Liu et al., 2018). It is imperative to highlight that soil moisture deficit seriously affects 
microorganisms at temperatures above 36ºC. Therefore, in high temperatures conditions ideal water content 
in soil is necessary to promote MB.  

Conclusion 
This study confirms the need to bear in mind the distribution of soil's pore space, the state of water content 
and temperature, to favor the survival of soil microorganisms. The microorganisms present in the studied soil 
have a wide range of thermal adaptation, and the increase in soil temperature is confirmed as a factor that 
intensifies the activity of soil microorganisms. In turn, it was observed that the microorganisms present are 
significantly sensitive to the moisture deficit in soil.    

Acknowledgements 
Our thanks to the technical staff of the Francisco de Paula Santander University Environmental Quality 
Laboratory. Also, a special acknowledgment to Dr. Deyanira Lobo Lujan for her contribution to this paper. 

References 

Anderson, J.P.E., 1982. Soil respiration. In. Methods of soil analysis, Part 2- Chemical and Microbiological Properties. Page, 
A.L., Keeney, D. R., Baker, D.E., Miller, R.H., Ellis, R. Jr., Rhoades, J.D. (Eds.). ASA-SSSA, Madison, Wisconsin, USA. pp. 
831-871. 

Anderson, T.H., Domsch, K.H., 1989. Ratios of microbial biomass carbon to total organic carbon in arable soils. Soil Biology 
and Biochemistry 21(4): 471-479.  

Bárcenas-Moreno, G., Gómez-Brandón, M., Rousk, J., Bååth, E., 2009. Adaptation of soil microbial communities to 
temperature: comparison of fungi and bacteria in a laboratory experiment. Global Change Biology 15: 2950 – 2957. 

Barros, N., Gomez-Orellana, I., Feijóo, S., Balsa, R., 1995. The effect of soil moisture on soil microbial activity studied by 
microcalorimetry. Thermochimica Acta 249: 161–168.  

Borowik, A., Wyszkowska, J., 2016. Soil moisture as a factor affecting the microbiological and biochemical activity of soil. 
Plant Soil and Environment 62: 250-255.  

Brevik, E., Cerdà, A., Mataix-Solera, J., Pereg, L., Quinton, J., Six, J., Van Oost, K., 2015. The interdisciplinary nature of soil. 
Soil 1(1): 117–129. 

Bronick, C., Lal, R., 2005. Soil structure and management: a review. Geoderma 124(1-2): 3–22. 
Chen, M., Zhu, Y., Su, Y., Chen, B., Fu, B., Marschner, P., 2007. Effects of soil moisture and plant interactions on the soil  

microbial community structure. European Journal of Soil Biology 43(1): 31–38. 

Macroporosity

Temperature

Moisture

>10%<8%

36-40ºC16-20ºC36-40ºC16-20ºC

>80%SatFC<20%FC>80%SatFC<20%FC>80%SatFC<20%FC>80%SatFC<20%FC

175

150

125

100

75

50

25

0

M
ic

ro
b

ia
l 

B
io

m
a
ss

 C
 (

m
g

 k
g

-1
)

Temperature

Moisture

36-40ºC16-20ºC

>80%SatFC<20%FC>80%SatFC<20%FC

500

400

300

200

100

0

S
o

il 
R

e
sp

ir
a
ti

o
n

 (
m

g
 C

O
2
 m

-2
 h

-1
)

http://ejss.fesss.org/10.18393/ejss.1182338
https://doi.org/10.1016/0038-0717(89)90117-X
https://doi.org/10.1016/0038-0717(89)90117-X
https://doi.org/10.1111/j.1365-2486.2009.01882.x
https://doi.org/10.1111/j.1365-2486.2009.01882.x
https://doi.org/10.1016/0040-6031(95)90686-X
https://doi.org/10.1016/0040-6031(95)90686-X
https://doi.org/10.17221/158/2016-PSE
https://doi.org/10.17221/158/2016-PSE
https://doi.org/10.5194/soil-1-117-2015
https://doi.org/10.5194/soil-1-117-2015
https://doi.org/10.1016/j.geoderma.2004.03.005
https://doi.org/10.1016/j.ejsobi.2006.05.001
https://doi.org/10.1016/j.ejsobi.2006.05.001


Visconti-Moreno and Valenzuela-Balcázar Eurasian Journal of Soil Science 2023, 12(1), 28 - 36 

 

35 

 

Cui, J., Holden, N.M., 2015. The relationship between soil microbial activity and microbial biomass, soil structure and 
grassland management. Soil and Tillage Research 146: 32–38.  

Dalal, R., 1998. Soil microbial biomass—what do the numbers really mean? Australian Journal of Experimental Agriculture 
38(7): 649 - 665. 

Dexter, A., 2004. Soil physical quality: Part I. Theory, effects of soil texture, density, and organic matter, and effects on 
root growth. Geoderma 120(3-4): 201-214.   

Di Ciocco, C., Sandler, R., Falco, L., Coviella, C., 2014. Microbiological activity of a soil under different uses and its relation 
with physico-chemical variables. Revista de la Facultad de Ciencias Agrarias. Universidad Nacional de Cuyo 41: 73-
85. [in Spanish] 

Frey, B., Kremer, J., Rüdt, A., Sciacca, S., Matthies, D., Lüscher, P., 2009. Compaction of forest soils with heavy logging 
machinery affects soil bacterial community structure. European Journal of Soil Biology 45: 312–320. 

Harris, R., 1981. Effect of water potential on microbial growth and activity. In: Water Potential Relations in Soil 
Microbiology, Volume 9, Parr, J.F., Gardner, W.R., Elliott, L.F. (Eds.). Soil Science Society of America Inc. USA. pp.23–
95. 

IGAC, 2006a. Estudio general de suelos y zonificación de tierras del departamento Norte de Santander. Instituto 
Geográfico Agustín Codazzi (IGAC). Bogotá. 304 p. [in Spanish] 

IGAC, 2006b. Métodos analíticos de laboratorio de suelos. Instituto Geográfico Agustín Codazzi (IGAC). Bogotá. 547 p. [in 
Spanish] 

Iglesias, M., 2008. Estudio del carbono de la biomasa microbiana en suelos alterados. Lazaroa 29: 117–123. [in Spanish] 
IPCC, 2007. Intergovernmental Panel on Climate Change (IPCC). Uso de la tierra, cambio de uso de la tierra y silvicultura. 

Informe especial del grupo de trabajo III del IPCC. Publicado Por el Grupo Intergubernamental de Expertos sobre 
el Cambio Climático, OMM-PNUMA. 128 p. [in Spanish] 

Ishak, L., McHenry, M.T., Brown, P.H., 2016. Soil compaction and its effects on soil microbial communities in Capsicum 
growing soil. Acta Horticulturae 1123: 123-130.  

Jacinthe, P.A., Lal, R., Kimble, J.M., 2002. Carbon budget and seasonal carbon dioxide emission from a central Ohio Luvisol 
as influenced by wheat residue amendment. Soil and Tillage Research 67: 147–157. 

Jenkinson, D., Ladd, J., 1981. Microbial biomass in soil: Measurement and turnover. In: Soil Biochemistry, Volume 5. Paul, 
E.A., Ladd, J.N. (Eds.). CRC Press. pp. 415- 471. 

Jury, W., Horton, R., 2004. Soil Physics. Sixth edition. John Wiley & Sons Inc., USA. 359 p. 
Kaurin, A., Mihelič, R., Kastelec, D., Grčman, H., Bru, D., Philippot, L., Suhadolc, M., 2018. Resilience of bacteria, archaea, 

fungi and N-cycling microbial guilds under plough and conservation tillage, to agricultural drought. Soil Biology 
and Biochemistry 120: 233–245. 

Lipson, D.A., Monson, R.K., Schmidt, S.K., Weintraub, M.N., 2009. The trade-off between growth rate and yield in microbial 
communities and the consequences for under-snow soil respiration in a high elevation coniferous forest. 
Biogeochemistry 95: 23-35. 

Liu, S., Zhang, Y., Zong, Y., Hu, Z., Wu, S., Zhou, J., Jin, Y., Zou, J., 2018. Response of soil carbon dioxide fluxes, soil organic 
carbon and microbial biomass carbon to biochar amendment: a meta-analysis. GCB Bioenergy 8: 392-406.  

Liu, Y., He, N., Wen, X., Xu, L., Sun, X., Yu, G., Liang, L., Schipperd, L.A., 2018. The optimum temperature of soil microbial 
respiration: Patterns and controls. Soil Biology and Biochemistry 121: 35–42. 

Lozano, Z., Hernández, R., Ojeda, A., 2005. Manual de métodos para la evaluación de la calidad física, química y biológica 
de los suelos. Facultad de Agronomía, Universidad Central de Venezuela. 45 p. 

Lubbers, I.M., Pulleman, M.M., Van Groenigen, J.W., 2017. Can earthworms simultaneously enhance decomposition and 
stabilization of plant residue carbon? Soil Biology and Biochemistry 105: 12 – 24. 

Macías, F., Camps-Arbestain, M., 2010. Soil carbon sequestration in a changing environment. Mitigation and Adaptation 
Strategies for Global Change 15: 511-529. 

Malcolm, G.M., López-Gutiérrez, J.C., Koide, R.T., Eissenstat, D.M., 2008. Acclimation to temperature and temperature 
sensitivity of metabolism by ectomycorrhizal fungi. Global Change Biology 14(5): 1-12. 

Moráis-Lima do Nascimento, P.G., da Cruz, B.L.S., Dantas, A.M.M., Freitas, F.C.L., Ambrósio, M.M.Q., Júnior, R.S., 2016. 
Microbial communities in soil cultivated with muskmelon under different management systems. Revista Brasilera 
do Ciencia do Solo 40: e0160130.  

Morugán-Coronado, A., García-Orenes, F., McMillan, M., Pereg, L., 2019. The effect of moisture on soil microbial properties 
and nitrogen cyclers in Mediterranean sweet orange orchards under organic and inorganic fertilization. Science of 
the Total Environment 655: 158–167. 

Mujtar, V., Muñoz, N., Prack Mc Cormick, B., Pulleman, M., Tittonell, P., 2019. Role and management of soil biodiversity for 
food security and nutrition; where do we stand? Global Food Security 20: 132–144. 

Pla, S.I., 1983. Metodología para la caracterización física con fines de diagnóstico de problemas de manejo y conservación 
de suelos en condiciones tropicales. Revista de la Facultad de Agronomía. Alcance 32. 91p. [in Spanish] 

Pla, S.I., 2010. Medición y evaluación de propiedades físicas de los suelos: dificultades y errores más frecuentes. I – 
Propiedades mecánicas. Suelos Ecuatoriales 40: 75-93. [in Spanish] 

Prado, A.G.S., Airoldi, C., 1999. The influence of moisture on microbial activity of soils. Thermochima Acta 332: 71-74. 

http://ejss.fesss.org/10.18393/ejss.1182338
https://doi.org/10.1016/j.still.2014.07.005
https://doi.org/10.1016/j.still.2014.07.005
https://doi.org/10.1071/EA97142
https://doi.org/10.1071/EA97142
https://doi.org/10.1016/j.geoderma.2003.09.004
https://doi.org/10.1016/j.geoderma.2003.09.004
https://doi.org/10.1016/j.ejsobi.2009.05.006
https://doi.org/10.1016/j.ejsobi.2009.05.006
https://doi.org/10.2136/sssaspecpub9.c2
https://doi.org/10.2136/sssaspecpub9.c2
https://doi.org/10.2136/sssaspecpub9.c2
https://doi.org/10.17660/ActaHortic.2016.1123.17
https://doi.org/10.17660/ActaHortic.2016.1123.17
https://doi.org/10.1016/S0167-1987(02)00058-2
https://doi.org/10.1016/S0167-1987(02)00058-2
https://doi.org/10.1016/j.soilbio.2018.02.007
https://doi.org/10.1016/j.soilbio.2018.02.007
https://doi.org/10.1016/j.soilbio.2018.02.007
https://doi.org/10.1007/s10533-008-9252-1
https://doi.org/10.1007/s10533-008-9252-1
https://doi.org/10.1007/s10533-008-9252-1
https://doi.org/10.1111/gcbb.12265
https://doi.org/10.1111/gcbb.12265
https://doi.org/10.1016/j.soilbio.2018.02.019
https://doi.org/10.1016/j.soilbio.2018.02.019
https://doi.org/10.1016/j.soilbio.2016.11.008
https://doi.org/10.1016/j.soilbio.2016.11.008
https://doi.org/10.1007/s11027-010-9231-4
https://doi.org/10.1007/s11027-010-9231-4
https://doi.org/10.1111/j.1365-2486.2008.01555.x
https://doi.org/10.1111/j.1365-2486.2008.01555.x
https://doi.org/10.1590/18069657rbcs20160130
https://doi.org/10.1590/18069657rbcs20160130
https://doi.org/10.1590/18069657rbcs20160130
https://doi.org/10.1016/j.scitotenv.2018.11.174
https://doi.org/10.1016/j.scitotenv.2018.11.174
https://doi.org/10.1016/j.scitotenv.2018.11.174
https://doi.org/10.1016/j.gfs.2019.01.007
https://doi.org/10.1016/j.gfs.2019.01.007
https://doi.org/10.1016/S0040-6031(99)00062-3


Visconti-Moreno and Valenzuela-Balcázar Eurasian Journal of Soil Science 2023, 12(1), 28 - 36 

 

36 

 

Pulleman, M., Creamer, R., Hamer, U., Helder, J., Pelosi, C., Peres, G., Rutgers, M., 2012. Soil biodiversity, biological 
indicators and soil ecosystem services an overview of European approaches. Current Opinion in Environmental 
Sustainability 4(5): 529–538. 

Rinnan, R., Michelsen, A., Jonasson, S., 2008. Effects of litter addition and warming on soil carbon, nutrient pools and 
microbial communities in a subarctic heath ecosystem. Applied Soil Ecology 39: 271-281. 

Schindlbacher, A., Rodler, A., Kuffner, M., Kitzler, B., Sessitsch, A., Zechmeister-Boltenstern, S., 2011. Experimental 
warming effects on the microbial community of a temperate mountain forest soil. Soil Biology and Biochemistry 
43: 1417–1425. 

Siebielec, S., Siebielec, G., Klimkowicz-Pawlas, A., Gałązka, A., Grządziel, J., Stuczyński, T. 2020. Impact of water stress on 
microbial community and activity in sandy and loamy soils. Agronomy 10(9): 1429.  

Soil Survey Staff 2010. Keys to Soil Taxonomy, 11th Edition. United States Department of Agriculture (USDA), Natural 
Resources Conservation Service,  Washington, DC. 939p. Available at [Access date: 28.01.2022]:  
https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download?cid=nrcs142p2_053110&ext=pdf 

USDA, 1999. Guía para la evaluación de la calidad y salud del suelo. Departamento de Agricultura, Servicio de 
Investigación Agricola, Servicio de Conservación de Recursos Naturales, 249 p. Available at [Access date: 
28.01.2022]:  https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_051284.pdf [in Spanish] 

Valadares-Pereira, A.A., Oliveira, E.C.A.M., Navarrete, A.A., Junior, W.P.O., Tsai, S.M., Peluzio, J.M., Morais, P.B., 2017. Fungal 
community structure as an indicator of soil agricultural management effects in the Cerrado. Revista Brasileira do 
Ciencia do Solo 41: e0160489.  

Vimal, S.R., Singh, S.J., Arora, N.K., Singh, S., 2017. Soil-plant-microbe ınteractions in stressed agriculture management: A 
review. Pedosphere 27(2): 177–192.  

Voroney, R.P., Heck, R.J., 2015. The Soil Habitat. In: Soil Microbiology, Ecology and Biochemistry. 4th Edition. Paul, E.A. 
(Ed.). Elsevier, p. 15– 39. 

Wang, G., Huang, W., Mayes, M., Liu, X., Zhang, D., Zhang, Q., Han, T., Zhou, G., 2019. Soil moisture drives microbial controls 
on carbon decomposition in two subtropical forests. Soil Biology and Biochemistry 130: 185 – 194.   

Zagal, E., Rodríguez, N., Vidal, I., Quezada, L., 2002. Microbial activity in a volcanic ash soil under different agricultural 
management. Agricultura Técnica 62: 297-309.  [in Spanish] 

http://ejss.fesss.org/10.18393/ejss.1182338
https://doi.org/10.1016/j.cosust.2012.10.009
https://doi.org/10.1016/j.cosust.2012.10.009
https://doi.org/10.1016/j.cosust.2012.10.009
https://doi.org/10.1016/j.apsoil.2007.12.014
https://doi.org/10.1016/j.apsoil.2007.12.014
https://doi.org/10.1016/j.soilbio.2011.03.005
https://doi.org/10.1016/j.soilbio.2011.03.005
https://doi.org/10.1016/j.soilbio.2011.03.005
https://doi.org/10.3390/agronomy10091429
https://doi.org/10.3390/agronomy10091429
https://www.nrcs.usda.gov/wps/PA_NRCSConsumption/download?cid=nrcs142p2_053110&ext=pdf
https://www.nrcs.usda.gov/Internet/FSE_DOCUMENTS/nrcs142p2_051284.pdf
https://doi.org/10.1590/18069657rbcs20160489
https://doi.org/10.1590/18069657rbcs20160489
https://doi.org/10.1590/18069657rbcs20160489
https://doi.org/10.1016/S1002-0160(17)60309-6
https://doi.org/10.1016/S1002-0160(17)60309-6
https://doi.org/10.1016/B978-0-12-415955-6.00002-5
https://doi.org/10.1016/B978-0-12-415955-6.00002-5
https://doi.org/10.1016/j.soilbio.2018.12.017
https://doi.org/10.1016/j.soilbio.2018.12.017
http://dx.doi.org/10.4067/S0365-28072002000200012
http://dx.doi.org/10.4067/S0365-28072002000200012


P.Dmitriev et al. Eurasian Journal of Soil Science 2023, 12(1), 37- 62 

 

37 

 

Eurasian Journal of Soil Science 
 

Journal homepage : http://ejss.fesss.org 

 
 
 

Identification of species of the genus Quercus L. with different 
responses to soil and climatic conditions according to 

hyperspectral survey data 
Pavel Dmitriev, Boris Kozlovsky, Anastasiya Dmitrieva, Vladimir Lysenko,  

Vasily Chokheli, Tatiana Minkina, Saglara Mandzhieva,  

Svetlana Sushkova*, Tatyana Varduni 

Southern Federal University, Rostov-on-Don, Russia 

 Abstract 

Article Info 
Soil standing may be studied indirectly using remote sensing through an assessment 
of state of the plants growing on it. The ability to evaluate the physiological state of 
plants using the hyperspectral survey data also provides a tool to characterize 
vegetation cover and individual samples of woody plants. In the present work the 
hyperspectral imaging was applied to identify the species of the woody plants 
evaluating the differences in their physiological state. Samples of Quercus macrocarpa 
Michx., Q. robur L. and Q. rubra L. were studied using Cubert UHD-185 hyperspectral 
camera over five periods with an interval of 7-10 days. In total, 80 vegetation indices 
(VIs) were calculated. Sample sets of values of VIs were analyzed using analysis of 
variance (ANOVA), principal component analysis (PCA), decision tree (DT), random 
forest (RF) methods. It was shown using the ANOVA, that the following VIs are the 
most dependent on the species affiliation of the samples: Carter2, Carter3, Carter4, 
CI, CI2, CRI4, Datt, Datt2, GMI2, Maccioni, mSR2, MTCI, NDVI2, OSAVI2, PRI, REP_Li, 
SR1, SR2, SR6, Vogelmann, Vogelmann2, Vogelmann4. VIs that are effective for the 
separation of oak species, were also revealed using the DT method – these are Boochs, 
Boochs2, CARI, CRI1, CRI3, D1, D2, Datt, Datt3; Datt4, Datt5, DD, DDn, EGFN, Gitelson, 
MCARI2, MTCI, MTVI, NDVI3, PRI, PSND, PSRI, RDVI, REP_Li, SPVI, SR4, Vogelmann, 
Vogelmann2, Vogelmann3. PCA and RF methods reliably differentiated Q. rubra from 
Q. robur and Q. macrocarpa. Q. rubra, unlike other species, was under stress from the 
impact of soil pH against the background of drought. This was manifested in leaf 
chlorosis. Influence of the environmental stress factors on the reliability and 
efficiency of species identification was demonstrated. Q. robur and Q. 
macrocarpawere were poorly separated by PCA and RF methods all over the five 
periods of the experiment. 

Keywords: Hyperspectral imaging, vegetation indices, Quercus macrocarpa, Quercus 
robur, Quercus rubra, environmental stress, drought stress, reflection spectra. 
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Introduction 
Remote sensing of Earth's surface allows to assess the state of vegetation and its species composition. The 
number of works devoted to establishing the species affiliation of woody plant samples using remote sensing 
methods has been steadily growing in recent years (Dainelli et al., 2021; Fassnachtet al., 2016).Various 
technologies and types of sensors are used to identify tree species, with great interest being shown in the 
possibilities of hyperspectral imaging (Cao et al., 2018; Tuominen et al., 2018; Saarinen et al., 2018; Nezami et 
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al., 2020; Miyoshi et al., 2020a,b; Sothe et al., 2020). However, many questions regarding the reliability of tree 
species identification by remote sensing remain open. 

In addition, the remote monitoring of soil, as a component of biogeocenoses, is a more complicated and 
difficult since it is hidden by vegetation in many areas. However, the assessment of the soil standing can be 
achieved indirectly through the state of plants growing on it. The values of vegetation indices (VIs) and 
spectral channels data primarily depend on the physiological state of plants (Oppelt and Mauser 2004; Ronay 
et al., 2021). Therefore, it is of great interest to study the spectral characteristics of a group of the related plant 
species having different responses to the specific soil and climatic conditions, varying from optimum to stress. 
Particularly, oak species Quercus macrocarpa Michx., Q. robur L. and Q. rubra L. are of interest considering 
their wide distribution and occurrence in the central and southern regions of Russia (Kozlovsky et al., 2009). 

In the Rostov region, oak forests from Q. robur L. are considered the most valuable formations of ravine and 
floodplain forests (Zozulin, 1992). Q. robur is the leading species in protective forest belts and plantations of 
settlements in the Rostov region of Russia (Kozlovsky et al., 2009). Q. macrocarpa Michx. – the most promising 
species from the genus Quercus for the regional culture according to the results of the introduction test. Q. 
rubra L. in its biological properties does not correspond to the climatic and soil conditions of the steppe zone 
- it does not tolerate drought well and needs the acidic soils (Kozlovsky et al., 2016). 

We propose that hyperspectral imaging can distinguish stressed Q. rubra from Q. robur and Q. macrocarpa, 
which grow under optimal conditions, but having differences in their physiological state. We evaluated the 
possibilities of using hyperspectral survey data (VIs values) to identify woody plant samples based on 
differences in their physiological state using the species of the genus Quercus as a test plants. Influence of soil 
pH and drought, as environmental stress factors, were studied in regard of such an identification. Performance 
of the studied VIs was discussed in the context of the various spectral ranges on the basis of which they are 
calculated. 

Material and Methods 
The research was performed in the Botanic Garden of the Southern Federal University (SFedU), Rostov-on-
Don, Russia (Figure 1). The climate of the Rostov region is temperate continental, arid, average annual rainfall 
– 548 mm, and most of the precipitation falls in the frost-free period. The summer is hot, the average 
temperature of July month is + 22 ... + 23 ºС., maximum +40 ºС. Winter is moderately mild, the average air 
temperature in January is -5 ºС, the average absolute temperature minimum is -20 ...- 25 ºС, the absolute 
minimum is -32 ºС. The growing season lasts 216 days (from April 1 to November 4), the frost-free period is 
258 days. 

 
Figure 1. Research region 

The objects of study were Q. macrocarpa, Q. robur and Q. rubra. The ecological and biological properties of 
these species under local culture conditions are given below (Kozlovsky et al., 2016). 

Q. robur is a species of native flora. In the regional culture, it reaches a height of 26 m. It grows relatively fast. 
The plant is winter-hardy and drought-resistant, leaves can be strongly affected by insects and fungal diseases. 
It bears fruit abundantly and regularly. The duration of ontogeny is on average 90 years. Q. robur is widely 
used in regional culture. 
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Q. macrocarpa is a species of North American flora. In the Botanical Garden of Southern Federal University it 
reaches a height of 26 m. In terms of ecological and biological properties, it is not inferior to the species of the 
local flora, Q. robur, while it is resistant to diseases and pests. Fruiting occurs with a frequency of 3-4 years. 
The duration of ontogeny is on average 90 years. It is a promising species for the creation of protective forest 
belts, artificial forests, and landscaping of settlements. 

Q. rubra is a species of North American flora. In the Botanical Garden it reaches a height of 15 m, growing 
slowly. This species is highly winter-hardy, but weakly drought-resistant – against the background of drought 
the growth processes are stopped, and the plant needs watering at the initial stages of ontogenesis. The tree 
is disease and pest resistant. It rarely bears fruit and grows poorly on the neutral and alkaline chernozems 
needing acidic soils. This species may often suffer from leaf chlorosis, especially during the drought period. 
The duration of ontogeny is about 60 years. 

All the studied oak seedlings were grown under the same soil and solar illumination conditions and according 
to one agricultural technique at the introduction nursery of the Botanical Garden. Their landings were 
oriented from north to south. At the time of the experiment, all seedlings of Q. macrocarpa, Q. robur, Q. rubra 
were at the same stage of ontogeny (virginile stage). 

For the experiment, five specimens of each species of oak were selected from the plantations. The crown 
section of each specimen was filmed 3 to 5 times. 

Hyperspectral images were obtained using a Cubert UHD-185 video camera in accordance with Aasen et al. 
(2015), Bareth et al. (2015). The shooting was carried out from 12 to 14 hours in sunny and cloudless weather. 
For shooting, the most sunlit part of the crown of the plant was chosen. The camera was located on the 
southeast side of the object at 90 cm. The light reflected from leaves was recorded in the range of 450-950 nm. 
Each image was represented as a single black-and-white image, 1000 × 1000 pixels in size. All the studied 125 
hyperspectral images, 50 × 50 pixels in size, had the square resolution up to 35 mm2. 

The experiment was repeated five times in 2021: Aug 22, Sept 05, Sept 13, Sept 20, and Sept 30.  

60 to 100 spectral profiles were randomly selected from each hyperspectral image. The number of spectral 
profiles were from 1500 to 2500 spectral profiles per one variant of the experiment. 

A Savitsky-Golay filter (length 12 nm) was used as a preprocessing step to reduce the measurement error and 
remove artifacts in the spectral data. 

For each variant of the experiment, 80 VIs were calculated (Dmitriev et al., 2022a,b). 

Sample sets of VIs values were analyzed using analysis of variance (ANOVA), principal component analysis 
(PCA), decision tree (DT), random forest (RF) methods. The data was processed in the environment for 
statistical calculations R (R Core Team) using the «hsdar» package (Lehnert et al., 2019). 

Results and Discussion 
ANOVA was used to determine the contribution of experimentally controlled factors («species», «sample», 
«snapshot») to the vegetation index (VI) value. The strength of the influence of factors (the ratio between 
deviation of the factor and the total deviation) of 80 VIs is shown in Figure 2. VI should be considered suitable 
for identification of oak species, if the value of the deviation of the factor «species» significantly exceeds the 
values of the deviation of «sample» and «snapshot», with a low value of the deviation of random factors (Table 
1 and Supplementary Table 1). This means that the value of the index depends more on species characteristics 
than on other factors. It should be noted that the results of the analysis of variance vary depending on the 
timing of the survey. For all survey periods, effective VIs were Carter2, Carter3, Carter4, CI, CI2, CRI4, Datt, 
Datt2, GMI2, Maccioni, mSR2, MTCI, NDVI2, OSAVI2, PRI, REP_Li, SR1, SR2, SR6, Vogelmann, Vogelmann2, 

Vogelmann4. As a positive fact, it should be noted the low value of the deviation of the «snapshot» 
factor for most VIs, as far as this value includes the operation errors of the instrument and errors of 
the operator’s work when selecting spectral profiles from the snapshot. 

Table 1. Results of a three-way ANOVA analysis of the statistical complex «species-sample-snapshot» for the Maccioni 
value 

ANOVA Df SumSq MeanSq F value Pr(>F) 
Species 2 51.044 25.522 12211.401 <2e-16* 
Sample 12 10.397 0.866 414.539 <2e-16* 
Snapshot 37 0.527 0.014 6.812 <2e-16* 
Intragroupvariance 3875 8.099 0.002   

 
Note: * significancelevel< 0.001 
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Figure 2. Strength of influence of the factors «species», «sample», «snapshot» on the VIs values of Acer species, Aug 22) 
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Thus, a set of VIs has been selected to be suitable for the identification of plant species in accordance with the 
aims of the present work. 

An important criterion for the objectivity of the data obtained is the reproducibility of the results of their 
processing over a time scale. Figure 3 presents the results of data analysis carried out by the PCA method for 
the five studied time periods. Projections of the values of 80 VIs on the main components showed that the 
location of oak species coincides in all periods (in some cases, the images are inverted mirrorwise about the 
first or second component). Projection of Q. rubra data is the most isolated, may be explained by its ecological 
and biological features (Kozlovsky et al., 2016). 

 
Figure 3. PCA of the 80 VIs values for Q. macrocarpa (1), Q. robur (2), Q. rubra (3) at different survey times. Dates of the 

experiments: a – Aug 22, b – Sept 05, c – Sept 13, d – Sept 20, e – Sept 30 

The proportion of dispersion of the first and second main components varies from 70.4 to 71.5%, the number 
of significant components (according to the Kaiser criterion) is from 6 to 7 (Table 2). 

Factor loads (by analogy with the value of the correlation coefficient) can be considered very weak in the range 
from 0 to 0.3, weak – from 0.3 to 0.5, medium - from 0.5 to 0.7 and high – from 0.7 to 0.9. VIs Factor loads on 
the main component are very weak and do not exceed 0.150. They change little depending on the VIs (Aug 22 
– Table 3, for other dates – Supplementary Table 2).  

Due to the large number of the statisticaly significant components and low factor loads, the PCA results cannot 
be considered to be satisfactory for the experiment.This problem can be solved by reducing the number of VIs, 
and by selecting indices that have the largest dispersion by oak species.In order to avoid a subjective approach 
when choosing such VIs, the DT method was used (Figure 4-8). 

The decision tree method divided samples of oak species by VI values in five levels. The division of oak samples 
into clades is not witout alternative. At the same time, most of the Q. rubra samples are grouped in one of the 
two clusters of the higher hierarchy, while Q. macrocarpa and Q. robur are grouped mainly in the alternative 
cluster. As a result, the DT method divided the oak samples at different survey times according to the following 
indices: 

 Aug 22 – Boochs2, Carter5, CRI3, Datt, Datt5, DPI, MCARI2, MTVI, PRI, SR8, TGI; 
 Sept 05 – Boochs2, CRI3, Datt4, Maccioni, MTCI, NDVI3, PSRI, RDVI, RDVI, REP_Li, SPVI, TCARI2; 
 Sept 13 – Boochs2, CRI3, CRI4, Datt5, DD, DWSI4, Gitelson, MCARI, PRI; 
 Sept 20 – Boochs, Carter3, D1, Datt, Datt3, Datt5, Gitelson2, MCARI2, Sum_Dr1, Vogelmann; 
 Sept 30 – Boochs2, Carter6, Datt5, NDVI3, PRI_norm, SPVI, SR5, Sum_Dr1, TCARI2, Vogelmann2. 
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Table 2. Dispersion values calculated for the main components of the projection of 80 VIs for Q. robur, Q. macrocarpa,       
Q. rubra 
Experimentdates Aug 22 Sept 05 Sept 13 Sept 20 Sept 30 
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Comp.1 6.595 0.544 0.544 6.704 0.562 0.562 6.503 0.529 0.529 6.954 0.605 0.605 5.482 0.376 0.376 

Comp.2 3.571 0.160 0.704 3.501 0.153 0.715 3.835 0.184 0.713 3.302 0.136 0.741 4.466 0.249 0.625 

Comp.3 3.083 0.119 0.823 2.895 0.105 0.820 3.392 0.144 0.856 2.886 0.104 0.845 2.972 0.110 0.736 

Comp.4 1.650 0.034 0.857 2.166 0.059 0.879 1.549 0.030 0.886 1.672 0.035 0.880 2.400 0.072 0.808 

Comp.5 1.444 0.026 0.883 1.381 0.024 0.902 1.229 0.019 0.905 1.339 0.022 0.902 2.053 0.053 0.860 

Comp.6 1.256 0.020 0.903 1.110 0.015 0.918 1.080 0.015 0.920 1.176 0.017 0.920 1.515 0.029 0.889 

Comp.7 1.058 0.014 0.917 1.000 0.012 0.930 1.000 0.013 0.932 1.000 0.013 0.932 1.049 0.014 0.903 

Comp.8 0.999 0.012 0.929    0.920 0.011 0.943    1.011 0.013 0.916 

Comp.9             1.000 0.012 0.928 

 

Table 3. VI factor loads on significant components for Q. robur, Q. macrocarpa, Q. rubra (Aug 22) 

Factors Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7 Comp.8 
Boochs  0.239 0.133     0.209 
Boochs2 0.101 0.189   0.1    

CARI -0.131  0.112 0.152 -0.118    

Carter2 -0.146        

Carter3 -0.137    -0.183    

Carter4 -0.15        

Carter5  -0.101 0.21 0.106    -0.106 
Carter6 -0.125 0.133   -0.174 -0.111   

CI 0.121   -0.163    0.194 
CI2 0.148    -0.111    

ClAInt -0.113 0.168  0.11 -0.118    

CRI1  -0.194 0.176      

CRI2  -0.206 0.105     0.181 
CRI3 -0.144   -0.145    -0.112 
CRI4 -0.147    0.115    

D1 0.116    -0.241  0.184  

D2      -0.102 0.168 -0.96 
Datt 0.145     0.112   

Datt2 0.144    -0.147    

Datt3      -0.311 -0.609 -0.123 
Datt4 0.106 -0.114 -0.16      

Datt5   -0.254 0.169 0.106 0.132  0.107 
Datt6 0.115 -0.124   -0.188   0.175 
DD 0.145        

DDn  -0.211       

DPI     0.265 -0.302 -0.302 -0.354 
DWSI4   0.227 -0.382     

EGFN 0.127   0.17   -0.123  

EGFR 0.12   0.189   -0.147  

EVI       0.114 0.987 
GI   0.255 -0.321 -0.112    

Gitelson 0.121 -0.136   -0.117    

Gitelson2  0.172    0.324  -0.557 
GMI1 0.144   0.138    0.108 
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Table 3. Continue 
Factors Comp.1 Comp.2 Comp.3 Comp.4 Comp.5 Comp.6 Comp.7 Comp.8 
GMI2 0.148    -0.114    

Green NDVI 0.145     0.114   

Maccioni 0.148        

MCARI -0.124  0.143 0.151 -0.112    

MCARI2 0.131 0.126      -0.147 
MPRI  0.176    -0.152   

MSAVI 0.104  0.218      

mSR2 0.148    -0.103    

MTCI 0.145    -0.106   -0.101 
MTVI  0.256  0.109 -0.12    

NDVI 0.137  0.117      

NDVI2 0.15        

NDVI3   -0.187 0.404     

OSAVI 0.105  0.219      

OSAVI2 0.15        

PARS 0.115  0.171 0.138     

PRI 0.116    0.201 -0.3 0.305  

PRI_norm -0.117    -0.15 0.319 -0.316  

PRI*CI2 0.106     -0.393 0.307 0.135 
PSRI -0.128   0.203 -0.129   -0.113 
PSSR 0.129  0.12     0.123 
PSND  -0.101 0.237 0.185 -0.13    

RDVI  0.232 0.131 0.132     

REP_Li 0.142    0.147 0.103   

SAVI 0.105  0.22      

SPVI  0.248  0.141     

SR 0.138  0.109      

SR1 0.148    -0.114    

SR2 0.147    -0.119    

SR3 0.144   0.138    0.108 
SR4  -0.1 0.247      

SR5   -0.277     -0.113 
SR6 0.148    -0.113    

SR8 0.102  -0.2  0.112  0.106  

Sum_Dr1  0.255  0.139 -0.126    

Sum_Dr2  0.253       

TCARI  0.175 -0.134 -0.131 -0.171  -0.104 0.153 
TCARI/OSAVI  0.161 -0.146 -0.121 -0.164   0.163 
TCARI2  0.219  -0.107 0.237 0.126   

TCARI2/OSAVI2  0.187   0.118   0.187 
TGI -0.134    -0.215 -0.129   

TVI  0.257 0.103 0.102     

Vogelmann 0.145    -0.135    

Vogelmann2 -0.133    0.207   0.129 
Vogelmann3 0.13     -0.149 -0.103 -0.156 
Vogelmann4 -0.133    0.212   0.128 

It should be noted that the VIs that are significant for clustering coincide at many times (for example, Boochs2, 
Datt5, CRI3) or are derived from the same index (for example, Carter3, Carter5, Carter6 or CRI3, CRI4, 
Vogelmann, Vogelmann2) or are close in the used spectral channels. 

Visualization of the results of species differentiation using PCA according to the value of VIs selected using DT 
is shown in Figure 9. The dispersion values of the first two principal components in all survey periods are from 
74 to 80% (Table 4). Factor loads of VI on the main components are on average doubled (in some cases they 
exceeded 0.4), but for most of the VI they remained low (Table 5). 

In more detail, the separation of oak species by PCA can be demonstrated by their samples. Projection of VI 
values Boochs2, Carter5, CRI3, Datt, Datt5, DPI, MCARI2, MTVI, PRI, SR8, TGI by main components for samples 
of oak species on the first survey date is shown in Figure 10, for other dates in Supplementary Table 3. 
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Figure 8. Decision tree of the 80 VIs values for Q. macrocarpa (1), Q. robur (2), Q. rubra (3) (Sept 30). Numerical 

designation, bottom digits: the first digit indicates the species; the second is the sample of the species. 

 
Figure 9. PCA of the VIs values selected by the DT method, Q. macrocarpa (1), Q. robur (2), Q. rubra (3) VIs at different 

survey times. Experiment dates: a – Aug 22, b – Sept 05, c – Sept 13, d – Sept 20, e – Sept 30. 

Table 4. Dispersions of the principal components of the projection of the values selected by the DT method, VI for Q. robur, 
Q. macrocarpa, Q. rubra 

Experimentdates Aug 22 Sept 05 Sept 13 Sept 20 Sept 30 

Statistics 
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Comp.1 2.510 0.573 0.573 2.283 0.434 0.434 2.247 0.561 0.561 2.365 0.559 0.559 2.130 0.454 0.454 

Comp.2 1.345 0.165 0.738 2.071 0.357 0.792 1.484 0.245 0.806 1.342 0.180 0.740 1.696 0.288 0.742 

Comp.3 1.087 0.108 0.845 1.221 0.124 0.916 1.005 0.112 0.918 1.118 0.125 0.865 1.069 0.114 0.856 

Comp.4 0.872 0.069 0.914 0.775 0.050 0.966 0.571 0.036 0.955 0.766 0.059 0.923 0.893 0.080 0.936 
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Table 5. Factor loads selected by the DT method, VI for significant components for Q. robur, Q. macrocarpa, Q. rubra 

Factors Comp.1 Comp.2 Comp.3 Comp.4 
Aug 22 

Boochs2 0.296 0.465   

Carter5 -0.318  -0.472  

CRI3 -0.343  0.280 -0.251 
Datt 0.372   0.253 
Datt5 0.269 -0.276 0.489 -0.213 
DPI 0.188  -0.401 -0.855 
MCARI2 0.351 0.293  0.146 
MTVI  0.687 0.303  

PRI 0.312 0.140 -0.293  

SR8 0.335 -0.214 0.243 -0.188 
TGI -0.339 0.256 0.241 -0.170 

Sept 05 
RDVI  0.467 0.141 0.211 
Boochs2 -0.267 0.363  -0.170 
CRI3 0.357  -0.340 -0.403 
Datt4 -0.304 -0.275 0.275 -0.151 
Maccioni -0.430    

MTCI -0.416  0.187  

NDVI3 0.176  0.635 -0.557 
PSRI 0.358  0.406  

RDVI.1  0.467 0.141 0.211 
REP_Li -0.423   -0.200 
SPVI  0.440 0.264  

TCARI2  0.390 -0.277 -0.573 
Sept 13 

Boochs2 0.319 0.178 0.616 0.173 
CRI3 -0.394  0.223 -0.665 
CRI4 -0.430   -0.238 
Datt5  -0.641 0.235  

DD 0.430   -0.180 
DWSI4 0.154 0.600  -0.306 
Gitelson 0.313 -0.104 -0.673  

MCARI -0.313 0.420  0.474 
PRI 0.391  0.215 -0.329 

Sept 20 
Boochs 0.352 0.313 0.177 0.153 
Carter3 -0.394  0.149 -0.219 
D1 0.325 -0.345 -0.200 -0.285 
Datt 0.347 -0.406   

Datt3 -0.178 -0.431 0.294 0.786 
Datt5 -0.272 -0.413 0.125 -0.369 
Gitelson2 0.103 -0.210 0.754 -0.292 
MCARI2 0.405 -0.117   

Sum_Dr1 0.238 0.400 0.463  

Vogelmann 0.396 -0.207 -0.137  

Sept 30 
Boochs2 0.288  0.548 0.537 
Carter6 0.303 -0.414  -0.198 
Datt5 -0.360 -0.325 0.175  

NDVI3 -0.337 -0.307 0.290 -0.197 
PRI_norm -0.306 -0.366  0.246 
SPVI 0.328 -0.399  -0.219 
SR5 -0.297 -0.351  0.398 
Sum_Dr1 0.325 -0.390 0.130 -0.266 
TCARI2 0.406 -0.107  0.447 
Vogelmann2 -0.146 0.208 0.741 -0.296 

http://ejss.fesss.org/10.18393/ejss.1183524


P.Dmitriev et al. Eurasian Journal of Soil Science 2023, 12(1), 37- 62 

 

47 

 

 

It can be seen on the projection (Figure 10), as well as in Figure.3 and 9, Q. rubra is well separated from Q. 
robur and Q. macrocarpa. At the same time, Q. robur and Q. macrocarpa are poorly separated by PCA. The good 
differentiation of Q. rubra is associated with its physiological state – soil pH stress, enhanced by drought, that 
is manifested by leaf chlorosis (Figure 11) (Dmitriev et al., 2022a). Stress may be detected by the configuration 
of the spectral profiles of oak crowns, which are built using the average values of the reflection coefficient 
(Figure 12). 

 
This configuration of the arrangement of objects on the projections persists throughout the period studied (in 
some cases, the images are inverted mirrorwise about the first or second component). 

RF is the next method used to separate species. In total, 500 trees have been analysed. (Figure 13). The number 
of variables tried at each separation was – 8. 

 
Figure 12. Spectral profiles of crowns of Q. macrocarpa, Q. robur and Q. rubra plants. Dates of the experiments: a – Aug 

22, b – Sept 05, c – Sept 13, d – Sept 20, e – Sept 30. Y-scales – reflectance, percent; X-scales – wavelength, nm. 
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Figure 13. Random forest matrix error depending on the number of trees 

OOB estimate of the matrix values error calculated for the 80 VIs of three oak species is low – 4.19%. This 
indicates a good differentiation of all three oak species by the RF method (Table 6). 

The RF method also makes it possible to determine what VIs are the most suitable for species identification. 
In Figure 14, VIs are arranged depending on their influence on the error value (Mean Decrease Accuracy) and 
the Gini criterion. 

As a result of the RF analysis, it was found that out of 80 VIs, the following VIs have the greatest influence on 
the accuracy of identification of Quercus species and the Gini index: 

 D1 D730 / D706 (Zarco-Tejada et al., 2003) 
 Datt3 D754 / D704 (Datt, 1999) 
 DPI D688 D710 / D2697 (Zarco-Tejada et al., 2003) 
 Vogelmann R740 / R720 (Vogelmann et al., 1993), 

where Rxxx: Reflectance at the wavelength “xxx”, Dxxx: First derivation of reflectance values at the wavelength 
“xxx”. 

Table 6. Error rates of the matrix of RF values of 80 VIs for Q. robur, Q. macrocarpa, Q. rubra 

Species Quercusmacrocarpa Quercusrobur Quercusrubra class.error 
Quercusmacrocarpa 3857 230 61 0.070154 
Quercusrobur 110 4610 51 0.033746 
Quercusrubra 41 107 5269 0.027321 

 
Figure 14. RF: Mean Decrease Accuracy and Mean Decrease Gini calculated for the 80 VIs of Acer species. 
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These VIs make it possible to separate quite well the stressed Q. rubra from Q. robur and Q. macrocarpa, which 
are found to be in our region under optimal conditions. At the same time, Q. robur and Q. macrocarpa are 
poorly separated. The following wavelengths are used in calculating these VIs: 698 nm,704 nm, 706 nm, 710 
nm, 720 nm, 730 nm, 740 nm, 754 nm. 

In order to find out how repeatable the result is at different shooting times, the scheme for forming the training 
and testing samples was as follows: 

1. The training sample is the data of 2 (Sept 05), 3 (Sept 13), 4 (Sept 20) and 5 (Sept 30) survey dates. The 
tested sample – data of the 1st (Aug 22) survey period; 

2. The training sample is the data of the 1st, 3rd, 4th, and 5th survey dates. The test sample – data from the 
2nd survey period; 

3. The training sample is the data of the 1st, 2nd, 4th, and 5th survey dates. The test sample – data from the 
3rd survey period; 

4. The training sample is the data of the 1st, 2nd, 3rd, and 5th survey dates. The test sample – data of the 4th 
survey period; 

5. The training sample is the data of the 1st, 2nd, 3rd and 4th survey dates. The test sample – data of the 5th 
survey period. 

According to the presented scheme the training sample matrices have a low OOB estimate of error rate (Table 
7). Despite the fact that it is not possible to simultaneously identify all three species by VIs values (Table 8), 
the result obtained should be considered good for field surveys with a hyperspectral camera of tree crowns. 
Q. rubra was well identified in all five terms. Q. robur was well identified in the second and third terms of 
survey, satisfactorily – in the first and fifth and was not identified in the 4th survey. Q. macrocarpa was 
satisfactorily identified only in the second survey period.Good reproducibility of the results (both positive and 
negative) in terms of timing was obtained, that can be seen from the values of the classification errors of the 
trained matrices (Table 7) and from the test results (Table 8).The results obtained with the RF method and 
the PCA method are similar. 

Table 7. Error rates of RF matrix of 80 VI values for Q. robur, Q. macrocarpa, Q. rubra, training samples. Number of trees: 
500; Number. of variables tried at each split: 8 

Training set 1 

Species Q. macrocarpa Q. robur Q. rubra class.error 

Q. macrocarpa 3672 157 41 0.051163 
Q. robur 84 4256 50 0.030524 
Q. rubra 48 98 4884 0.029026 

OOB estimate of error rate 3.60% 
Training set 2 

Species Q. macrocarpa Q. robur Q. rubra class.error 
Q. macrocarpa 2832 209 35 0.079324 
Q. robur 79 3477 24 0.028771 
Q. rubra 17 62 3857 0.020071 

OOB estimate of error rate 4.02% 
Training set 3 

Species Q. macrocarpa Q. robur Q. rubra class.error 
Q. macrocarpa 3096 130 35 0.050598 
Q. robur 75 3372 37 0.032147 
Q. rubra 23 59 4490 0.017935 

OOB estimate of error rate 3.17% 
Training set 4 

Species Q. macrocarpa Q. robur Q. rubra class.error 
Q. macrocarpa 3003 194 63 0.078834 
Q. robur 66 3562 47 0.030748 
Q. rubra 36 94 3544 0.035384 

OOB estimate of error rate 4.71% 
Training set 5 

Species Q. macrocarpa Q. robur Q. rubra class.error 
Q. macrocarpa 2847 212 66 0.08896 
Q. robur 107 3806 42 0.037674 
Q. rubra 39 80 4337 0.026706 

OOB estimate of error rate 4.73% 
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Table 8. Error rates of the matrix of RF values of 80 VIs for Q. robur, Q. macrocarpa, Q. rubra, tested samples 

Test sample 1 

Species Q. macrocarpa Q. robur Q. rubra 

Q. macrocarpa 112 156 10 
Q. robur 143 219 10 
Q. rubra 23 6 367 

Test sample 2 
Species Q. macrocarpa Q. robur Q. rubra 
Q. macrocarpa 632 225 133 
Q. robur 382 963 405 
Q. rubra 58 3 943 

Test sample 3 
 Q. macrocarpa Q. robur Q. rubra 

Q. macrocarpa 32 1 0 
Q. robur 658 1214 184 
Q. rubra 197 72 661 

Test sample 4 
Species Q. macrocarpa Q. robur Q. rubra 
Q. macrocarpa 422 611 57 

Q. robur 122 167 4 

Q. rubra 344 318 1682 
Test sample 5 

Species Q. macrocarpa Q. robur Q. rubra 
Q. macrocarpa 395 146 124 
Q. robur 0 464 60 
Q. rubra 628 206 777 

All methods of the data analysis used in the experiment clearly separate Q. rubra from Q. robur and Q. 
macrocarpa. This can be associated with a significant difference between the ecological and biological 
properties of Q. rubra and Q. robur, Q. macrocarpa.When using VI, it is not possible to reliably separate Q. robur 
and Q. macrocarpa.These species differ significantly in morphology, but are similar in ecological and biological 
properties. Most VIs have been developed to quantify the state (primarily the physiological state associated 
with photosynthetic pigments) of plants (Tucker, 1979; Blackburn 1998; Datt 1999; leMaireetal 2004; Zarco-
Tejada et al. 2003; Bolca et al., 2012). Therefore, in a specific period, species that differ significantly in 
physiology can be successfully separated using VIs. For woody plants that differ in phenology, it is possible to 
propose a search for VIs with unique seasonal dynamics, by analogy with the NDVI signature. 

Conclusion 
The ANOVA method applied to the hyperspectral data allows  to reveal VI, whose variation significantly 
depends on the species belonging to the sample.This also confirms the possibility of identifying oak species 
using VI.PCA and RF methods reliably differentiating Q. rubra from Q. robur and Q. macrocarpa. 

The results obtained suggest the possibility that droubt and impact of soil pH, being a factor of environmental 
stress, may influence the realibility of such an identification. It may be a consequence of a droubt-induced and 
pH-induced chlorosis that evidently influence leaf pigment composition and, therefore, VIs. It means that 
changes in the hyperspectral data caused by stress should be considered as a reflectance spectral "signature 
of stress" and should be an object of attention in the future researches.  
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Supplementary Tables 
Supplementary Table 1. Results of a three-way ANOVA of the statistical complex «species-sample-snapshot» 

 

 
 

http://ejss.fesss.org/10.18393/ejss.1183524


P.Dmitriev et al. Eurasian Journal of Soil Science 2023, 12(1), 37- 62 

 

53 

 

Supplementary Table 1. (Continue) 
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Supplementary Table 1. (Continue) 
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Supplementary Table 1. (Continue) 
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Supplementary Table 1. (Continue) 
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Supplementary Table 1. (Continue) 
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Supplementary Table 2. VI factor loads on significant components for Q. robur, Q. macrocarpa, Q. rubra 
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Supplementary Table 2. (Continue) 
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Supplementary Table 2. (Continue) 
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Supplementary Table 2. (Continue) 
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Supplementary Table 3. Projections of VI values for Q. robur, Q. macrocarpa, Q. rubra 
 

  
Figure 1. Projections of VI values for Boochs2, CRI3, Datt4, Maccioni, 

MTCI, NDVI3, PSRI, RDVI, RDVI, REP_Li, SPVI, TCARI2 for Q. 
macrocarpa (1), Q. robur (2), Q. rubra (3) samples (Sept 05). Numerical 

designation on the projection: the first digit indicates the view; the 
second is the sample of the species 

Figure 2. Projections of VI values for Boochs2, CRI3, CRI4, Datt5, DD, 
DWSI4, Gitelson, MCARI, PRI for Q. macrocarpa (1), Q. robur (2), Q. 

rubra (3) samples (Sept 13). Numerical designation on the projection: 
the first digit indicates the view; the second is the sample of the species 

  

  
Figure 3. Projections of VI values for Boochs, Carter3, D1, Datt, Datt3, 

Datt5, Gitelson2, MCARI2, Sum_Dr1, Vogelmann for Q. macrocarpa (1), 
Q. robur (2), Q. rubra (3) samples (Sept 20). Numerical designation on 

the projection: the first digit indicates the view; the second is the 
sample of the species 

Figure 4. Projections of VI values for Boochs2, Carter6, Datt5, NDVI3, 
PRI_norm, SPVI, SR5, Sum_Dr1, TCARI2, Vogelmann2 for Q. macrocarpa 
(1), Q. robur (2), Q. rubra (3) samples (Sept 30). Numerical designation 

on the projection: the first digit indicates the view; the second is the 
sample of the species 
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 Abstract 

Article Info 
The objectives of this study were i) to characterize the water and soils under different 
managements, ii) to evaluate the sustainability of using hypersaline soils and water, 
and iii) to assess possible solutions to prevent more degradation of soil and water 
resources. Field and laboratory analysis of the samples using eight pedons and 128 
surface samples taken from grid in four pre-determined land uses; pistachio orchard 
abandoned, pistachio orchard with furrow irrigation, wheat and maize cropping with 
furrow irrigation, pistachio orchard with drip irrigation. The study area, 170 ha, 
comprised two distinct soil parent materials including marls (max. ECe >100 dS/m) 
and alluviums (max. ECe >60 dS/m). Abandoning lands caused salinity increasing due 
to lack of leaching by irrigation water. The maximum increase of soil salinity was in the 
abandoned land use (EC e =98 dS/m), where trees had been removed and there is no 
irrigation, followed by pistachio plantation land use (EC=11 to 34 dS/m), and wheat 
and maize cropping land use (EC=11-19 dS/m). The minimum rise in soil salinity was 
in the drip irrigation due to mixing freshwater with saline water and therefore better 
water quality (EC=3 dS/m at surface layer and 17 dS/m in next layer). Land use change 
to agriculture increased the need for irrigation and because of arid climate it mainly 
supplied by groundwater from deep wells. Using deep groundwater due to rock-water 
reaction and increasing salinity, decreased water quality in furrow irrigation and 
therefore it had more significant effect on soil salinity compare to drip. Comparison of 
the mean values of soil salinity indicators in 2018 showed that salinity has increased 
by 3-6 times in the furrow irrigation and at least two-fold in the drip irrigation, 
compared to 2002. The calculated salinity indicators also proved the soil and water 
resources had been degraded and present land use types are not sustainable.  Possible 
solutions could be to minimize land use change to agriculture, to use drip irrigation 
with mixed saline and freshwater, and to remove salt crusts from the soil surface. 

Keywords: Land degradation, Arid climate, Solute dynamics, Saline soils, Saline 
water, Irrrigation. 
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Introduction 
Soil and water salinity are the most important progressive factors of soil degradation which limit food 
production and sustainable agriculture spatially in arid regions. Saline soils are one of the most extensive soil 
types found in arid and semi-arid regions, and they severely limit water availability, temporally and spatially, 
due to high salt accumulation (Bouaziz et al., 2020).  
Although the salinity of hypersaline soils is much higher than that of saline soils, the chemical characteristics 
separating saline and hypersaline soils are not precisely defined (Dion and Nautiyal, 2008). Hypersaline soils 
include soils that contain salt accumulation at lower ranges (4–8 dS/m), that restrict the yield of many crops, 
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in moderate ranges (8–16 dS/m), where only tolerant crops may yield satisfactorily, and highly hypersaline 
soils (ECe>16 dS/m), in which only a few very tolerant crops may yield satisfactorily (USDA, 1954).  

More than 90% of Iran, which has a total area of about 1.65 Mha, is located in arid and semiarid regions where 
producing crops without irrigation is impossible. The use of saline groundwater to irrigate saline soils with 
different levels of salinity, especially in central Iran, has led to accelerated environmental degradation (Al-
Muaini et al., 2019). Long term use of hypersaline water for agriculture purposes has led to further 
accumulation of salts in soils and conversion of salt-affected soils into hypersaline soils. Such a relationship 
between changes in salinity parameter associated with different types of land use has been reported in many 
studies (Pasternak and De Malach, 1995; Hanson et al., 2008).  

 The quality of irrigation water is one of the most critical factors in the management of salt-affected soils (Acar 
and Yilmaz, 2019). Irrigation water quality not only affects crop yield and physical soil conditions but also 
influences plant nutrition, irrigation system usability, and water application (Minhas et al., 2020). Therefore, 
analysis of irrigation water quality is essential to support suitable management for maximum crop 
productivity. Several parameters, including total dissolved solute content, the relative proportion of sodium 
to calcium and magnesium ions, pH, carbonate and bicarbonate, specific ions such as chloride, sulfate, and 
boron, and nitrate concentration are involved in the determination of irrigation water quality (Bauder et al., 
2010). Hypersaline water is water where salinity hazard is high (0.75–2.25 dS/m) to very high (>2.25 dS/m) 
and this cannot be used on soils with restricted drainage. Even for salt tolerant crops, using hypersaline water 
requires special management (USDA, 1954). High pH, above 8.5, with high concentrations of HCO3- and CO32-, 
causes precipitation of calcium and magnesium ions, leaving excess sodium in the soil solution. Small amounts 
of chloride are essential for plants, but in high concentrations it is toxic to sensitive crops (Geilfus, 2019). Low 
concentrations of sulfate ion in irrigation water benefit soil fertility (Bauder et al., 2010).  

Soil texture diversity in vertical profile is an effective factor on soil water movement, nutrients, soil solute 
migrations, primary and secondary salinity. Particle size distribution (PSD) is an useful tool for soil 
classification. Investigation of PSD effects on soil salinity is necessary to estimate the intensity and extent of 
soil degradation. The more dominant fine part in particle size distribution, the higher increase in salinity ions 
due to the high specific level of these fine particles (Yang and Yanful, 2002; Zhao et al., 2016). 

Finding crops which are resistant to salinity and are also valuable commercially is one of the important 
management challenges in hypersaline agriculture (Mustafa and Akhtar, 2019). Pistachio is one of the 
strategic crops that play a key role in people's livelihoods in arid and semi-arid regions (Moazzzam Jazi et al., 
2019). Suitable EC for pistachio trees is less than 4 dS/m however, up to 8 dS/m, a suitable product is 
produced. Although pistachio has been produced conventionally in arid regions for a long time, a recent 
increase in soil and water salinity problems has caused the crop cultivation strategy used in pistachio 
plantations to change (Crane, 1978; Bodaghabadi et al., 2019).  

The use of hypersaline soil and water for agriculture, and associated problems such as soil and water 
degradation in arid and semi-arid regions, has led to a variety of research focused on hypersaline agriculture 
and soil and water resources management (e.g. see Rhoades et al. 1992; Minhas, 1996; Tanji and Kielen, 2002; 
Hoffman and Shalhevet, 2007; Grattan et al., 2002; Pereira et al., 2014, Gebremeskel et al., 2018). As various 
studies have shown, it is not possible to use hypersaline soils and water for agriculture without taking into 
account sustainability and the salt balance in the root zone (Gebremeskel et al., 2018; Minhas et al., 2020). 
However, despite the numerous studies in the field of salinity, no study has yet been conducted on the 
application of hypersaline water to hypersaline soils and its long-term sustainability. This study examines the 
hypothesis of instability of hypersaline agriculture in arid zones. The main mechanisms involved in salt 
accumulation are using hypersaline waters in the arid climate and irrelevant irrigation methods. The 
objectives of this study were i) to characterize the water and soils quality under different managements in the 
studied arid region, ii) to evaluate the soils quality sustainability of using hypersaline soils and water in the 
arid region under study, and iii) to assess possible solutions to prevent rapid degradation of soil and water 
resources.  

Material and Methods 
Site description  

The study area comprises about 170 ha located in the south west of Eyvanekey county (Semnan province) in 
central Iran, between latitudes 35° 19´ 39.186" to 35° 21´ 11.204" N and longitudes 51° 57´ 55.402" to 52° 02´ 
4.316" E (Figure 1). Common crops in the study region are pistachio, wheat, and maize. The main section of 
the study area was 135 ha of pistachio orchard under five- to 60-year-old pistachio trees in different patches 
and two kinds of furrow and drip irrigation methods, with about 17 ha of cropland with cultivated agricultural 
crops of wheat and maize.  
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Figure 1. Soil samples location and land use (21 Oct. 2018) (above); Land use 1 & 2 in two different fields: A &B left 
above; Land use 3&4: C&D right above, slope (below left) and elevation (below right) maps 

The geology comprises an admixture of coarse igneous and pyroclastic rock fragments in the north-western 
section of the Eyvanekey alluvial fan, originating from the Alborz Mountain Chain, along with the remnants of 
eroded marls originating from the southern Neogene formations. Patches of the alluviums have overlaid the 
marls in the middle parts of the area where they meet. The overall slope (about 1.5%) of the study area is flat 
with no effective slope aspect direction. There are some artificially established slopes in the opposite direction 
to the direction of the main slope, created to lead rainwater into the irrigation channels under the pistachio 
trees. Based on the Köppen climate classification system, the study area is classified as having a dry (B) climate 
(Köppen, 1931). The coldest month was January with 2.9 degrees and the warmest month was July, with 29.7 
degrees. The average Min. T was recorded in January as -3.4 °C and the Avg. Max. T was recorded as 38.7 °C in 
July. The spring and summer rainfall in the study area is between 30% and 70% of the mean annual 
precipitation, which is less than 50% of the threshold (mean annual precipitation +140 mm), which, in 
combination with temperature of less than 18 °C, is classified as BWk. The reference evapotranspiration of the 
study area is 944.53 mm, which is much higher than its annual precipitation (127 mm), and the mean annual 
temperature is 16.6 °C. The annual aridity index (AI) in the region is equal to 0.135, which has caused it to be 
classified as an arid region. According to the mean annual soil temperature at a depth of 50 cm (17.6 °C), based 
on the climatic data and using The Natural System Model (NSM) software, soil moisture and temperature 
regimes were identified as Aridic and Thermic, respectively (Newhall and Berdanier, 1996; Table 1). The soil 
thermal regime was characterized as thermic (> 270 days soil temperature at a depth of 50 cm was >8 0C). 
Also, due to the long period that the soil moisture control section was recorded to be dry during the year, the 
soil moisture regime was determined as subdivision of aridic regime; weakly aridic  which means that Soil 
Moisture Control Section is dry for more than half of the time that T > 5 0C (Soil Survey Staff, 2014). 
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Table 1. Monthly climatic data, soil climate and aridity index of Eyvanekey for Year (2018) 

 Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Year 
Avg. T (°C) 2.9 5.8 10.2 15.8 22.3 26.9 29.7 28.4 24 18.1 10.4 4.9 16.6 
Min. T (°C) -3.4 -0.9 3 8.2 14 18.1 20.7 19.4 15.1 10 3.1 -1.5 8.8 
Max. T (°C) 9.3 12.6 17.5 23.5 30.6 35.8 38.7 37.4 33 26.3 17.8 11.3 24.48 
P (mm) 28 20 20 14 11 1 0 0 2 8 11 12 127 
ET (mm) 1.6 7.0 24.0 56.7 118.6 163.4 195.5 171.5 115.6 64.8 20.8 5.2 944.5 
P – ET (mm) 26 13 -4 -43 -108 -162 -196 -172 -114 -57 -10 7 -818 
Aridity Index 17.50 2.86 0.83 0.25 0.09 0.01 0.00 0.00 0.02 0.12 0.53 2.31 0.13 
Soil Temp. regime Thermic (>270 days soil temperature at the depth of 50 cm is > 8 0C) 
Soil Mois. Regime Weak Aridic (Soil Moisture Control Section is dry for more than one half of the time that T> 5 0C)  

Soil and water sampling 

After the study area had been selected, in order to understand the existing problems in the study area and 
determine sampling strategy four field observations were carried out to check for the existence of salt crusting 
and the presence of rock fragments during November, 2018. Soil survey showed that there is high variation of 
EC in furrow irrigation, 4-70 dS/m and a narrow variation range of EC in drip irrigation method, 3-16 dS/m. 
Also salt crusting was observed clearly in the abandon area (about 30 percent of study area) and its margin 
with pistachio trees. Amount and also size of rock fragments was completely different in the different sites. 
Portable devices were used to evaluate the initial spatial distribution of moisture content, pH, and EC along 
the transecting and traversing areas. Before laboratory analysis and profile description the spatial and 
temporal sampling design was prepared, based on the results of field observations combined with information 
on land use, climate, management, and the geology of the area (Geological Survey and Mineral Exploration of 
Iran, 2011). We decided to go to the field in wet season to investigate salt movement and its interaction with 
rain and a grid design soil sampling used as a tool to find salt spatial changes in the study area. A sampling 
strategy was produced so that all the factors influencing soil salinity dynamics (irrigation methods, crop types, 
and land use) were included.  

Sampling was performed using two complementary approaches. The first approach comprised surface 
sampling to investigate spatial changes in salinity, in which five samples were taken, with about 4 kg of soil 
being taken from the four corners and centre of a square with sides of 4 m (making five samples in total), using 
a grid design with 100 m intervals between the sampled squares. The subsamples were thoroughly mixed, and 
then a 3 kg sample of the mixture was transferred to the laboratory. In the second approach, in order to 
investigate variation in soil properties by depth, eight profiles (P1 – P8) were dug and described from four 
different pre-determined land use examples (a pistachio orchard abandoned due to water scarcity (P1 in 
Figure1 A), a more than 20-year-old pistachio orchard with a furrow irrigation system (P2, P3 and P4 in 
Figure1 A, plus P8 in Figure 1 B), farms of wheat and maize with a furrow irrigation system (P6 and P7 in 
Figure1 C), a five-year-old pistachio orchard with a drip irrigation system (P5 in Figure1 D)). Sampling was 
carried out at 10 cm intervals, with consideration soil genetic layers, to a depth of 1 m from the soil surface. 
In total, 128 samples from the upper 20 cm of sampling points, plus 80 samples from eight soil profiles, were 
collected for laboratory analysis. The soil horizons described in each profile and the soil profiles were 
classified following Keys to Soil Taxonomy (Soil Survey Staff, 2014). Additionally, ARC GIS software was used 
to design a grid based on 100 m intervals in the study area to collect soil samples and it was also used to map 
soil salinity spatial variability using inverse distance weighing. Furthermore, irrigation water sources, 
including three very deep wells (>200 m depth), were sampled in November 2018 for detailed laboratory 
analysis after several field measurements. The fresh surface water (EC < 1 dS/m) for mixing with saline water 
in drip irrigation is provided from a small river near to the study area. The mixing ratio varies between 20 to 
50% depending on fresh water availability. In addition to annual rainfall approximately 200 to 300 mm 
irrigation water is used to sustain the pistachio and other crops. 

Laboratory Analysis 

All soil samples were air dried and passed through a 2 mm sieve in preparation for processing in the 
laboratory. ECe and pHe and pHsp were determined by using an EC/pH meter (Jenway 3540). Concentrations 
of Na+ and K+ in the saturated extracts were determined using a flame-photometer. Mg2+ and Ca2+ were 
measured by complexometry, and Cl-, HCO3-, and CO32- were measured using the titration method (Zhao et al., 
2016). Soil saturation percentage was determined by oven drying the saturated soil paste. In-situ soil water 
content was measured using a portable soil moisture meter (PMS-714). The same methods were used to 
analyse the water samples. Particle size distribution was measured using the hydrometer method after the 
removal of soluble salts (Gee and Bauder, 1986). Rock fragments (with diameter >2 mm) were determined by 
weighing samples before and after sieving. Soil organic carbon (SOC) was measured using the wet combustion 
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method (Walkley and Black, 1934). CaCO3 was determined using calcimetry analysis (Dreimanis, 1962) and 
gypsum was measured by using precipitation with acetone and reading the EC of the precipitated gypsum 
(USDA, 1954).  

Calculation of Salinity and Sodicity indices 

Table 2 summarizes the different indicators of salinity and sodicity for soil extracts and water, including the 
Sodium Adsorption Ratio (SAR), Magnesium Adsorption Ratio (MAR), Residual Sodium Carbonate (RSC), 
Residual Sodium Bicarbonate (RSBC), the Permeability Index (PI), and the Kelly Ratio (KR), which were 
calculated to assess the suitability of the soil and water for agricultural use. Also in order to compare soil 
quality changes with reference year, salinity and sodicity factors along with soil organic carbon used as soil 
quality parameters (Table 2). 

Table 2. Salinity parameters with formulas, units, recommendation salinity parameters ranges for agricultural using and sources 

Parameters Symbol Formula Units Limits Water/Soil References 
Electrical Conductivity EC - dS/m 0.25-3 Water  Fipps (2003) 
Electrical conductivity 
(saturation extract) 

EC - dS/m 0-4 Soil  
Ayers and Westcot (1985) 

Calcium Ca2+ - meq/l 0-20 Both  Ayers and Westcot (1985) 
Magnesium Mg2+ - meq/l 0-5 Both  Ayers and Westcot (1985) 
Sodium Na+ - meq/l 0-40 Both  Ayers and Westcot (1985) 

Sodium adsorption ratio SAR SAR=
𝑁𝑎+

√𝐶𝑎2++𝑀𝑔2+
 - 0-9 Soil  Ayers and Westcot (1985) 

Sodium adsorption ratio SAR SAR=
𝑁𝑎+

√𝐶𝑎2++𝑀𝑔2+
 - 1-26 Water  Fipps (2003) 

Bicarbonate HCO3- - meq/l 0-10 Both  Ayers and Westcot (1985) 
Chloride Cl- - meq/l 0-30 Both  Ayers and Westcot (1985) 
Alkalinity/ Basicity pH - - 6.5-8.4 Both  Ayers and Westcot (1985) 

Magnesium adsorption ratio MAR MAR=
𝑀𝑔2+

𝐶𝑎2++𝑀𝑔2+
×100 % <50 Soil  Raghunath (1987) 

Residual sodium carbonate RSC RSC=(HCO3-+CO32-)–(𝐶𝑎2+𝑀𝑔2+) meq/l <2.5 Soil  CFC (1975) 
Residual sodium bicarbonate RSBC RSBC=( HCO3-+ 𝐶𝑎2+) meq/l <1.25 Soil  Eaton (1950) 

Permeability index PI PI=
Na++√HCO3−

Ca2++Mg2++𝑁𝑎+
×100 % >6.5 Both  Doneen (1964) 

Kelly ratio KR KR= 
Na+

Ca2++Mg2+
 meq/l <1 Both  Sundaray et al. (2009) 

Statistical Analysis 

A Completely Randomized Design (CRD) was used to investigate the effects of land-use type on soil salinity 
and Duncan's multiple range test (DMRT) performed to indicate the significance of the differences between 
the land use types. Also, a one sample t-test, was performed to statistically compare surface soil salinity (0-20 
cm) between the sample and reference year (2002) and changes in water salinity compared to the reference 
year (2008). Comparison of the means and standard deviations of the measured parameters in different land 
use areas and different irrigation methods were carried out using SPSS software (Ver. 26, George and Mallery, 
2019). 

Results  
Groundwater Depth and Variation in Quality  

Three very deep wells, 200 m provide the irrigation water in the study region. In 2002 the groundwater table 
in study area was 50 meters and over time, due to the imbalance between low re-charges (precipitation) and 
high discharge (water pumping from the groundwater), the groundwater table fell to below 200 m. 
Comparisons of the irrigation water soluble ions measured in 2008 and 2018 are given in Table 3. According 
to the Wilcox irrigation classification diagram (based on EC and SAR) (USDA, 1954), the water used for 
irrigation was classified as very high salinity water, 6.31-7.08 dS/m (C4) that is not suitable for irrigation in 
the study area (Table 3). Regarding SAR, the water was classified as S1 and S2 (9.33-11.12), which refers to 
low to medium sodium levels that are hazardous in fine textured soils with high CEC. In drip irrigation the 
extracted groundwater is mixed with fresh water, resulting in a 50% reduction in the EC and SAR of drip 
irrigation water, compared to irrigation water sources used currently, and to 2008. The salinity hazard 
attributed to all water resources other than drip irrigation has increased significantly (7.27%, 14.38%, and 
1.9%) relative to the average EC in 2008. However, the overall classification (C4) has remained constant and 
the sodium hazard (SAR) has reduced considerably (about 13% in Well No. 2 and about 1.59% in Well No. 3 
Table 3).  

In respect of concentrations of anions and cations in the analysed samples, considerable changes were 
observed relative to 2008. Concentrations of calcium and sulphate have increased, 17%–49% and 39%–51%, 
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respectively, in the case of furrow irrigation water sources (Wells 1, 2, and 3) while concentrations of sodium, 
magnesium, bicarbonate, and chloride have mainly decreased (between 1.5% and 18%) or show only a small 
increase (between 1.35% and 4.55%) in some cases (Table 3). Of course, in the case of drip irrigation water 
the concentrations of all cations and anions have decreased, between 2% and 68%, due to mixing with fresh 
water (Table 3), and the maximum decreases were associated with sodium (68%) and chloride (60%). One-
sample t-test was used to compare the irrigation water salinity indicators and soluble ions in 2018 to the 2008 
and the results showed significant difference for HCO3-compared (Table 3).  

Table 3. Laboratory Analysis and the Salinity Indicators of the Irrigation Water Sources in 20 Nov. 2018 (groundwater depth 230 m) 

and 19 Oct. 2008 (groundwater depth 180 m) 

Indicators Na+ K+ Ca2+ Mg2+ HCO-3 CO32- Cl- SO42- Class 
Furrow Irrigation water well 1  41.22 0.15 18.5 9.0 1.90 0 40.0 24.5 C4S2 
Furrow Irrigation water well 2  39.03 0.15 23.5 11.5 1.90 0 45.0  23.9 C4S1 
Furrow Irrigation water well 3  41.22 0.15 19.5 11.0 2.10 0 40.5 20.5 C4S2 
Drip irrigation 12.67 0.09 11.5 4.5 2.25 0 17.5  7.5 C4S1 
Averages of Reported results for 2008 39.27 - 15.8 11.0 2.30 0 44.4 19.37 C4S2 

Changes of water salinity parameters relative to year 2008  %   
Indicators Na+ K+ Ca2+ Mg2+ HCO-3 CO32- Cl- SO42- Class 
Furrow Irrigation water well 1  3.78   17.09 -18.18 -17.39 0 -9.91 39.24 - 
Furrow Irrigation water well 2  -1.74   48.73 4.55 -17.39 0 1.35 40.84   
Furrow Irrigation water well 3  3.78   23.42 0 -8.70 0 -8.78 51.11   
Drip irrigation -68.10   -27.22 -59.09 -2.17 0 -60.59 -53.48   
Indicators EC pH SAR PI KR 
Furrow Irrigation water well 1  6.64 7.76 11.12 61.99 1.50 
Furrow Irrigation water well 2  7.08 7.55 9.33 54.58 1.12 
Furrow Irrigation water well 3  6.31 7.58 10.56 59.49 1.35 
Drip irrigation 2.73 7.57 4.48 49.43 0.79 
Averages of Reported results for 2008 6.19 7.64 10.73 61.73 1.47 

 Changes of water salinity parameters relative to year 2008  % 
Indicators EC pH SAR PI KR 
Furrow Irrigation water well 1  7.27 1.57 3.63 0.42 2.04 
Furrow Irrigation water well 2  14.38 -1.18 -13.05 -11.58 -23.81 
Furrow Irrigation water well 3  1.94 -0.79 -1.58 -3.63 -8.16 
Drip irrigation -55.9 -0.92 -58.25 -19.93 -46.26 

The measured pH also decreased, (0.79% – 1.18%) in the water of Wells 2 and 3 and drip irrigation water, 
compared to the value reported for 2008. Furthermore, all other indicators of irrigation water quality such as 
SAR, PI, and PK decreased between 1.58% and 58.25% compared to 2008, except for Well No. 1.  

Soil Salinity Profiles 

Table 4 shows the soil horizons described in each profile and the classification of the studied profiles. The 
highest values of EC and the ions of Na+, Ca2+, Mg2+, Cl-, and SO42- were measured in the surface layer of the 
profile located in an abandoned area (P1) but values decreased with depth (Table 4). The ECe and the Na+, 
Ca2+, Mg2+, Cl-, and SO42- ions in profiles P2 and P3 were considerably lower (10% to more than 90%) than P1 
but, they showed similar trends in profiles P5 and P6, which were located under pistachio trees and in maize 
cultivation using a furrow irrigation system. Irregular trends of variations were observed in the case of the 
other profiles (P3, P4, P5, P7, and P8) (Figure 1 and Table 4). Although, Na+ was the predominant cation in all 
profiles, the predominant anion changed between SO42- and Cl- in different layers of the profiles (Table 4).  

Soil Salinity Indicators 

The mean values of the results of the soil laboratory analysis and the calculated salinity and sodicity indicators 
in the surface soil samples (0-20 cm) from four land uses are presented in Table 5. Comparison of the mean 
values of the measured ECe (in 2018) with those of 2002 indicated that it increased by at least two to more 
than eight times in areas with drip irrigation and abandoned areas. The consequences of increasing salinity 
are reduced yields and soil and water quality in the study area. Pistachio orchards yield 500 kg/ha up to 2000 
kg/ha depending on productive year or non-productive year of pistachio.   

In spite of the increase in the ECe values, the pH of different land use areas showed decreases between 0.2 and 
0.5. The SOC in topsoil decreased by more than 2.5 times compared to the average content in 2008, although 
the calcium carbonate equivalent (CCE) increased (23% – 40%), irrespective of land use type, (Table 6).  

Furthermore, the results obtained from a one sample t-test to compare the changes in soil salinity under two 
irrigation methods with 2002 showed that there was a significant difference between both irrigation methods 
and the year 2002 (p < 0.05). 
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Table 4. Morphological and physiochemical results of soil profiles. 

Horizon Depth pHe EC OC CaCO3 Na+ K+ Ca2+ Mg2+ HCO3- CO32- Cl- SO42- SP 

 cm  mS/cm % % (meq/l) 

P1: Loamy-skeletal, mixed, active, thermic Gypsic Haplosalids 

^Apyz 0-17 7.00 98 0.73 15 1120 5 497 272 1 0 1573 321 37 

^ACyz 17-32 7.04 55 0.47 15 587 6 88 215 1 0 715 180 33 

^C1z 32-42 7.44 27 0.27 14 396 32 15 40 1 0 261 221 27 

2C2z 42-61 7.39 18 0.15 15 234 20 18 15 1 0 148 139 31 

2C3z 61-105 7.43 12 1.32 14 168 13 34 12 1 0 86 140 24 

P2: Fine-loamy, mixed, active, thermic Gypsic Haplosalids 

Apyz 0-35 7.95 34 1.01 13 496 16 43 89 11 0 303 330 37 

Bw1 35-55 7.80 12 0.37 13 176 3 29 9 2 0 60 155 32 

Bw2 55-85 7.69 7 0.27 16 92 1 20 13 1 0 35 89 37 

Bk1 85-100 7.66 9 0.27 19 114 1 34 13 1 0 58 104 43 

P3: Coarse-loamy, mixed, superactive, calcareous, thermic Typic Torrifluvents 

Ap1 0-20 7.81 11 0.49 14 129 2 41 33 2 0 67 136 30 

Ap2 20-40 7.34 8 0.60 15 95 1 31 14 2 0 32 108 34 

2O 40-55 7.60 15 >50 13 178 1 59 26 5 0 100 158 63 

3C1 55-70 7.44 13 0.44 13 178 1 47 27 2 0 75 174 38 

4C2 70-100 7.21 12 0.19 11 137 2 40 18 1 0 82 115 26 

P4: Coarse-loamy, mixed, superactive, calcareous, thermic Typic Torriorthents 

Ap 0-30 7.66 5 0.30 11 73 1 17 7 1 0 29 68 26 

AC 30-60 7.45 5 0.19 12 61 1 11 7 1 0 28 52 26 

C 60-110 7.57 5 0.18 11 101 1 11 3 1 0 27 88 28 

P5: Loamy-skeletal, mixed, active , calcareous, thermic Typic Torriorthents 

Ap 0-30 8.10 3 0.35 17 26 1 10 6 2 1 9 32 21 

C1 30-43 7.22 17 0.27 18 179 1 50 50 1 0 139 140 31 

C2 43-64 7.18 15 0.21 18 156 1 59 36 1 0 121 130 29 

2BAb 64-100 7.22 14 0.14 20 147 1 65 28 0 0 132 109 49 

P6: Fine-loamy, mixed, superactive, thermic Sodic Haplocambids 

Ap1 0-25 7.52 19 0.45 19 223 2 54 47 2 0 168 155 36 

Ap2 25-50 7.53 15 0.38 20 184 2 46 35 7 0 127 132 37 

AB 50-60 7.61 8 0.25 21 138 1 28 20 1 0 41 144 44 

Bw1 60-80 7.44 8 0.20 21 127 1 28 10 0 0 34 131 40 

Bw2 80-110 7.42 7 0.19 21 127 0 27 13 1 0 27 139 35 

P7: Fine-loamy, mixed, superactive, thermic Sodic Haplocambids 

Ap 0-40 7.43 11 0.46 17 138 1 37 19 1 0 66 127 38.6 

Bw 40-73 7.45 7 0.21 20 90 1 31 16 0 0 36 101 35.9 

2C 73-80 7.37 8 0.18 21 86 1 41 5 0 0 41 91 32.8 

3C 80-110 7.47 8 0.20 22 90 1 25 38 1 0 40 113 40.5 

P8: Loamy-skeletal, mixed, superactive , calcareous, thermic Typic Torrifluvents 

Ap 0-30 7.50 11 0.28 12 146 1 27 6 0 1 66 113 27.3 

2C1 30-51 7.40 12 0.15 12 141 1 44 10 0 1 83 112 21.8 

3C2 51-67 7.23 11 0.24 12 119 1 44 17 0 1 82 99 24.6 

4C3 67-110 7.45 9 0.19 13 88 1 34 15 1 0 55 82 24.1 

 

The calculated indicators for soil salinity showed that, as for ECe, the highest values of SAR, MAR, RSBC, PI, 
and KR were observed in the abandoned land, which was followed by pistachio orchards, cultivated lands, and 
drip irrigation. SAR, RSBC, and KR indicators were very high in all types of land use, but MAR, RSC, and PI 
indicators were in the suitable range for all land uses. Concentrations of all anions and cations were very much 
higher than their applicable range for agricultural use (Table 5). The standard deviations for the measured 
parameters are very high in some cases, which demonstrates very high variability in the measured parameters 
(Table 5) and as expected, the standard deviation is low for the parameters that have low variability.  

Considering the changes in ECe compared to 2002, during the 16 years to 2018 the largest increase has been 
observed in the area of abandoned land. In agreement with the increased means of ECe, the maximum values 
for the means of Ca2+, Na+, and Cl- ion concentrations and SAR, MAR, RSBC, PI, and KR were all obtained in the 
abandoned land. Conversely, the minimum values of the parameters mentioned were determined in the land 
under drip irrigation. 

http://ejss.fesss.org/10.18393/ejss.1186388


L. Jahanbazi et al. Eurasian Journal of Soil Science 2023, 12(1), 63- 78 

 

70 

 

Table 5. Comparison the means and standard deviations of some soil properties and salinity indicators in surface soil samples under 
different land-uses and different irrigation methods. 

 
OC CCE K+ Ca2+ Mg2+ Na+ Cl- HCO-3 CO32- 

%  meq/l 
 Land use 1 Abandoned 

Mean 0.20 16.1 4.9 101.4 24.4 523.8 829.3 3.1 0.6 
Std.dev 0.11 1.8 4.3 98.7 50.9 461.5 843.9 3.2 1.5 

 Land use 2 Pistachio 
Mean 0.22 13.7 10.9 94.9 18.2 372.9 497.5 5.6 1.1 
Std.dev 0.15 2.0 13.1 60.7 33.4 506.1 970.5 3.7 1.6 

 Land use 3 Crop land 
Mean 0.19 17.5 2.2 73.4 15.0 205.2 35.1 1.1 0.6 
Std.dev 0.09 1.1 1.8 46.2 8.3 129.4 49.4 0.3 0.5 

 Mean of Total furrow land uses 1,2 and 3 
Mean 0.19 15.3 7.58 20.86 97.9 434.0 630.2 4.16 0.11 
Std.dev 0.13 2.4 9.56 41.42 80.3 471.4 903.8 3.59 0.18 

 Land use 4 Drip irrigation 
Mean 0.15 18.8 0.7 51.9 7.0 121.7 44.5 1.3 0.8 
Std.dev 0.11 0.8 0.3 21.3 3.7 81.1 93.5 1.2 0.3 

 Mean of the reported results for soil analyses 2002 (reference year) 
Mean 0.50 10.5        
Std.dev          

Continued 
EC  

pH SAR 
MAR RSC  RSBC PI 

% 
KR 

meq/l dS/m %  meq/l 
 Land use 1 Abandoned 

Mean 57.3 7.3 74.3 16.4 -127.6  96.6 73.1 6.1 
Std.dev 39.2 0.3 71.5 10.2 138.0  101.7 17.0 8.2 

 Land use 2 Pistachio 
Mean 43.8 7.5 58.1 12.5 -109.6  59.0 64.7 5.3 
Std.dev 40.6 0.4 106.2 18.6 43.2  56.2 18.8 13.0 

 Land use 3 Crop land 
Mean 24.2 7.6 28.7 8.2 -86.0  37.3 68.8 2.3 
Std.dev 16.8 0.22 10.8 8.6 21.8  2.0 5.8 0.5 

 Mean of Total furrow land uses 1,2 and 3 
Mean 49.2 7.4 63.7 14.1 -117.6  76.5 68.7 5.5 
Std.dev 39.8 0.4 88.0 14.8 99.1  82.5 17.8 10.5 

 Land use 4 Drip irrigation 
Mean 17.4 7.6 22.9 10.8 -90.6  33.4 54.9 2.3 
Std.dev 9.5 0.4 14.5 7.7 30.2  8.1 26.1 1.5 

 Mean of the reported results for soil analyses 2002 (reference year) 
Mean 8.02 7.8        
Std.dev          

Table 6. One-sample t-test comparison of the means of salinity indicators and soluble ions in irrigation water samples to the reference 
year, 2008. 

Water Sources 
Test Value 
(Reference 

Year) 

 
t df 

Sig. (2-
tailed) 

Mean 
Difference 

Confidence Interval of the 
Difference 95% 

Lower Upper 
EC 6.19 2.182 2 0.161 0.48667 -0.4730 1.4463 
Na+ 39.27 1.671 2 0.237 1.22000 -1.9209 4.3609 
Ca2+ 15.80 3.077 2 0.091 4.70000 -1.8724 11.2724 
Mg2+ 11.00 -0.655 2 0.580 -0.50000 -3.7862 2.7862 
HCO3- 2.30 -5.000 2 0.038* -0.33333 -0.6202 -0.0465 
CL- 44.40 -1.614 2 0.248 -2.56667 -9.4074 4.2741 
SO42- 19.37 2.888 2 0.102 3.59667 -1.7620 8.9553 
pH 7.64 -0.152 2 0.893 -0.01000 -0.2921 0.2721 
SAR 10.73 -0.744 2 0.534 -0.39333 -2.6680 1.8813 
PI 61.73 -1.398 2 0.297 -3.04333 -12.4079 6.3213 
KR 1.47 -1.327 2 0.316 -0.14667 -0.6221 0.3288 

Comparison of the mean values for types of land use (abandoned, pistachio furrow, and crop land), with the 
mean values of ECe in 2002 also showed they increased more than six times (Table 5). The results of univariate 
analysis of ECe under different land uses showed that there was a significant difference between the ECe of 
different land uses (sig = 0.004 and p< 0.05). Because the difference between land uses was significant, 
Duncan's multiple range test (DMRT) used to indicate the significance of the differences between the land use 
types. The results showed that the difference between the mean values of ECe for land use 1 (abandoned) 
compared to land use 2 (pistachio orchard) was not significant but the mean value of ECe in land use 4 (drip 
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irrigation) differed significantly from the ECe in abandoned and pistachio orchard land-uses. The mean of ECe 
in furrow irrigation on all land uses was intermediate (p=0.05, Figure 2). To assess the sustainability of the 
agriculture in the study area, we compared data obtained in 2018 with the data from soil and water analyses 
over the past 16 years (Tables 3 and 6). During these years ECe increased sharply, while pH and OC decreased, 
demonstrating that salinity is tending to increase, a trend which can cause soil degradation over time. 

 
Figure 2. Comparison of EC mean values (128 samples, 0-20 cm) between different land uses by using Duncan’s Post 

Hock test, at %5 level confidence, 2018. Land use 1: abandoned, 2: Pistachio, 3: Cultivated land, 4: Drip irrigation 

Spatial variability in surface soil  

Figure 3 illustrates the spatial variability of ECe (as the basic indicator of salinity) in the surface soil samples 
(upper 20 cm) of the pistachio orchards (Figure 1 A and B). All of the study area was classified as hypersaline 
soil (ECe > 4 dS/m). The highest values of ECe were observed at the middle of the orchard, which is under 
planted pistachio trees, followed by the abandoned area located on the downward slope that receives the 
runoff water which has passed through the higher saline area. The area with salinity class of 4–8 dS/m covers 
about 33% of the studied plot (~ 35 ha). About 20% of the land (21 ha) was found to contain 8–16 dS/m and 
about 15% of land (16 ha) was classified with salinity of 16–32 dS/m. Areas with salinity greater than 32 dS/m 
occupied about 8% to less than 1% of the land (Figure 3). 

In addition, a comparison of the mean values of surface soil samples analysed for different land uses in 2018 
with the mean of the reported results 2002 demonstrates that SOC decreased by at least two to more than 
three times in all land use types. While the CCE increased in all land use types (Table 5), this is possibly the 
result of the precipitation of carbonates from irrigation water or from CO2 deposition in the soil solution. 
However, mean values of ECe in 2018 increased more than two to seven times in different land use types, 
compared to 2002. Statistical comparison of the measured ECe in surface soil samples, under both irrigation 
methods, was significant (p = 0.0, p= 0,023 and p< 0,05 ).  

Discussion 
Environmental characteristics 

Classification of the study area as an arid region (based on AI classes) means that annual precipitation can 
only compensate for 13% of potential evapotranspiration (UNEP, 1997). The highest ET occurred in the 
summer season and exceeded more than 195.5 mm in July. Intensifying agricultural use of the land around the 
study area and land-use change from dry rangelands to cropping lands and extension of fruit tree plantations, 
the area that is pistachio cultivated and under drip irrigation is about 5 years old, has increased the need for 
water, but this can only be obtained from the groundwater. The amount of rainfall slightly exceeds 
evapotranspiration in three months only (January, February, and December) of each year. Lack of rainfall, 
along with increased abstraction of groundwater, has depleted groundwater, falling water table from 50 m 
under 200 m during 20 years, and reduced water quality (Tables 2 and 3). Furthermore, the existence of saline 
marl formations leads to excessive salinization of groundwater and an increased accumulation of surface salt 
by irrigation water, diffusion and also capillary movement (Table 3). The hot and arid climate combined with 
other environmental parameters demonstrate the unsuitability of the study area for agricultural purposes.  
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Figure 3. Map of spatial variability of surface soil salinity (0-20 cm) in the studied pistachio orchard, 21 Oct. 2019. 

Water Quality  

Based on the standards cited in Table 2, the EC of all the water sources was more than twice that of the 
standards defined by Fipps (2003). The concentrations of Ca2+ and Na+ in furrow irrigation water were close 
to the upper limits of the standards with maximum values of 23.5 meq/l for Ca2+ and 41.22 meq/l for Na+ 
(Table 3). Mg2+ concentration was double the standard limit for irrigation water (9 to 11.5 meq/l), but among 
the anions HCO3- was below the standard limit while the Cl- concentration was much higher (40 to 45 meq/l) 
than the upper limit (30 meq/l) (Ayers and Wescot, 1985). Although the calculated SAR values were relatively 
high, all were in the standard range defined by Fipps (2003), not an acute water quality problem. The PI in the 
water was in the normal range (Doneen, 1964) but the KR index that should be <1 (Sundaray et al., 2009) was 
very high (Table 3). However, in the case of drip irrigation water, which is a mix of fresh and saline water, all 
of the measured and calculated parameters were within the standard range so using it for irrigation does not 
pose a serious risk. 

Except for HCO3-, there was no significant difference in the salinity indicators and soluble ions of irrigation 
water samples taken from Wells 1, 2, and 3 compared to 2008 (Table 3 and 6). The values of EC, Na+, and Mg2+ 
remained relatively constant (Sig > 0.05, Tables 6). However comparison of the concentrations of Ca2+, SO42- 
and Cl- values with 2008 in Table 3 showed that Ca2+ and SO42- concentrations have increased while Cl- 
concentration has decreased. Dominant anion changed from chloride to sulfate compounds possibly due to 
the fall in the water table and changes in the composition of the water that is passing through the deeper 
geological formations. The increased Ca2+ and SO42- may account for the small decrease in pH values caused 
by sulfate (Ahmed et al., 2013, Table 3). Evaporation, the water-rock reaction and the weathering of carbonate 
and silicate minerals are the main factors that changed the chemical quality of ground water in study area. 
Saline marl formations parent material could be the cause of the predominance of calcium and ground water 
salinity.  Saline alluviums parent material could be the main source of chlorine ions in soil and water system. 
Calcium is largely responsible for water hardness and decreasing ground water quality. The amount of Ca2+ 

http://ejss.fesss.org/10.18393/ejss.1186388


L. Jahanbazi et al. Eurasian Journal of Soil Science 2023, 12(1), 63- 78 

 

73 

 

increased in ground water compare to reference year due to water contact with certain rocks and minerals, 
especially limestone and gypsum. Also soil CaCO3 increased compare to reference year but as it is insoluble in 
water so it does not cause hardness whereas calcium bicarbonate is readily soluble in water and causes the 
hardness of the water by dissolving Ca2+ ions in it. Although the contribution of groundwater to soil 
salinization depends on its depth from soil surface and groundwater near the soil surface contributes 
effectively to salinization, arid climate and high evaporation could change this fact. The depth of ground water 
in study area is near 230 m but still there is strong linear relation between groundwater and soil salinity due 
to high evaporation and capillary movement.  In land use 1 this correlation is even stronger than other land 
uses due to lack of irrigation no water is added from above and interaction between ground water and soil 
salinity is more. Also, the capillary movement and the existence of texture discontinuity caused more salinity 
in this land use.  In land use 4 the relationship is weak due to mixed irrigation water with fresh water.  In land 
use 4 even if there was a good relationship between ground water and soil salinity it is gone because modified 
irrigation water is added from above. The result showed positive relationship between the increase in soil 
salinity and the increase in salinity in groundwater and irrigation water, and as a result, the amount of salinity 
ions. There is high connection between soil and water ion chemistry and the order of abundance of cations 
and anions in both soil and water was same (Na+> Ca2+> Mg2+, Cl-> SO42-> HCO3-). Demir et al. (2009) stated 
that the results of studies of the depth and quality of groundwater should be made available to producers so 
that decisions can be made to maintain the stability of current minimum soil and water characteristics before 
the development of agriculture in affected areas. 

Soil Quality  

The studied soils were classified as soil orders Aridisols and Entisols in the first category of the American soil 
classification system (Table 4, Soil Survey Staff, 2014). The presence of salic and gypsic horizons is 
characteristic of arid zone soils and restricts many common agricultural uses. The layered sedimentary 
characteristic, also indicates that several discontinuities exist between parent materials in different soil layers, 
which may contain large amounts of coarse fragments which limit capillary movement of water within the 
soil. However, the main sources of water in the furrow irrigation system are hypersaline, the use of which will 
intensify soil salinization, as has been emphasized in various studies (Pereira et al. 2002, 2009; Qadir and 
Oster, 2004; Hoffman and Shalhevet, 2007). Considering the extent of study area (170 ha), the depth of 
irrigation water used (at least 200 mm), EC of irrigation water (7 dS/m) and high evapotranspiration (> 944 
mm) a total amount of about 90 kg/ha salt is adding to soil. Regarding that drainage, runoff and leaching are 
very scarce due to limited rainfall and low slope almost all of the added salt accumulates in soils and due to 
increase in osmotic pressure restricts water availability for plants.  

Dissolved salt variation had different pattern in soil profiles due to different land use, management factors, 
parent materials and irrigation methods. Table 4 shows the changes of anions and cations for soil profile 
horizons. This help us to determine the depth of salt accumulation, the mobility of anions and cations, the most 
mobile ions and the salt transfer agent, which can be the result of upward movement of salt by the capillary 
movement of groundwater or downward movement through leaching. Particle size distribution is a distinctive 
feature that separates soil families. Although the fine fraction of the studied soil is loamy, a large amount of 
coarse fragments shows a sharp difference between the profiles of the marl formation and those of the alluvial 
formation. These differences have led to higher salt accumulation in the finer particle size classes due to there 
being less leaching and high capillary rise. The worst case scenario happened in P1 in land use 1 with high 
amount of clay and without irrigation. Due to high specific surface of fine particle size more saline ions 
absorbed and the highest amount of EC was observed in this soil profile. The subsoil horizons have coarse 
texture and high gravel percentage than surface horizon. The maximum accumulation of soluble salts due to 
high evaporation and capillary rise has occurred near the soil surface that layers are fine texture and have low 
gravel percentage and after depth of 40 cm, values show a sharp decrease trend due to coarse texture and 
more gravel percentage. Numerous coarse and fine sediment layers and also high gravel percentage in the 
subsoil layers observed in profile 8, Land use 1. Against Continuous evaporation, the most amounts of soluble 
anions and cations were observed in the fine texture horizon which is located under the surface layers with 
coarse texture and high rate of salt leaching. Furrow Irrigation in P2 in land use 2 with fine loamy texture and 
without gravels has caused the maximum accumulation of anion chlorine and sodium cation to be about 10 to 
20 cm deep instead of the soil surface. Of course, calcium and magnesium cations, as well as anion sulfate after 
chlorine and sodium, have significant amounts, which did not show many changes with depth and this is 
expected due to their lower solubility and mobility compared to sodium and chlorine. P 3 in land use 1 and P4 
in land use 2 are similar in terms of soil characteristics and classification. Soil texture in both profiles is coarse 
loamy but in P3, lack of irrigation had led to accumulation of salts and increased salinity compared to P 4 and 
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the total amount of soluble cations and anions in P4 with coarse-textured soils and furrow irrigation is much 
less than in fine-textured soils. Profiles 6 and 7 inland use 3 with furrow irrigation are located on marl 
materials, but alluvial materials are also partially mixed. With Attention to fine soil texture, low gravel 
percentage, agricultural operations, such as soil plowing and irrigation, distribution of salts is mainly at the 
surface or in the depth of water infiltration. Profile 5 is located in land use 4 and due to continuous wetness 
by drip irrigation salt leached from surface layers and from a depth of 30 cm onwards a sharp increase in 
Sodium and chlorine concentrations are observed. 

The results of Zhao et al. (2016) showed that there is a significant linear relationship between particle size 
distribution and soil salinity; different soil textures and their combination in the soil profile play an important 
role in soil salinity changes. Likewise, many studies of water in abandoned areas (Demir et al., 2009; Qian et 
al., 2017; Yu et al., 2018) have found that the highest accumulations of Na+ and Cl- occurred in the surface 
layers (Table 4), but they wash out easily with irrigation.  

The soil organic carbon content had low amounts in all land uses and irrigation methods. Although OC amount 
changed slowly compare to reference year but it had large effect on soil physical properties that are important 
for soil fertility and therefore soil quality. Decreasing OC had negative effect on the soil pore structure, water 
dynamics, soil hydraulic properties and soluble ion movements and therefor soil quality decreased compare 
to reference year. Also, Loss of soil organic carbon content limited the soil's ability to provide nutrients for 
sustainable plant production and led lower yields compare to reference year. The potential effects of SOC in 
arable topsoil on soil PSDs and soil pore structure which may influence soil hydraulic properties, plant water 
supply and the physical conditions for root growth was mentioned in other studies (Fukumasu et al., 2022) .  

To assess the interaction between different types of land use and changes in salinity, the relations between 
land use and management should be considered (Taghadosi and Hassanlou, 2017). The study area was under 
four different types of land use, and results of the analysis of representative soil pedons from each land use 
type are given in Table 4. The significant differences found showed that changes in land use affect variations 
in ECe and the result of Taghadosi and Hassanlou (2017) also showed that soils under different land uses have 
different degrees of sensitivity to salinity. Drip irrigation Land-use was distinctly different from abandoned 
land and pistachio orchards land uses (Figure 2). Among the land use types in the current study, the highest 
values of ECe, anions, and cations, were obtained from the abandoned land, which was followed by pistachio 
orchards, cropland, and drip irrigation produced the lowest values. Qian et al. (2017) examined the most 
important factors affecting salinity in different land uses and cover types and found that soil salinity in the 
region was most affected by groundwater salinity and vegetation cover; the least important factor was the 
distance to the nearest irrigation canal. Comparison of the means of the measured and calculated parameters 
of all land use types under furrow irrigation with those under drip irrigation revealed that furrow irrigation 
has led to more severe soil degradation than drip irrigation. This has been identified in many studies of the 
relationship between salinity and different irrigation management systems (Pereira et al., 2007; Devkota et 
al., 2015; Miao et al., 2015; Gebremeskel et al., 2018). 

Sodium and chloride, which are predominant in all the water samples, were present in lower amounts in this 
irrigation system. By attention to ECe spot variation in the area under drip irrigation, the problem of salt 
movement from highly saline areas and therefore the spread of salinity through the whole study area is not 
observed attributed to water being sprayed near the roots. In drip irrigation, salinity increased between rows 
of plants due to lack of irrigation, but constant wetting of the area around the roots maintains lower salinity 
thereby saving water and increasing crop yield. Regardless of the salinity of the soil and the type of crop, there 
is a generally positive relationship between water use efficiency and the drip irrigation method, and applying 
drip irrigation in many cases increased crop production in hypersaline soils (Phene, 1986; Pasternak and De 
Malach, 1995; Burt and Isbell, 2005; Hillel, 2000; Dudley et al., 2008; Hanson et al., 2008; Minhas et al., 2020). 
It should be noted that, contrary to the findings of this study, there are studies that believe that furrow 
irrigation can be very efficient if additional measures, such as land levelling and improvements to soil 
structure, are undertaken (Pereira et al., 2002; Darouich et al., 2014).  

It seems that convincing farmers to increase water quality by mixing saline water from wells with fresh water, 
replacing the furrow method with drip irrigation, as well as using ice to wash off surface salts and direct them 
out of the root zone will improve conditions.  

Increasing salinity parameters (such as ECe, SAR, KR, RSCB) and generally high concentrations of cations and 
anions, compared to the normal range for agricultural use and 2008, indicate a progressive trend of 
degradation and decrease of soil quality in the study area. High values of SAR in some parts were associated 
with poor water infiltration and increased water loss by evaporation due to waterlogging. However, RSC 
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showed a reverse trend, with a negative value in all land uses, demonstrating that there no excess HCO3- or 
CO32- anions are available to react with Na+ and produce sodium carbonate, which causes a rapid increase of 
soil pH. The decrease in means of pH values compared to 2002 can be attributed to these negative values of 
RSC, which may be the result of the changing composition of irrigation water from sodium- and chloride-
dominated to calcium- and sulfate-dominated water, due to the extraction of water from increasingly deeper 
levels. 

Although all segments of the soils in the pistachio orchard were hypersaline, salt was not evenly distributed 
through the different locations. The uneven salt distribution is mainly due to the difference in the composition 
of parent materials; fine-textured saline and gypseous marls contain high accumulations of salt but less salt 
accumulates in gravelly alluvial deposits inter-bedded between eroded marls (Table 4). There is an area with 
extremely high salinity in the central part of the pistachio orchard that acts as a salt source for the surrounding 
areas, and needs to be managed to prevent the movement of salt into adjacent regions. 

 As mentioned above, saline soils and water have predetermined definitions, but these do not work for 
hypersaline soils and water. In arid regions such as Iran, hypersaline environments have existed for centuries 
and saline agriculture has been established on them for many years. In the study area, during the last 60 years, 
some areas of the land have been abandoned due to severe reductions in yield, but in other parts farmers still 
continue with saline agriculture as in the past, without special changes in management. Salinity tolerance 
pistachios is 8.4 dS/m and pistachio is sensitive spatially in early vegetative growth. With increasing the 
average salinity of the root zone (ECe) from 4 to 10 dS/m, the pistachio yield potential percentage decreases 
from 100 to 50. According to our studies, farmers will face severe declines in yield in all parts of the country 
in the near future, due to soil and water degradation, and if they do not change their ways they will be forced 
to abandon more areas. In many parts of the world that are located in arid regions and faced with problems of 
hypersalinity these definitions have been examined and land use type, land suitability, yield, and irrigation 
methods have been assessed or changed in order to develop the best management methods (Pasternak and 
De Malach, 1995; Hanson et al., 2008; Minhas et al., 2020). Changing land use in the study area is very difficult 
due to farmers' heavy dependence on their lands to meet their needs and, indeed, their very survival 
(Cheraghi, 2004; Taghadosi and Hassanlou, 2017).  

Conclusion 
The sustainability of hypersaline agriculture around the world is not very well studied. The availability of land 
suitable for agriculture in the studied arid region is scarce. Mismanagement of the saline and hypersaline soils 
and water accelerates the degradation and abandonment of agriculture. To improve the existing fragile 
conditions, and to develop adequate management methods, it is essential to characterize soils and irrigation 
water quality and to monitor changes. Due to the high sensitivity of the economic and social conditions in 
these arid regions, special management is needed to sustain agriculture. Using hypersaline water in 
hypersaline soils should be controlled precisely, using scientific approaches. Full characterization of the 
environment, soils, and water play the most important role in achieving suitable management approaches. 
Taking into consideration all the measured characteristics in the soils along with the calculated soil salinity 
indicators, all of the soils have become severely degraded, especially in the abandoned and pistachio 
plantation areas. Increasing salinity parameters (such as ECe, SAR, KR, RSCB) and generally high 
concentrations of cations and anions, compared to reference year indicate a progressive trend of soil. High 
values of SAR in soil were associated with poor water infiltration and increased water loss by evaporation due 
to waterlogging. The parent material of the soil are saline marl and alluviums therefore soil is contain 
considerable amount of saline ions. Although all segments of the soils in the pistachio orchard were 
hypersaline, salt was not evenly distributed through the different locations. The uneven salt distribution is 
mainly due to the difference in the composition of parent materials; fine-textured saline and gypseous marls 
contain high accumulations of salt but less salt accumulates in gravelly alluvial deposits inter-bedded between 
eroded marls. Among the types of land use, abandonment of the land was associated with the worst 
degradation while the best was drip irrigation water, pistachio plantations had the next highest level of salt 
accumulation after the abandoned areas. Maize and barley cultivation systems were less saline than pistachio 
plantations due to their use of more irrigation water. Land use change from dry rangelands to cropping lands 
has increased the need for irrigation water. The study area is located in arid climate which the amount of 
rainfall slightly exceeds evapotranspiration and irrigation water is mainly supplied by groundwater from deep 
wells. Using deep well irrigation led to sink water table, besides degrading the water quality. A large amount 
of residual salt in the soil becomes active and the high rate of evaporation caused soil salinization reaches the 
surface by capillary movement. The analysis result indicated a gradual change of salinity and chemical 
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composition of irrigation water from sodium- and chloride-dominated to calcium- and sulfate-dominated 
water, due to the extraction of water from increasingly deeper levels. All of the measured and calculated 
parameters for water sources were far from the standard range for irrigation and in the opposite in the case 
of drip irrigation water, which is a mix of fresh and saline water, all of them were within the standard range. 
Comparison of the means of the measured and calculated parameters of all land use types under furrow 
irrigation with those under drip irrigation revealed that furrow irrigation has led to more severe soil 
degradation than drip irrigation. The land use status quo intensifies the hazard of irreversible land 
degradation in the not so distant future. Possible solutions to this challenge, which would prevent rapid 
degradation, could include reconsidering the present forms of land use, limiting the further change of 
rangelands to conventional agriculture, and changing irrigation systems to drip irrigation. Removal of salt 
crusts from the soil surface at the end of the dry season may also help to reduce the hazard of salinization. 
Introducing other agricultural systems, such as greenhouse crops that have lower water requirement along 
with producing higher incomes for farmers, may be another solution. Providing management solutions 
appropriate to the conditions found in arid regions needs much more detailed studies. 
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 Abstract 

Article Info 
Double cropping is not presently a common practice in Kazakhstan. The long-term 
climate averages, however, suggest that the practice should be possible in the most 
southern portions of the country. The study described herein represents the first 
simultaneous evaluation of silage and grain corn crops sowing in SE Kazakhstan. 
Germplasm was chosen such that physiological maturity could theoretically be 
reached if seeded following winter triticale and winter oilseed rape. Results indicate 
that, considering the effect of climate change, it has been determined that even if the 
silage and grain yields are low, the corn grown as a second product has reached the 
harvest maturity and the product can be obtained. These results clearly demonstrate 
that with the appropriate selection of cultivar and watering possibility, there is a 
seeding date window where silage and grain corn can be expected to reach 
physiological maturity as a double crop in SE Kazakhstan. 
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Introduction 
In agriculture, multiple cropping or multicropping is the practice of growing two or more crops in the same 
piece of land during one year, instead of just one crop. When multiple crops are grown simultaneously, this is 
also known as intercropping. Multiple cropping refers to growing two crops on the same field during the same 
year. One method of multiple cropping is double cropping, which is when one crop is grown after the first crop 
is harvested (Borchers et al., 2014). Compared with mono-cropping, double-cropping used climatic, land, 
labor, and equipment resources more efficiently and produced more total grain (Crabtree et al., 1990). This 
system involves the harvesting of one species followed immediately by the planting of another. Double-
cropping increases the amount of time land is used for crop production and can increase potential profit 
(Pullins et al., 1997). 

Double cropping system is interesting worldwide attentions both in developed and in developing countries 
(Lamessa et al., 2015). It will also advantageous for the increase of annual production (Yamane et al., 2016). 
Farmers would have improved demand for their products, double cropping would guarantee the land was not 
bare and exposed to erosive forces between crops (Moore and Karlen, 2013). However, the economic return 
per unit area and time are the main considerations for acceptances of a certain cropping system and yield is 
the primary agronomic parameter in any category of cropping system (Lamessa et al., 2015). Besides the 
direct benefit for crop production by increasing the number of harvest and the amount of biomass extracted, 
multiple cropping can improve the functioning of agricultural systems and reduce the environmental 
consequences sometimes associated with crop production (Gaba et al., 2015). 

Agriculture plays an essential role in Kazakhstan’s economic, social and environmental development. Once 
considered the breadbasket of the Soviet Union, Kazakhstan still suffers from the effects of agricultural and 
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environmental mismanagement during the Soviet era. Over a third of Kazakhstanis' livelihoods depend 
directly or indirectly on the country's extensive rangelands for food, fodder, fuel and medicinal plants. Double-
cropping system is not common product in Kazakhstan. Some farmers in Kazakhstan, in the Southeast Region, 
who used to plant milling wheat or barley as a first crop and corn as a second crop, want to double cropping 
to corn instead of mono-cropping. After Russian – Ukrainian war, due to crisis of cereals increased in the 
world, many farmers in SE Kazakhstan want to harvest the second-crop corn. Agro-climatic conditions of the 
SE Kazakhstan, where irrigated agriculture is developed, quite allows for an effective use of irrigated land 
throughout the year. However, in practice, farmers and peasant farms do not use these opportunities. Thus, 
after harvesting of early spring crops and winter wheat there is quite a lot of time (90-120 days) for cultivation 
of intermediate crops.  

As in the whole world, Kazakhstan is one of the countries affected by climate change. Kazakhstan’s hydro-
meteorological service has observed a temperature increase in Kazakhstan over the last seventy years of 
weather observations. They observed not only a yearly average increase but also an increase in temperature 
during each season of the year. The average annual temperature increase is about 0.27°C every ten years. The 
highest increase has been observed for the autumn months (0.32°C/decade), the lowest in the summer months 
(0.2°C/decade) (Islyami et al., 2020). So far, there has been no scenario-based research on climate-change 
effects on agriculture in Kazakhstan.  

To date, much of the information on the environmental, agronomic, and physiological constraints associated 
with double cropping has come from studies conducted in the US, South America, Turkey and China. We are 
unaware of any study that has explored the potential for double cropping for grain in SE Kazakhstan during 
the changing climate. The research described herein represents the first evaluation of the potential for double 
cropping in continental climate of SE Kazakhstan.  

As the major limiting factor to double cropping in SE Kazakhstan is likely to be the interaction of seeding date 
and relative maturity for the summer seeded crop, this research aimed to evaluate the permissive window in 
late summer for seeding silage and grain corn crops. We hypothesized that, if the attainment of physiological 
maturity is primarily governed by seeding date, relative maturity, and their interaction, then with the 
appropriate selection of germplasm, silage and grain corn crops have the potential to be seeded as a double 
crop in SE Kazakhstan. 

Material and Methods 
Site and soil  
The experiment was carried out on a light chestnut soil (65% sand, 2% silt and 33% clay fraction and soil 
textural class was named as Sandy clay loam. The pH was 7.2, soil organic matter content was 2,52%, CaCO3 
content was 5.80%, total N was 0.122%. Available nitrogen (NH4 + NO3) was 125 mg kg-1, available phosphorus 
was 31 mg kg-1 and available potassium was 311 mg kg-1), the field experiment was located on peasant farm " 
Bayserke Agro LLP farm " of Almaty Province of SE Kazakhstan 15 km from the city of Almaty, in the village of 
Ili Bayserke rafona Almaty region, Kazakhstan (Figure 1). 
 

 
Figure 1. Study area 

Climatic conditions 

In study field, the summers are warm, dry, and mostly clear and the winters are freezing, snowy, and partly 
cloudy. Based on the Köppen climate classification system, the study area is classified as warm continental 
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climate/humid continental climate (Köppen, 1931) with mild winters and long hot summers, with a daily 
average air temperature of 19-20°C and an annual precipitation of 215 mm at the experimental site.. The 
altitude of the study site is 850 m. The average temperature is –7°C in January and +28°C in July. Over the 
course of the year, the temperature typically varies from -11°C to 30°C and is rarely below -18°C or above 
34°C. The hot season lasts for 3.8 months, from May 25 to September 18, with an average daily high 
temperature above 23°C. The hottest month of the year in Almaty is July, with an average high of 29°C and low 
of 16°C. The cold season lasts for 3.4 months, from November 24 to March 5, with an average daily high 
temperature below 4°C. The coldest month of the year in Almaty is January, with an average low of -10°C and 
high of -2°C (Figure 2). 

 
Figure 2. Climate conditions of the experimental area, Almaty, SE Kazakhstan 

Experimental design 

The experiment was carried out in “Bayserke Agro LLP” farm of Almaty Province of SE Kazakhstan. The trial 
started in September 2020 and consisted of 4 different double-cropping. These included winter barley 
(Hordeum vulgare L.), winter triticale (Triticosecale) and winter oilseed rape (Brassica napus L.), and ranged 
from monocultures to double corn crops for silage and grain (Table 1).  

Table 1. Experimental design 

No  The first crop Second crop corn 
1 WB Monoculture winter barley - 
2 WT + SC Winter triticale for grain Silage corn 
3 WT + GC Winter triticale for green mass Grain corn 
4 SR + SC Winter oilseed rape for grain Silage corn 
5 SR + GC Winter oilseed rape for green mass Grain corn 

Practical constraints required the field trial design to be a split-plot design with one level of splitting. Fifteen 
experimental plots of 300 m2 area (30m x 10m) separated by 1 m cement barriers were set in completely 
randomized block design with five treatments and three replications. The husbandry treatments were main 
plots; the crop rotations were sub-plots split within main plots. Sub-plot size was 15 m×9 m (plus 1m 
uncropped margin to avoid interactions due to soil movement). All crops (barley, triticale and seed rape) 
received 100 kg N ha-1 and 80 kg P ha−1 each year. The sources of fertilizers used were urea 46% N and double 
superphosphate 47% P2O5. Fertilizer applications are indicated in Table 2. 
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Table 2. Fertilizer applied to the different crops during the experiment 

Crop 
WB WT + SC WT + GC SR + SC SR + GC 

Winter barley Winter triticale Winter triticale Winter oilseed 
rape 

Winter oilseed 
rape 

 
Fertilizer type 

Double 
superphosphate  

(47% P2O5) 
Urea (46% N) 

Double 
superphosphate  

(47% P2O5) 
Urea (46% N) 

Double 
superphosphate  

(47% P2O5) 
Urea (46% N) 

Double 
superphosphate  

(47% P2O5) 
Urea (46% N) 

Double 
superphosphate  

(47% P2O5) 
Urea (46% N) 

Fertilization 
rate 

80 kg P2O5 ha-1 

100 kg N ha-1 
80 kg P2O5 ha-1 

100 kg N ha-1 
80 kg P2O5 ha-1 

100 kg N ha-1 
80 kg P2O5 ha-1 

100 kg N ha-1 
80 kg P2O5 ha-1 

100 kg N ha-1 
 
Fertilization 
date 

10.Sep 2020 for 
DSP 

10 Apr 2021 for 
Urea 

10.Sep 2020 for 
DSP 

10 Apr 2021 for 
Urea 

10.Sep 2020 for 
DSP 

10 Apr 2021 for 
Urea 

10.Sep 2020 for 
DSP 

10 Apr 2021 for 
Urea 

10.Sep 2020 for 
DSP 

10 Apr 2021 for 
Urea 

      

Crop  Silage corn Grain corn Silage corn Grain corn 

Fertilizer type 
- Superphosphate  

(42% P2O5) 
Superphosphate  

(42% P2O5) 
Superphosphate  

(42% P2O5) 
Superphosphate  

(42% P2O5) 
Fertilization rate - 40 kg P2O5 ha-1 40 kg P2O5 ha-1 40 kg P2O5 ha-1 40 kg P2O5 ha-1 
Fertilization date - 30 July 2021 20 June 2021 30 July 2021 20 June 2021 

The sowing was done after the main crop monoculture winter barley was harvested in 25 May 2021, winter 
triticale was harvested in 25 May 2021 and winter seed rape was harvested in 26 May 2021. Grain corn was 
planted on 27 May 2021 and silage corn was planted on 08 July 2021 using a precision plot planter with 
variable seeding rate and row spacing capability. While 70 cm between rows were used in pure corn plantings, 
corn grain was planted 8 cm soil depth. Sowing and harvest dates, sowing rates and cultivar names per crop 
in each crop sequence are provided in Table 3.  

Table 3. Sowing and harvest dates, sowing rate and cultivar name for each crop included in each sequence for the trial 

 WB WT + SC WT + GC SR + SC SR + GC 
Crop Winter barley Winter triticale Winter triticale Winter oilseed 

rape 
Winter oilseed 

rape 
Sowing date 25 Sep 2020 25 Sep 2020 25 Sep 2020 25 Sep 2020 25 Sep 2020 
Sowing rate 120 kg ha-1 120 kg ha-1 120 kg ha-1 20 kg ha-1 20 kg ha-1 
Cultivar name Zhuldyz Taza Taza Kuban Kuban 
Harvest date 25 May 2021 25 May 2021 25 May 2021 26 May 2021 26 May 2021 
      

Crop  Silage corn Grain corn Silage corn Grain corn 
Sowing date - 08 July 2021 27 May 2021 08 July 2021 27 May 2021 
Sowing rate - 35 kg ha-1 35 kg ha-1 35 kg ha-1 35 kg ha-1 
Cultivar name - Kazakhstan 43TВ Kazakhstan 43TВ Kazakhstan 43TВ Kazakhstan 43TВ 
Harvest date - 10 Oct 2021 25 Sep 2021 10 Oct 2021 25 Sep 2021 

With the planting 40 kg/ha pure phosphorus (superphosphate 42% P2O5) was used. In single corn and mixed 
planting, when the corn became 30 - 40 cm, ammonium sulfate fertilizer was added at a rate of 50 kg/ha pure 
nitrogen. After the last fertilization, weeds removal and covering roots with soil were carried out. Crop 
management not involving the treatments (e.g. seed date, application of herbicides or insecticides) was the 
same in all plots of a single crop and according to standard farm practice. Straw remained on the plots. At 
maturity, an area of 15×9 m was combine harvested and yield was standardized to t ha−1 based on the moisture 
content of a grain or seed subsamples and biomass of plants. The harvest stage of forages was done according 
to the dough period of corn. In the field experiment of the study; plant height, green herbage yield, hay yield, 
and protein ratios were determined.  

Results and Discussion 
The yield and yield component results of the plants grown as the first crop in the experiment are given in the 
Table 3. According to the results obtained, the yields of winter barley, winter triticale and winter oilseed rape 
were determined to be 5.76 t ha-1, 6.38 t ha-1 and 2.52 t ha-1, respectively (Table 3). In European countries, the 
product yield of winter barley is around 3.75 t ha-1. In European countries, the highest winter barley yield is 
in Belgium with 7.82 t ha-1, and the lowest winter barley yield is in Estonia with 1.30 t ha-1 (Garstang et al., 
2010). There are many factors affecting the production of winter barley, such as climatic factors, barley variety 
and cultural practices (tillage, weed control, fertilization etc). On the other hand, it can be said that the yield 
results obtained for the winter barley from this study are above the European average. The yield of winter 
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triticale in this study was 6.38 t ha-1, which is much higher than the yield results (1.59-2.43 t ha-1, 
Sukhanberdina et al., 2022) obtained from studies of different triticale varieties grown in Kazakhstan 
conditions. In this study, the yield of winter oilseed rape was determined to be 2.52 t ha-1. Similarly, the yield 
of winter oilseed rape was determined as 1.62-2.64 t ha-1 in Türkiye by Başalma (2004).  

Table 3. At harvest yields of first crops  

 
Plants 

Plant 
Height 
(cm) 

Biomass 
yield 

(t ha-1) 

Grain or 
seed yield  

(t ha-1) 

Yield of 
green mass, 

t/ha 

Dry matter of 
yield  

(t/ha) 

Crude Protein 
Content  

(%) 
Winter barley 97 57.0 5.76 - 28.9 15 
Winter triticale 110 64.8 6.38 64.8 31.4 13 
Winter oilseed rape 118 67.6 2.52 67.6 32.1 30 

The yield and yield component results of the silage corn as the second crop in the experiment are given in the 
Table 4. It was determined that the yield and plant height of silage corn grown as the second crop after oilseed 
rape (SR+SC) was higher than the silage maize grown after triticale (WT+SC). On the other hand, no difference 
was determined between the crude protein contents of the trials. In this study, it was determined that the 
height of the silage corn in the WT+SC and SR+SC trials varied between 70-80 cm, the yield of herbage varied 
between 9.4-10.5 t ha-1, the dry yield between 4.6-4.8 t ha-1, and crude protein content 6%. When compared 
with other studies, it was determined that the yield of silage corn obtained in this study was very low 
compared to the yield results obtained from other studies (Güneş and Acar, 2016; Güneş and Öner, 2019). 
Öztürk and Orak (2020) determined that the average plant height of different silage corn varieties (Calcio, 
Colonia, DK-743, Mas 74G, Pasha) plant height was 237 cm, herbage yield is 74.65 t ha-1 and dry yield was 6.83 
t ha-1 in Türkiye. There are many factors affecting yield and quality in silage corn production. Geographical 
and climatic conditions (temperature, photoperiod and exposure time), cultural processes (planting time, 
harvest period, plant density and irrigation conditions), genetic characteristics of the variety are the factors 
that determine yield and quality (Cox et al., 1994). In this study, it was determined that some ecological factors 
limit the product yield, despite the growing of silage corn in Almaty ecological conditions. 

Table 4. At harvest, silage corn yield and yield quality 

Trials 
Plant Height 

(cm) 
Herbage yield 

(t ha-1) 
Dry yield  

(t ha-1) 
Crude Protein 
Content (%) 

WT + SC 70 9,4 4,6 6 
SR + SC 80 10,5 4,8 6 

The yield and yield component results of the grain corn as the second crop in the experiment are given in the 
Table 5. It was determined that the yield and plant height of grain corn grown as the second crop after 
oilseedrape (SR+SC) was higher than the silage maize grown after triticale (WT+SC). On the other hand, no 
difference was determined between the crude protein contents of the trials. In this study, it was determined 
that the height of the grain corn in the WT+GC and SR+GC trials varied between 230-235 cm, the yield of 
biomass varied between 70.2-71 t ha-1, grain yield 7.3-7.4 t ha-1, the dry yield between 36-36.5 t ha-1, and crude 
protein content 10%. When compared with other studies, it was determined that the yield of grain corn 
obtained in this study was very low compared to the yield results obtained from other studies (Bozkalfa et al., 
2004; Idikut et al., 2012).  Just like in silage corn grown as a second crop, the low yield of corn grown as a 
second crop may be due to the non-optimal geographical conditions. On the other hand, even if the 
geographical and climatic conditions are not optimal, corn for grain can be grown as a second crop in Almaty, 
SE Kazakhstan climatic conditions. Kazakhstan has a continental climate and therefore cold winters and hot 
summers are observed. Agricultural areas in SE Kazakhstan experience a shortage of precipitation and climate 
change scenario shows the negative consequences of global warming in SE Kazakhstan. And also, climate 
change in SE Kazakhstan affects both the amount of water, water quality, corn yield and affect new technology 
adaptation. Even if the yield is low in changing climatic conditions, maize can be grown and yield can be 
obtained in SE Kazakhstan, even if it is low. However, production planning carried out in suitable climatic 
conditions with most productive varieties should be made by analyzing corn varieties and application areas. 
Water use efficiency in corn production could be increased by better water management using new irrigation 
and agronomic techniques. 

Table 5. At harvest, grain corn yield and yield quality 

Trials 
Plant Height 

(cm) 
Biomass yield 

(t ha-1) 
Grain or seed yield  

(t ha-1) 
Dry matter of 
yield (t ha-1) 

Crude Protein 
Content (%) 

WT + GC 230 70,2 7,3 36,0 10 
SR + GC 235 71,0 7,4 36,5 10 
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In summary, the results of this research demonstrate that double cropping following winter triticale and 
winter oilseed rape are already possible in SE Kazakhstan. While season length still represents the most 
significant limitation to double cropping in SE Kazakhstan, our results clearly demonstrate that with the 
appropriate selection of variety or cultivar, there is a seeding date window where silage or grain corn can be 
expected to reach physiological maturity as a double crop.  
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 Abstract 

Article Info 
Continuous use of synthetic fertilizer can lead to the accumulation of heavy metals in 
the soil. The use of organic amendment can reduce the solubility of heavy metals such 
as Pb and Cd in soil. The experiment was undertaken to determine the decline of 
soluble Pb and Cd in polluted soils treated with dairy cattle waste-based 
vermicompost. The study used two soil samples; Inceptisols collected from Air Duku 
Village and Entisol from Beringin Raya Village, Bengkulu, Indonesia. Entisols and 
Inceptisols contained 2.0 and 0.4 mg kg-1 soluble Pb and 0.7 and 0.8 mg kg-1soluble Cd, 
respectively. The samples were pretreated with either 100 ppm Pb or Cd. 
Vermicompost was applied at the rate of 0, 10, 20, and 30 Mg ha-1 on samples of 
Inceptisols and Entisol, arranged in Completely Randomized Design (CRD). The 
mixture was incubated for eight weeks. After the incubation ended, the soil sample was 
analyzed for soluble Pb and Cd using DTPA extraction before detection using Atomic 
Absorption Spectroscopy. The study resulted that the soluble Pb and Cd significantly 
reduced with vermicompost treatment, being the lowest was at the rate of 30 Mg ha-1. 
Furthermore, the decreased soluble Pb and Cd was more substantial in Inceptisols 
than Entisols. Soluble Pb in both soils was lower than Cd, suggesting a higher retention 
affinity of the former. This study summarizes that vermicompost at the rate of 30 Mg 
ha-1 effectively immobilizes Pb and Cd in contaminated soils. 

Keywords: Vermicompost, cadmium, lead, Inceptisols, Entisol. 
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Introduction 
As an integral part of farming practices, fertilizers and pesticides have a high contribution to the productivity 
of agricultural crops. FAO (2021) reported that the use of pesticides increased by 39% for a decade (2000-
2019), while in the same period, the consumption of N, P, K fertilizer rose from 134.7 million tones in 2000 to 
188.5 million tones in 2019 (40%). On average, N, P, K fertilizer per cropland was 122 kg/ha in 2019, rising 
from 91.3 kg/ha in 2000. As a result, the production of agricultural crops, including cereals, sugar crops, 
vegetables, oil crops, fruits, roots and tubers, and others, reached 9,356 million tonnes in 2019. This uplifted 
consumption of these agrochemicals resulted in soil degradation and water pollution. Moreover, the long-term 
application of inorganic fertilizers and pesticides in agriculture has led to the contamination of soils by heavy 
metals (AlKhader, 2015; Gebeyehu and Bayissa, 2020; Kinuthia et al., 2020, Wei et al., 2020; Mng’ong’o et al., 
2021a). 

Phosphate fertilizers, among inorganic fertilizers, are a primary source of heavy metal contaminants in 
agricultural soils (Kelepertzis, 2014). During the production of certain inorganic phosphate fertilizers from 
phosphate rocks, inadvertently has added heavy metals such as cadmium (Cd), lead (Pb), arsenic (As), zinc 
(Zn), strontium (Sr), etc. to the soil (Khan et al., 2018). Phosphate fertilizer contains 11 ppm Cd and 12.5 ppm 
Pb (Gimeno-García et al., 1996; Setyorini et al., 2003). According to Atafar et al. (2010), the application of 
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fertilizer and pesticides significantly increased the concentration of Pb, As, and Cd in soils compared to non-
wheat fertilized fields. Mng’ong’o et al. (2021b) detected Cu, Zn, Cd, Pb, and nickel (Ni) in plant samples leading 
to the possible risk to human and animal health. 

In the last few decades, several techniques have been developed to immobilize heavy metals in contaminated 
soils, such as the use of organic materials. A review by Lwin et al. (2018) indicated that the application of 
organic amendment could reduce the solubility of heavy metals in soils. A previous study by Wang et al. (2020) 
revealed that soil treated with 1% organic matter had higher soil pH and lowered soluble Zn, Pb, and Cd than 
control (without treatment), leading to lower concentration in corn tissues. We have produced vermicompost 
from dairy cattle wastes for the organic farming system for the last ten years. Our previous study detected that 
vermicompost improved soil chemical properties. However, the effectiveness of vermicompost on the 
reduction of soluble heavy metals has not been evaluated intensively. Therefore, our current study aimed to 
determine the decline of soluble Pb and Cd in polluted soils treated with dairy cattle waste-based 
vermicompost. 

Material and Methods 
Soil Sample Collection and Experimental Design 

The study used two soil samples collected to represent those from high and low altitudes in the humid tropical 
environment. The first soil sample was collected from Closed Agricultural Production System (CAPS) Research 
Station, Air duku Village, Selupu Rejang SubDistrict, Rejang Lebong Regency, Province of Bengkulu at 102○36’ 
54.96” E and 3○27' 34.26" S, the elevation of 1054 m above sea level. According to USDA Classification, the soil 
at the location was Andept, the order of Inceptisols. The second soil was sampled from Beringin Raya Village, 
Muara Bangkahulu SubDistrict, City of Bengkulu, Province of Bengkulu at 102○15’42.0” E, 3○45’20.9” S, 
elevation of 15 m above sea level. The soil was Psamment, the order of Entisols. The initial sample of Entisols 
had 0.7 mg kg-1 Cd, while Inceptisols 0.8 mg kg-1 (Table 1). Sukarjo et al. (2019) reported that soil contained 
Cd concentration above 9.3 mg kg-1was considered a Cd contaminated soil. Likewise, the initial concentration 
of Pb in Entisols and Inceptisols was 2.0 and 0.4 mg kg-1, respectively. According to Ericson et al. (2019) critical 
level of Pb in soil is 140 ppm. Composite soil samples were collected from 0-20 cm depths using a soil probe. 
The sample was air-dried and sieved using 2 mm screen. An undisturbed soil sample was also collected using 
a ring sample to determine field capacity (FC) moisture content. The initial characteristics of both soils are 
presented in Table 1. 

Table 1. Initial characteristics of soil samples of Inceptisols and Entisols (Muktamar et al., 2021) 

Soil Characteristics Inceptisols Entisols 
Great Group Andept Psamment 
Clay (%) 11.10 8.48 
Silt (%) 34.94 10.54 
Sand (%) 53.96 80.98 
Organic-C (%) 2.86 2.34 
Total-N (%) 0.19 0.32 
Available P (ppm) 4.97 5.27 
Exchangeable K (mmol kg-1) 1.90 2.41 
Exchangeable Ca (mmol kg-1) 0.55 0.45 
Exchangeable Mg (mmol kg-1) 
Soluble Cd (mg kg-1) 
Soluble Pb (mg kg-1) 

1.17 
0.80 
0.40 

0.17 
0.70 
2.00 

CEC (cmol kg-1) 10.33 8.54 
pH H2O (1:1) 5.12 4.47 

The study consisted of two set of experiments conducted at the Laboratory of Soil Science, Faculty of 
Agriculture, University of Bengkulu. Soil samples were pretreated with lead (Pb) or cadmium (Cd) using 
Pb(NO3)2 or Cd(NO3)2 solution, respectively. The study used a Completely Randomized Design (CRD) with two 
factors and three replications. The first factor was the rate of vermicompost, i.e., 0, 10, 20, and 30 Mg ha-1, 
equivalent to 0, 5, 10, 15 mg g-1, while the second factor was soil sample, consisting of Inceptisols and Entisols. 
Vermicompost was collected from CAPS Research Station and prepared using a method developed by 
Muktamar et al. (2017). The chemical properties of vermicompost were 7.98% C, 3.06% N, 5.96% P2O5, 1.27% 
K2O, 1.79% Ca, 0.97% Mg, and pH of 5.47 (Muktamar et al., 2021). 

Experimental Procedure 

Vermicompost was homogeneously mixed with 0.3 kg of soil and placed in a 0.5 l transparent plastic bottle. 
The mixture was pretreated with 100 ppm Pb or Cd using Pb(NO3)2 or Cd(NO3)2 solution. The sample was 
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watered to field capacity (FC) and weighed as a basal weight for field capacity moisture content. Each 
experiment set was randomly positioned on a 150 cm wooden table and incubated for eight weeks. Distilled 
water was added to the mixture every day to reach a similar basal weight. Soil pH and temperature were 
measured for a week, four weeks of incubation, and at the end of the experiment.  Soil pH measurement used 
pH meter at a 1:1 soil and distilled water ratio. Soil temperature measurement used a soil thermometer at 5 
cm below the surface. At the end of the incubation, the soil was homogeneously incorporated and air-dried, 
ground, and passed through a 0.5 mm screen. The soil sample was analyzed for Pb or Cd using AAS after 
extraction with DTPA to determine their soluble form. 

Data Analysis 

Data were assessed using ANOVA using SAS University Edition at 5% level. Means among treatments were 
compared using DMRT at a 5% level. 

Results  
Treatment of Pb on continuously lowered soil pH during the incubation, as shown in Figure 1. Soil pH of 
Inceptisols at 4 and 8 weeks of the incubation was 9% and 14% lower than the first week, respectively, when 
the soil was treated with Pb (Figure 1a), while those of Entisols decreased by 2% and 9%. A similar fashion 
was observed at Cd treatment (Figure 1b). The soil pH of Entisols decreased by 2% and 12% at the 4 and 8 
weeks of incubation, respectively, compared to the first week, while those of Inceptisols were 14% and 24%, 
respectively. Soil pH decline is more substantial in weeks 4 to 8 than previous one. The decrease in soil pH is 
more significant when soil is treated with Pb than with Cd. 

 

  

  
Figure 1. (a) pH of Pb treated soil at 1, 4, and 8 weeks of the incubation; (b) pH of Cd treated soil at 1, 4, and 8 weeks of 

the incubation; (c) Temperature of Pb treated soil at 1, 4, and 8 weeks of the incubation; (d) Temperature of Cd 

treated soil at 1, 4, and 8 weeks of the incubation. 

Treatment of Pb or Cd did not significantly affect the temperature for both soil samples (Figures 1c and 1d). 
On average, the temperature of Inceptisols ranged from 24.7 oC to 26.3 oC for Pb treated soil, and 25.6 oC to 
26.8 oC for Cd treated soils. Likewise, the temperature of Pb treated Entisols was 24.7 oC to 26.0 oC, while that 
of treated Cd was 25.5 oC to 26.5 oC. These results indicate that temperature has a similar effect on the 
vermicompost mineralization for soils treated with Pb or Cd. 

Even though the soil pH continuously declined for the period of the incubation, vermicompost considerably 
increased the pH of Pb or Cd treated soils (Table 2). Treatment of vermicompost at a dose of 30 Mg ha-1 raised 
Pb treated soil by approximately 7% at week 1 and 8% at week 4 of the incubation compared to control, but 
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the effect was insignificant at week 8. Table 2 also shows that the pH of Cd-treated soil increased significantly 
at the first, fourth, and eighth weeks of the incubation as the vermicompost rate increased. Soil pH increased 
by 8% in the first week and by 7% in the fourth week when the vermicompost rate increased by 30 Mg ha-1 

compared to control. However, the pH of Cd treated soil at week eight was continuously expanded by applying 
30 Mg ha-1vermicompost as compared to control. This result indicates that neutrality of the acidity is faster 
for Pb than in Cd-treated soils. 

Table 2. pH of Pb and Cd treated soil as affected by vermicompost. 

 Vermicompost 
(ton/ha) 

Pb treated soil Cd treated soil 
Week 1 Week 4 Week 8 Week 1 Week 4 Week 8 

0 4.81 a 4.51 a 4.48 b 4.84 a 4.56 a 4.11 a 
10 4.97 ab 4.69 b 4.43 b 5.11 b 4.69 b 4.29 b 
20 5.09 b 4.85 c 4.54 b 5.24 bc 4.82 c 4.33 b 
30 5.14 b 4.87 c 4.57 b 5.25 c 4.88 c 4.50 c 

Note: Numbers followed by the same letter in the same column are not significantly different using DMRT at 5%  

Temperatures for both Pb and Cd treated soils were not affected by the application of vermicompost, as shown 
in Table 3. On average, soil temperatures of Pb treated soil during the incubation ranged from 24.3 oC to 26.7 
oC. Meanwhile, the average soil temperatures of Cd-treated soil were 25.5 oC to 26.8 oC. These results indicate 
that vermicompost decomposition does not significantly release the heat during the incubation. 

Table 3. The temperature of Pb and Cd treated soil as affected by vermicompost 

Vermicompost 
(ton/ha) 

Soil Temperature (oC) 
Pb treated soil Cd treated soil 

Week 1 Week 4 Week 8 Week 1 Week 4 Week 8 
0 26.0 24.7 26.0 26.3 25.5 26.5 
10 25.8 24.8 26.0 26.5 25.3 26.7 
20 25.5 24.8 26.0 26.5 25.7 26.8 
30 26.0 24.3 26.7 26.0 25.7 26.7 

Note: Numbers followed by the same letter in the same column are not significantly different using DMRT at 5%  

The application of vermicompost substantially lowered soluble Pb of the soils treated with lead (Figure 2). 
The reduction of soluble Pb in Inceptisols was approximately 72% when treated with 30 Mg ha-1 
vermicompost compared to the control; however, a rate of 10 or 20 had not been able to lower the soluble 
metal in the soil. A similar trend was observed in Entisols, where the application of 30 Mg ha-1 vermicompost 
reduced soluble Pb by as much as 26% compared to the control. There was no significant reduction of soluble 
Pb at the rate of 10 or 20 Mg ha-1. Figure 2 also indicates that Inceptisols had lower soluble Pb than Entisols, 
suggesting that Entisols are more vulnerable to Pb contamination. 

Similar to Pb treated soil, vermicompost treatment also lowered soluble Cd, as indicated in Figure 3. It was 
found that soluble Cd was significantly lower by treating 30 Mg ha-1 vermicompost than other rates. Soluble 
Cd in Inceptisols treated with 30 Mg ha-1 is 25.7% lower than the control, but both rates of 10 and 20 Mg ha-1 
have not affected the reduction of the soluble Cd. Figure 3 also shows that Entisols treated with 30 Mg ha-1 had 
24.7% lower soluble Cd than the control but were not different from that of 20 Mg ha-1. 

 

  
Figure 2. Soluble Pb as affected by vermicompost in 

Inceptisols and Entisols 
Figure 3. Soluble Cd as affected by vermicompost in 

Inceptisols and Entisols 
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A comparison between soluble Pb and Cd is presented in Figure 4. The figure shows that soluble Cd is always 
higher than soluble Pb at each rate of vermicompost. As the vermicompost rate is higher, the difference 
between both metals increases. At the control, soluble Pb is 40.4% higher than soluble Cd, while at the highest 
rate is more than 57%. This result indicates the different characteristics of both heavy metals. 

 
Figure 4. Soluble Pb and Cd as influenced by vermicompost 

Correlation analysis shows that soil pH significantly correlates to soluble Pb with an r of 0.75 (Figure 5a). As 
soil pH is higher, soluble Pb declines. Likewise, soluble Cd decreases with increasing the soil pH, as shown in 
Figure 5b. Soluble Pb lowers by 59.2% as pH increases from 4.0- to 4.5, while soluble Cd decreases by 22.2% 
at the same pH range. These results suggest that the solubility of both Pb and Cd in the soil is dependent on 
the pH of the system. 

  
Figure 5. Correlation between soil pH and soluble Pb (a) and soluble Cd (b) 

Discussion 
In general, soil pH continuously decreases during eight weeks of the incubation, and the application of 
vermicompost significantly increases soil pH each week for both samples of Inceptisols and Entisols (Figures 
1, Table 2). The decline in the pH of Pb or Cd treated soils is associated with the hydrolysis of the heavy metal 
as follows M2+ + H2O  M(OH)2 + 2 H+ (Cruywagen and Van der Water, 1993; Barysz et al. 2004); M denotes 
Pb or Cd. As hydrolysis proceeds, higher proton release will lower soil pH. Meanwhile, the increase in soil pH 
by adding vermicompost is associated with the formation of organo-metal complexes, reducing their 
hydrolysis. Consequently, lower Pb and Cd hydrolysis will raise the soil pH. 

Application of vermicompost significantly decreased the soluble Pb and Cd in both Inceptisols and Entisols 
(Figures 2 and 3). Organic matter decomposition releases organic acids, mainly humic and fulvic acids, rich in 
carboxyl and phenolic functional groups. These groups bond metals to form complexes (Spark, 2003; 
Barančíková and Makovníková, 2003; Boguta and Sokolowska, 2013), reducing their solubility. Carboxyl is a 
major functional group from humic acid that interacts with heavy metals (Spark et al., 1997). A previous study 
by Klučáková and Pavlíková (2017) found that lignitic humic acid strongly bound Pb and Cu. Another possible 
mechanism suggested by Qu et al. (2019) is the formation of hydroxide-humic acid metal complexes. Their 
results also showed that Pb and Cd immobilized in co-precipitation complexes were similar to their 
adsorption. The result of this study corresponds to that suggested by Boechat et al. (2016), where humic and 
fulvic acids substantially declined in selected heavy metals, including Pb and Cd.  

The soil sample used in this study exhibits different retention of Pb and Cd where Inceptisols retains Pb and 
Cd higher than Entisols, as indicated by the amount of soluble form of both metals (Figures 2 and 3). This 
result is associated with the initial characteristics of both soils. Inceptisols have higher clay content, soil 
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organic matter, and CEC than the other soil. Higher CEC will adsorb more metals due to higher negative 
charges in the soil. Humic substances at a pH of more than 3.0 also contribute to a negative charge and the 
formation of organo-metal complexes (Spark, 2003).  

Our study also shows that soluble Pb in both soils was significantly lower than soluble Cd (Figure 4). The 
affinity of Pb to soil adsorption sites is higher than Cd; consequently, higher retention of the former element. 
The adsorption affinity (Kd) of Pb was greater than Cd, as reported by Usman (2008) and Covelo et al. (2007).  
Another study confirmed that the amount of Pb adsorbed by humic substances is higher, and the stability 
constant of the complex is greater than Cd. On the other hand, Cd bonded weaker to the substance than Pb 
(Klučáková and Pavlíková, 2017). Higher retention of Pb by the soil will lower its soluble form. 

The correlation of pH and soluble Pb or Cd shows the dependency of the solubility of the metal on soil pH 
(Figure 5). As soil pH rises, soluble Pb and Cd are lower. Some studies show that the concentration of soluble 
Pb and Cd continuously declines as soil pH increases (Ok et al., 2010; Zhang et al., 2018; Soltan et al., 2018).  

Conclusion 
Addition of vermicompost significantly reduced the soluble Pb and Cd of Inceptisols and Entisols, being the 
lowest was achieved at 30 Mg ha-1. The reduction of both heavy metals was more prominent in Inceptisols 
than Entisols. Soluble Pb in both soil samples was lower than Cd, indicating the higher retention affinity of the 
former. The decrease in the soluble heavy metals using vermicompost was followed by the increase in soil pH. 
This finding suggests that vermicompost at the rate of 30 Mg ha-1 is effective for the remediation of Pb and Cd 
contaminated soils.  
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Article Info 
The temperature control of the agricultural greenhouse is important issue and to 
sudden temperature, changes during the growing plants are one of the problems that 
need to be controlled. Temperature control can be achieved in greenhouses 
established with the novel technological systems, but these systems are expensive 
systems that requires technical knowledge and infrastructure. In this study, a seasonal 
thermal energy storage using Phase Change Material (PCM) composite material 
investigated to regulate day time soil temperature in the greenhouse. The overall 
purpose of the research was to identify the mechanisms of heat transfer in soil covered 
by phase change materials. The PCM was encapsulated in to expanded perlite and soil 
temperature with and without using the PCM were compared. By using the 
experimental data, a mathematical model that can simulate the temperature of the soil 
in the greenhouse was developed According to the results, the research included 
experimental works as well as theoretical analysis. 
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Introduction 
In agricultural applications, especially in greenhouses the needed energy amount is high. The increasing costs 
of energy production and the limited resources make it necessary to develop new methods for the efficient 
use of energy. In an effective agricultural activity, energy uses must be in controlled and in the logical range. 
The food supplies in the world are directly depend on the energy (Ziapour and Hashtroudi, 2017). Already, 
developing in energy use in the agriculture is a response to population increasing, limited supply of useful 
lands and demand for better standards of living (Banaeian et al., 2011).  

Temperature change during the crop production is the main problem for in terms of plant growth and yield. 
The advent of the greenhouse is intended to control the environment to improve the quality, stabilize the yield 
and prolong the production season. A well-designed greenhouse should maintain an optimum environment 
for healthy plant growth and maximum yield (Tuntiwaranuruk et al., 2006). 

Because of the high-energy consumption and global warning in recent years, energy conservation and storage 
applications have become extremely important. Energy storage seems as a good opportunity to solve the 
energy problems as well as to improve new renewable and clean energy sources.  To meet energy needs of the 
developed communities, the renewable energies can be used conjunction with energy storage systems. In 
addition, efficient and compact energy storage systems seem to be important parameters to improve the use 
of renewable sources (Kenisarin and Kenisarina, 2012; Gürmen, 2019). 

Thermal energy storage can be stored as a change in internal energy of a material as sensible heat, latent heat 
and thermo-chemical or combination of these. The latent heat storage method, in which energy is stored in 
the form of latent heat in phase change materials (PCM), plays an important role in different application areas. 
This technique is particularly attractive with respect to other techniques due to two main advantages: 
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i) Phase change process is nearly an isothermal process. 

ii) It has larger heat storage density with smaller temperature swing.  

Phase change materials (PCM) are one of the most used materials in thermal energy storage and temperature 
control of many engineering applications (Zalba et al., 2003; Sharma et al., 2009; Zhou et al., 2009; Rathod and 
Banerjee, 2013). PCMs store energy by absorbing and releasing of heat in phase change processing in the form 
of the latent heat of fusion. Depending on their phase change states, PCM are classified in four categories 
liquid-gas, solid-liquid, solid-gas and solid-solid PCM (Prakash et al., 1985; Jamekhorshid et al., 2014; Gürmen, 
2017). 

The PCM could absorb sun energy inside greenhouses during the day, and release the heat in the night to 
provide a thermal comfortable environment for crops. This feature of PCM could noticeably reduce the 
temperature difference between day and night in greenhouses, which could effectively increase the crops yield 
(Mu et al., 2022). For this application, a PCM having suitable melting / freezing temperatures and heat of fusion 
should be selected.  

In this study, PCM composite material was used in order to keep the soil temperature constant in the 
greenhouse. The PCM material used was prepared using the method of trapping PEG in expanded perlite 
pores. Owing to this encapsulation process, the solid-liquid phase change process takes place within the pores 
and leakage was prevented. The melting and freezing temperatures were determined for prepared composite, 
as 21°C and 6 °C, respectively and the phase change enthalpy was calculated as 130 J/g. Perlite has been 
preferred in the preparation of composite PCM due to its porous structure and being a natural rock widely 
used in agriculture. This study concerned to improve of mathematical and numerical models different modes 
of heat transfer interaction with the environment in the soil by the layer containing PCM. The experimental 
data obtained during measurements of the soil thermal properties conformed to the theoretical model. 

Material and Methods 
The main aim of this research was to identify the mechanisms of heat transfer in soil covered by PCM enclosed 
perlite to regulate the soil temperature. The research included experimental works as well as theoretical 
analysis. 

The used PCM composite including PEG and EP was prepared using a vacuum impregnation method. Initially 
25:75 mass ratio of PEG and EP were weighted with 0.001 g accuracy. Weighed EP was placed in the vacuum 
set and the prepared mixture was added it slowly under vacuum at 30°C. Then, the obtained mixture was 
placed into an oven at 60°C for 12 hours. The prepared form stable PCMs were included 25 % PEG wax by 
weight. The phase transition temperature and latent heat of prepared PCM composite material was 
determined by DSC analysis (Perkin Elmer Diamond TG/DTA) at a heating/cooling rate of 5◦C/min from −45◦C 
to 5◦C by using purified nitrogen at a flow rate of 10 ml/min. 

In order to verifying the mathematical model, only a part of the soil is covered with the prepared PCM and 
other part was left uncoated in the same greenhouse, placed in Menderes, Izmir, Turkey. The soil was covered 
with of 10 mm-thick of PCM composite over the growing media. Temperatures at different levels of the soil 
were hourly measured by using thermometer. The experiments were performed from in March 2021.  

The soil temperature was measured by using ST4-05 Soil Temperature Probe and the probes were placed into 
the soil at 10, 20 and 30 cm depth. Soil temperatures were measured every 60 minutes for 24 hours. 

Mathematical Model 

In the theoretical part of the research, a mathematical model of heat transfers in PCM covered soil developed.  
In the model, it was subjected to environmental impacts by radiation and convection. This includes the 
formulation of the set of equations that combine temperature profile in the soil with heat fluxes at its surface 
as well as the values of thermophysical properties of the soil that influences the process of heat transport.  

The soil temperature with and without PCM composite inside an agricultural greenhouse having soil inside 
growing media is considered Ts (°C). When PCM composite covered soil in the greenhouse growing medium 
and the soil is heated by solar radiation, its energy is lost to the cover by convection, conduction and radiation. 

To simplify the analysis, the following assumptions for the heat transfer processes in the soil were used for 
model development: 

1. One dimensional heat transfer occurs; the temperature gradients exists along the height only 
2. The heating system is quasi-state condition 
3. The air and the soil temperatures in the greenhouse are homogeneous and isotopic. 
4. Thermal properties are independent to temperature. 
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The layers in the growing media is shown in Figure 1. 

 
Figure 1. The layers in the growing media with and without PCM. 

The one dimensional temperature distribution 𝑇(𝑦, 𝑡) in the soil is described by conductive heat transfer 
equation: 

𝜌𝐶𝑝 (
𝛿𝑇(𝑦, 𝑡)

𝛿𝑡
) =

𝛿

𝛿𝑦
(𝑘𝑠

𝛿𝑇(𝑦, 𝑡)

𝛿𝑦
) 

where density (kg/m3)𝐶𝑝 specific heat (kJ/(kg K)), 𝑡 time (s), 𝑘𝑠 thermal conductivity of soil (W/(m K)). 

Subjected to the boundary condition: 

𝑘𝑠

𝜕(𝑇, 𝑦)

𝜕𝑦
= ℎ(𝑇𝑖(𝑡) − 𝑇(𝑦, 𝑡)) + 𝑞𝑟(𝑡) 

At y=0 at surface 

Convective heat transfer to the air is due to the natural convection. In the model simplified the calculation of 
the convective heat transfer coefficient McAdams correlation was chosen and h can be calculated by the 
following equation (Bergman et al., 2011). 

ℎ = 0.1 (
𝑔𝛽Δ𝑇

𝜈2
𝑃𝑟)

1/3 1

𝑘𝑎
 

where ℎ convective heat transfer coefficient(W/(m2K)), 𝑔 gravity acceleration (9.8 m/s2),  𝜈 kinematic 
viscosity (m2/s) , 𝛽 thermal expansion coefficient (1/K), Pr Prandtl Number, 𝑘𝑎  thermal conductivity of air 
(W/(m K)). 

When the air temperature is in the range between 0-45 °C, the above equation can be simplified to the form in 
which heat transfer coefficient is only a function of temperature difference (Jaworski, 2019): 

ℎ = 1.15Δ𝑇1/3 

𝑞𝑟(𝑡) is solar radiation (W/m2) transmitted through the greenhouse cover to the upper surface of soil. 

𝑞𝑟(𝑡) = 𝜀𝜎(𝑇𝑠
4 − 𝑇𝑎

4) 

where 𝜀 emissivity, 𝜎 Stefan-Boltzmann constant (5.67 10-8W/m2K4). 

The transient heat transfer equation of PCM layer 

𝜌𝑃𝐶𝑀

𝛿𝐻

𝑑𝑡
= 𝑘𝑃𝐶𝑀

𝛿2𝑇(𝑦, 𝑡)

𝛿ℎ2
 

where 𝜌𝑃𝐶𝑀 density of PCM (kg/m3), 𝐻 enthalpy of PCM (kJ/kg), 𝑘𝑃𝐶𝑀  thermal conductivity of PCM (W/(m K)). 

Enthalpy of PCM 

𝐻 = ∫ 𝐶𝑝𝑃𝐶𝑀
𝑑𝑇

𝑇𝑚

𝑇0

+ 𝜆𝑃𝐶𝑀 + ∫ 𝐶𝑝𝑃𝐶𝑀
𝑑𝑇

𝑇2

𝑇𝑚

 

where 𝐶𝑝𝑃𝐶𝑀
 specific heat (kJ/(kg K)) and 𝜆𝑃𝐶𝑀  heat of fusion of PCM (kJ/kg). 

PCM layer                   PCMkPCMCpPCM,  PCM
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Boundary condition: 

at y=l1   𝑘𝑠
𝜕(𝑇,𝑦)

𝜕𝑦
= 0 

l is solid height from surface (m) 

Initial condition: 𝑇(𝑦, 𝑡)𝑡=0 = 𝑇𝑖  

Heat transfer equation for inside air of the greenhouse is formulated as: 

𝐶𝑝𝑎𝜌𝑎𝑉𝑅

𝜕𝑇𝑎(𝑡)

𝜕𝑡
= ∑ 𝑄𝑠 − 𝑄𝑙𝑒𝑎𝑘 

where 𝑄 heat transfer rate (W) and 𝐶𝑝𝑎  specific heat of air (kJ/(kg K)).  

Table 1. Thermal physical properties of the soil and PCM 

  (kg/m3) Cp (kJ/kg K)  (kj/kg) k (W/m K) Tm (°C) 

Soil 1110 1.13 - 0.097 - 
PCM 1120 2.49 130 0.212 21 

The proposed model of heat transfer in the soil describes their temperature changes described under thermal 
transfer processes by the boundary conditions. Selected problems, similar to those realized in an experimental 
study were solved numerically, using one dimensional control volume approach with Euler’s method for 
integration in time.  

Results and Discussion 
Thermal properties of the used PCM is an important factor influencing the ability of energy storage of the PCM 
layer over the soil. The important point of applying PCM on the soil surface is to select PCM with suitable 
melting temperature. For selected climate condition and soil, when the melting temperature of PCM is high, 
the quantity of heat stored by PCM will be low. When the melting temperature is low, to obtain a comfortable 
soil temperature for plant will be hard, at night time. For this reason, the phase change temperature of the 
PCM to be used should be suitable for the selected climate region. For this reason, initially the thermal 
properties of the prepared PCM composite were determined by using DSC analysis and obtained data are given 
in Figure 2.The melting and freezing temperatures and latent heat values of the prepared composite PCM are 
20.64 °C, 6.24 °C and 130.7 J/g, respectively.  

 
 

Figure 2. DSC curves for prepared composite PCM 

 

The model’s accuracy and applicability were tested and compared experimental results at surface, 10, 20 cm 
and 30 cm level from the surface which is suitable for plant growth. The experimental and model results were 
in agreement as shown in Figures 3, 4, 5 and 6. 
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Figure 3. Comparison of temperatures between 
experimental and model results at soil surface 

Figure 4. Comparison of temperatures between 
experimental and model results at 10 cm from the 

surface 

  
Figure 5. Comparison of temperatures between 

experimental and model results at 20 cm from the 
surface 

Figure 6. Comparison of temperatures between 
experimental and model results at 30 cm from the 

surface 

The experimental results show that, soil temperature becomes nearly constant when the soil was covered with 
PCM layer as expected. Using the PCM layer, the obtained soil temperature ranges was from 21 to 27 °C and 
this range is appropriate for the plant growth. The maximum temperature value difference between the PCM 
covered and not covered soil at surface, 10, 20 and 30 cm from the surface was found as 18.5, 17.45, and 16.35 
and 14.75 °C, respectively. Tuntiwaranuruk et al. (2006) studied with rice husks which was covered the soil 
to reduce soil temperature and they reported that the reduction due to rice husks covering soil in maximum 
values of soil temperature at 10 and 20 cm from the surface was found as 5.00 and 2.83 °C, respectively. This 
study rice husks used to decrease solar radiation effect.  In order for plants to grow healthy, it is important 
that their roots be not affected by temperature changes throughout the day. It has been determined that soil 
temperatures can be stabilized thanks to the soil covered by PCM. The average value of the soil temperatures 
were measured as 21.82, 23.62, 23.82 and 26.11°C at surface, 10, 20 and 30 cm depth from surface, 
respectively. It is obvious that soil temperature without PCM is lower than that with PCM. According to the 
results, it can be seen that PCM also helps to improve the heat transfer between the soil surface and air in the 
greenhouse.  

The soil temperatures calculated from the mathematical model were found to be in well agreement with the 
measured temperatures for each level of the soil. The average value of soil temperature differences between 
the measured temperatures and the temperatures calculated from the proposed model were 0.2, 0.67, 0.91 
and 1.46 °C at surface, 10, 20 and 30 cm depth from surface, respectively. Wang et al. (2020) reported that, 
the simulation results are higher than the observed values at depths of 0.2m and 0.3m. In order to determine 
the suitability of the proposed model, standard deviations were calculated and standard deviations between 
mathematical model and measurement temperatures were found as 0.16, 0.21, 0.35 and 0.36 for surface, 10 
cm, 20 cm and 30 cm depth, respectively. Mashonjowa et al. (2013) reported values of the mean standard 
errors between the calculated and measured air and crop temperatures of 1.8 °C and 1.9 °C, respectively. In 
the present study, the proposed model gave more approximate results for soil temperature. 
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Although the model compatibility is high in the studied soil depths, it is seen that the standard deviation 
increases slightly as the soil depth increases. This deviation is thought to be due to the increase in the 
difference between air temperature and soil temperature as the depth increases.  

Conclusion 
In the present paper, a mathematical model of analysing the thermal performance PCM over the soil is 
developed. It is concluded that the proposed mathematical model can be used to predict soil temperature with 
and without PCM over the soil in an agricultural greenhouse. According to the experimental results, it is seen 
that by covering the soil in the greenhouse with PCM, a suitable environment for plant growth will be provided 
by preventing sudden changes in soil temperature during the periods when day and night temperature 
differences are high. Thus, the costs of heating systems used in greenhouses can be reduced.  
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 Abstract 

Article Info Humic substances promote the conversion of nutrients into forms available to plants. 
It also stimulates seed germination and viability, and its main effect usually being 
more prominent in the roots. This study was conducted in a randomized complete 
block design with three replications in Gobustan, Azerbaijan, in 2021 growing season, 
to determine the effects of different doses (0, 250, 500 and 1000 ppm) of humic 
substances such as humic acid (HA), fulvic acid (FA) and humic fulvic acid (HFA) on 
fresh yield and nutrient contents (N, P and K) of Eggplant Santana (Solanum 
melongena var. esculentum Santana) plants in a field experiment. According to the 
results of this study, humic substance treatments increased the fresh yields and leaf 
nutrient contents of Eggplant Santana, and this increase was found to be significant. 
The highest value for highest fresh yields and leaf NPK contents of Eggplant Santana 
plants were obtained from 1000 ppm HFA dose. These results suggest that 1000 ppm 
HA and FA combination to the standard humic substances application will be 
sufficient to obtain adequate fresh yield and nutrient contents in Eggplant Santana 
leafs. 
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Introduction 
Humic substances, namely humus, which is an important component of the soil organic matter as well as in 
geological organic deposits such as lake sediments, peats, brown coals and shales and these are very important 
components of soil that affect physical and chemical properties and improve soil fertility (IHSS, 2022). Because 
of the different contribution ways on plant growth, humic substances are used in different areas of agriculture 
(Chen and Aviad, 1990). Owing to chelating properties of humic substances with metallic cations, availability 
of many nutrients increase and thus plant growth is affected positively (Cansu and Erdal, 2018). Additionally, 
humic substances increase root and root hair growth leading to expanded root surface area and thus nutrient 
uptake capacity increases (Pinton et al., 1999; Cesco et al., 2002). Humic substances might show antistress 
effects under abiotic stress conditions such as, unfavorable temperature, pH, salinity, etc. Humic materials 
could improve growth of plant under soil condition with enhancing nutrients uptake and reducing toxic 
elements uptake (Kulikova et al., 2005). Sharif et al. (2002) found that the humus material has indirect effects 
on plant growth because it improves soil properties, i.e., water holding capacity, permeability, aggregation, 
hormonal activity, aeration, organic matter mineralization, and solubilization and nutrients availability (Nardi 
et al. 2002). 

In many studies, humic substance such as humic acid and fulvic acid preparations were reported to increase 
the uptake of mineral elements, to promote the root length, and to increase the fresh and dry weights of plants 
(Tan and Nopamornbodi, 1979; Duplessis and Mackenzie, 1983; Adani et al., 1998; Mackowiak et al., 2001; 
Nardi et al., 2002; Dursun et al., 2002; Arancon et al., 2003; Cimrin and Yilmaz, 2005; Ulukan, 2008, 
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Eyheraguibel et al., 2008; Saruhan et al., 2011; Merwad, 2017; Tursun et al., 2019). Although there are many 
studies showing the positive effect of humic substances on plant growth and plant nutrient uptake, negative 
or no effect of humic substances have been reported (Tahir et al., 2011; Leventoglu and Erdal, 2014). Due to 
the positive effect of humic substances on the visible growth of plants, these chemicals have been widely used 
by the growers instead of other substances such as pesticides etc. This, however, has led to growers using 
higher amounts of these substances (Khaled and Fawy, 2011). Furthermore, healthy and environmentally 
friendly food production is a priority for scientists and researchers. Organic agriculture presents itself as an 
efficient alternative, although there are concerns about yield (Awad et al., 2022). 

The ultimate goal of the present study was to investigate the influence of different doses of humic substances 
on fresh yield and nutrient contents (N, P and K) of Eggplant Santana (Solanum melongena var. esculentum 
Santana) plants in a field experiment. In addition, the study compared humic substances (humic acid, fulvic 
acid and humic fulvic acid) applied as a soil application using drip irrigation to evaluate the optimal application 
doses and humic substances under gray-brown soils in Gobustan, Azerbaijan. 

Material and Methods 
Location of the field experiment, climate conditions, timing and plant materials 

A field trial was conducted at “Ugur” Farm in Gobustan, (40°32'3.59" N and 48°55'9.59" E), Azerbaijan, in the 
spring season of 2021 on Eggplant Santana with different levels of humic substances (HA, FA and HFA). The 
geographical location of the field trial is situated on the west part of Azerbaijan (Figure 1). In spite of the 
location parameters agro-climate condition is profitable to the gardening, horticulture and vegetable growing.  
For many years several vegetables (tomato, cucumber, all kinds of cabbages, onion and eatable green grasses) 
are being cultivated in the territory. There was large olive gardens around the vegetable cultivated field which 
territory has been decreased. In Gobustan mostly gray-brown soils exist. These soils are characterized by a 
gray-brown color. Before conducting the experiment, the soil sample was analyzed from Institute of Soil 
Science and Agrochemistry, Baku, Azerbaijan. Soil textural class named as clay loam (30% clay, 35% silt and 
35% sand). The soil was characteristically alkaline reaction (pH 8), total soluble salt was 0.3%, soil organic 
matter was 1.43%, total nitrogen was 0.089%, available phosphorus (NaHCO₃ extractable) was 12.4 mg P kg-

1 and available potassium was 123 mg K kg-1. The variety of Eggplant Santana was produced by Research 
Institute of Crop Husbandry of Ministry of Agriculture of Azerbaijan Republic. The variety of Solanum 
melongena tested was var. esculentum Santana, which was sown on 12 April 2021 This Eggplant Santana 
requires a moderate amount of water and it thrives best in direct sunlight or full sun meaning that it loves at 
least 6-8 hours of bright direct light. For these reasons, the selected Eggplant Santana variety is the most 
prevalent in the study region as a result they are more adaptable to the climatic conditions in Gobustan, 
Azerbaijan. Weather conditions were presented in Figure 2. 

 
 

Figure 1. Research area Figure 2. Monthly average temperature (A) and distribution 
of precipitation (B) of the experimental area 

In study field, the summers are warm, dry, and mostly clear and the winters are freezing, snowy, and partly 
cloudy. The study area is classified as semi-arid climate with mild winters and long hot summers, with a daily 
average air temperature of 19-20°C and an annual precipitation of 200 mm at the experimental site. The 
average annual temperature is 16°C and the average relative air humidity is about 78.25 %. The average 
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temperature can reach 21°C in August, while the lowest average temperature can reach 7°C in December. The 
earliest frost in the region is usually at the end of October, while the last frost is around the end of March. Most 
rainfalls occur in winter, and there is almost no rainfall from July to September. The highest humidity (70%) 
occurs in winter, while the lowest (30%) occurs in summer. 

Treatments, Experimental Design and Humic substances application 

As basal fertilization, 70 kg ha-1 N, 35 kg ha-1 P, 60 kg ha-1 K were applied using ammonium nitrate, mono 
ammonium phosphate and potassium nitrate. Eggplant Santana (Solanum melongena var. esculentum Santana) 
are planted as 50x50 cm were used as plant materials. As liquid humic substances, Fulvagra® liquid 25 and 
Humicraft® liquid made by Humintech GmbH was used. These humic substances contain humic acid, fulvic 
acid, water soluble N and K2O ratios as given Table 1.  

Table 1. Humic substances component used 
Components Fulvagra® liquid 25 (FuL) Humicraft® liquid (HuL) 

Volume (%w/w) Volume (%w/w) 
Total organic substances 8 27 
Dry matter 20 30 
Fulvic acids 18 1 
Humic acids 1 8 
Free amino acids - 10 
Potassium humates - 10 
Total N - 1 
Water Soluble K2O - 2 
pH 3-3.5 8.5-9.5 
Bulk density, kg/L 1.10 1.12 

The experiment was planned according to randomized blocks with 3 replications and each replicate consisted 
of ten (10 seeds in a parcel) plant and parcel dimensions were designed to have dimensions 1.6×2= 3.2 m2. 
Once the Eggplant Santana seedlings that were to be grown commercially were obtained, they were planted 
into row spacing and row tops so that they were in parcels of dimensions 40×40 cm. The experiment was 
carried out between 10.04.2021 and 21.10.2021. In the experiment, for soil application 4 levels of humic 
substances (humic acids-HA, fulvic-acids-FA and humic-fulvic-acids-HFA) corresponding to 0, 250, 5000 and 
1000 ppm were given to before planting seedlings and water irrigation using with drip irrigation system lasted 
to this term. The amounts of humic substances applied to the land with water are given in the Table 2. 

Table 2. Humic substances application doses with water 
Aplication 
doses, ppm 

HA FA HFA 

0 0 0 0 
250 30 L ha-1 HA from HuL 35 L ha-1 FA from FuL  25 L ha-1 HFA from HuL (100 ppm) + FuL (150 ppm) 
500 20 L ha-1 HA from HuL 25 L ha-1 FA from FuL 20 L ha-1 HFA from HuL (200 ppm) + FuL (300 ppm) 
1000 15 L ha-1 HA from HuL 15 L ha-1 FA from FuL 10 L ha-1 HFA from HuL (400 ppm) + FuL (600 ppm) 

Evaluation of Leaf Nutrients 

At the end of the experiment, in order to determine leaf nutrient concentrations, samples were collected from 
the four sides of plants from the shoots. Then, samples were brought to laboratory and washed with water, 
dilute acid (0.2 N HCl) and distilled water. Later, samples were dried at 65±5 0C for 2 days. Afterwards, samples 
were dried, grounded and wet digested by using HNO3+HClO4 (4:1) mixture. Total N was determined 
according to Kjeldahl method. Leaf P concentration was measured vanadomolybdphosphoric method, K 
concentrations were determined using atomic absorption spectrophotometer (Jones, 2001).  

Results and Discussion 
Fresh Eggplant Santana yield, t ha-1 

The application of various humic substances such as HA, FA and HFA gave an increase in the Fresh Eggplant 
Santana yields compared with untreated (control) soil (Figure 3). This is explained by the fact that the addition 
of humic materials improves physical and chemical characteristics of gray-brown soil. This finding stands in 
agreement with those of Mackowiak et al. (2001), Nardi et al. (2002), Cimrin and Yilmaz (2005) and Merwad, 
(2017). It was determined that the main effect of humic substances is as follows: HFA>FA>HA>untreated soil. 
In the 2021 growing seasons, the highest Fresh Eggplant Santana yields were obtained from the treatment of 
1000 ppm HFA (50.2 t ha-1) and 1000 ppm FA (45.4 t ha-1) while the lowest Fresh Eggplant Santana yields 
were obtained from the control (15 t ha-1). When the average of doses of treatment was calculated, the 
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treatment of HFA gave a significantly higher Fresh Eggplant Santana yield (40.4 t ha-1) than the other 
treatments. Improvement of soil conditions and establishing equilibrium among plant nutrients are also 
important for soil productivity and plant production. Humic substances and organical improvement of soil 
increased the yields of some field crops in several studies (Ulukan, 2008). Studies on the effects of humic 
substances on plant growth, showed improved effects on growth, independent of nutrition (Dursun et al., 
2002; Saruhan et al., 2011). Duplessis and Mackenzie (1983) found that the grain yield of legumes, such as 
mung bean, soybean and pea increased by the use of these humic substances. Some researchers found that 
humic acid increased the yields in some plants. Studies indicate that humic substances causes increased 
weights of above-ground parts of plants such as common wheat (Malik and Azam, 1985),  parsley (Tursun et 
al., 2019), strawberry,  tomato, marigold, pepper  (Adani et al., 1998; Arancon et al., 2003), corn  (Tan and 
Nopamornbodi, 1979; Eyheraguibel et al., 2008). 

Nutrient contents of Fresh Eggplant Santana leaf, % 

The concentration of different nutrients, namely, nitrogen, phosphorus and potassium, were determined in 
Eggplant Santana leaf grown under application of various humic substances such as HA, FA and HFA. The 
results obtained at the harvesting stage of growth were evaluated as percentage in dry weight. The nutrient 
concentrations of Eggplant Santana leaf among the HA, FA and HFA treatments are shown in Figure 4, 5 and 
6. In general, it was determined that soil applications of humic substances had a significant effect on the NPK 
concentration of Eggplant Santana leaf. When compared with the control treatment, NPK concentration of 
Eggplant Santana plant leaf were higher both application doses of humic substances. Chen and Aviad (1990), 
Fagbenro and Agboda (1993) and David et al. (1994) have reported promoted growth and nutrient uptake of 
plant due to the addition of humic substances. The plants take more mineral elements due to the better 
developed root systems. In addition, the stimulation of ion uptake in applications with humic substances led 
many researchers to propose that these materials affect membrane permeability (Zientra, 1983). It is related 
to the surface activity of humic substances resulting from the presence of both hydrophilic and hydrophobic 
sites (Chen and Schnitzer, 1978). Therefore, the humic substances may interact with phospholipids structure 
of cell membranes and react as carriers of nutrients through them (Aşık et al., 2009). 

  
Figure 3. The effects of humic substances on Fresh 

Eggplant Santana yield, t ha-1 

 

Figure 4. The effects of humic substances on Nitrogen 
contents of Fresh Eggplant Santana leaf, % 

  
Figure 5. The effects of humic substances on Phosphorus 

contents of Fresh Eggplant Santana leaf, % 
Figure 6. The effects of humic substances on Potassium 

contents of Fresh Eggplant Santana leaf, % 
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The highest NPK concentrations of Eggplant Santana leaf were obtained from 1000 ppm HFA dose. Nitrogen 
content of Eggplant Santana plant leaf was significantly affected with the applications of different humic 
substances sources and their doses when compared with the control. Nitrogen content of Eggplant Santana 
plant leaf varied from 3.23% in the control to 5.65 % in 1000 ppm HFA dose (Figure 4).  Phosphorus content 
of plant leaf was not affected by the treatments and ranged from 0.23% in 250 ppm HFA dose to 0.33% in 
1000 ppm HFA dose. The highest phosphorus content of plant leaf was determined in 1000 ppm HFA dose 
which was higher than the other treatments but it was not significantly different (Figure 5). Potassium content 
of plant leaf was affected by the treatments and followed a similar trend with nitrogen content of plant leaf. 
The lowest potassium content of plant leaf was found in the 250 ppm FA dose, and the highest potassium 
content of leaf was measured in 1000 ppm HFA dose (Figure 6). In general, it was determined that 1000 ppm 
humic substances increased the nitrogen (N), phosphorus (P2O5) and potassium (K2O) contents of Eggplant 
Santana plant leaf over the control. It is in agreement with Fagbenro and Agboola (1993), Bohme and Thi Lua 
(1997), Atiyeh et al. (2002), Sanchez–Sanchez et al. (2002) and Nikbakht et al. (2008). 

Conclusion 
Technically, humic substances such as humic acid (HA), fulvic acid (FA) and humicfulvic acid (HFA) are not 
fertilizers, although most farmers do consider them so, and their applications are environmentally friendly; 
furthermore it is considered one of the most important production factors in sustainable agriculture practice. 
It can be concluded from this study that different doses of humic substance treatments increased the fresh 
yields and leaf nutrient contents of Eggplant Santana compared to the control groups, and this increase was 
found to be significant. The highest value for highest fresh yields and leaf NPK contents of Eggplant Santana 
plants grown in gray-brown soils were obtained from 1000 ppm HFA dose. These results suggest that 1000 
ppm HA and FA combination to the standard humic substances application will be sufficient to obtain 
adequate fresh yield and nutrient contents in Eggplant Santana leafs. More research is needed to optimize the 
combined effect of different HFA application rates and mineral fertilizers on the crop performance and soil 
quality parameters under defined field conditions; more importantly, long-term studies involving different 
soil types, crops and climate patterns in warranted to truly exploit the benefits of humic substances. 
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