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Preface 

Agriculture is highly susceptible to climate variability and its related effects. Food 

security and maintenance of sustainable ecological balance are major challenges for 

thinkers, researchers, conservationists and policy makers. There are increasing 

constraints on irrigation water availability, changes in land use and soils, biodiversity 

that decline influencing the changes in markets and social systems. Sustainable 

Agriculture and Natural Resource Management activities seek to increase agricultural 

productivity through adoption of practices that maintain the long term ecological and 

biological integrity of natural resources. 

Sustainable agriculture should be taken as an eco-system approach, where soil-water-

plants-environment-living beings live in harmony with a well balanced equilibrium of 

food chains and their related energy balances. The goal is to address environmental 

issues of natural resource management to sustain significant increases in farm 

productivity through the efficient use of land and other resources and provide better 

economic returns to individuals and contribute to the quality of life and economic 

development. It is essential that innovative technologies are used to ensure sustainable 

agriculture and productivity using, modern irrigation systems, improved varieties, 

improved soil quality and conserving the environment using resource conservation 

technologies. 

Much emphasized Green Revolution has benefited developed countries and favorable 

regions at the expense of poor rural farmers and at the detriment of our environment. 

The replacement of local varieties by a few HYV, resulted in the critical loss of genetic 

diversity of food crops. A paradigm shift from unsustainable to sustainable agriculture 

principles and practices is imperative in order to reverse the adverse impact of 

conventional farming technology on the environment using chemical fertilizers and 

pesticides. Further issues such as lack of technical capability, lack of credibility about 

setting project baselines and monitoring of carbon stocks pose new challenges. In the 

majority of developing countries, farmers lack access to technology and finance and 

have little capacity to bear risk. There is, therefore, a need to develop nationally 

relevant technical, institutional and financial policies to promote mitigation options, 

ensure that risk to small farmers is minimized, and raise crop productivity and 

incomes. 



XII Preface

In this book, papers pertaining to resource management for sustainable agricultural 

development are presented in four parts divided into ten chapters. Part I discusses the 

usage of water and waste management for sustainable agricultural development 

including aspects like irrigation management to prevent soil and ground water 

salinization, production of solid fuel from oil palm waste, sustainable ecomaterials and 

biorefinery from agroindustrial waste, nonpoint pollution from agriculture and 

livestock activities on surface water. Part II discusses sustainable management of 

dryland resources especially carbon sequestration under changing climate scenario. 

Part III deals with efficient nutrient management for sustainable crop productivity in 

different agro-climatic conditions, soil quality and productivity improvement under 

rainfed conditions. Part IV throws light upon effect of conservation tillage on soil 

properties and impact of agricultural traffic and tillage on soil properties.  

We wish to take this opportunity to thank all authors, coauthors, and reviewers 

without whom this comprehensive book would not have been produced. We also owe 

our gratitude to all of those individuals and numerous other people who in one way or 

the other contributed to the compilation of the book, especially Ms Tanja Skorupan, 

Publishing Process Manager from InTech publishing. Finally, it is hoped that this book 

will be of interest to researchers, experts, and policy makers in the fields of agriculture, 

soil and water management, resource management and conservation, soil and waste 

management and environmental remediation. The editors and the publisher are not 

responsible for any statement made or opinions expressed by the authors in this 

publication. 

Dr. Vikas Abrol 

Sher-E-Kashmir University of Agricultural Sciences and Technology,  

India 

Dr. Peeyush Sharma 

Division of Soil Science & Ag-Chemistry, SKUAST-Jammu, J&K,  

India 
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© 2012 Yuliansyah and Hirajima, licensee InTech. This is an open access chapter distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Efficacy of Hydrothermal Treatment for 

Production of Solid Fuel from Oil Palm Wastes 

Ahmad T. Yuliansyah and Tsuyoshi Hirajima 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/50581 

1. Introduction 

Oil palm is a perennial crop that has higher productivity than other oil-producing crops. 

One hectare of oil palm plantation produces approximately 3.68 ton oil/year, which is much 

higher than for rapeseed (0.59 ton/year), soybean (0.36 ton/year), and sunflower (0.42 

ton/ha) [1]. Crude palm oil (CPO) has become a more valuable commodity owing to recent 

price increases on international markets.  

Until 2006, Malaysia was a leader in crude palm oil (CPO) production in the world. 

However, their limited land for expansion of plantation slows down the production rate. In 

contrast, Indonesia still has a huge amount of uncultivated land enabling extensive 

development of palm oil industry. Within 1995-2006, Indonesian plantation area jumped 

around three times into 6.6 million Ha. Such rapid expansion enhanced its annual CPO 

production. In 2008 Indonesia produced 19.33 million ton of CPO whereas Malaysia 

produced 17.63 million ton. Totally, both countries contributed around 85.9 % of world’s 

palm oil production [2]. 

Despite its benefit, the palm oil industry generates a huge amount of biomass waste. As the 

continued growth of the industry, the amount of waste produced also significantly 

increases. Based on location where the waste is collected from, it can be divided into two 

types: waste from harvesting and replanting activity in plantation fields and waste from the 

milling process in palm oil mill.  

Oil palm frond and trunk belong to first type of biomass waste. Zakaria [3] mentions that 

around 10.4 ton/ha of frond is generated annually from regular pruning, while around 14.4 

ton/ha of frond and 75.5 ton/ha of trunk are obtained from replanting (once in 25 years). The 

second type of biomass waste are the empty fruit bunch (EFB), fiber, and shell, corresponding 

to approximately 22%, 11% and 8%, respectively, of the amount of fresh fruit bunch processed 

in a mill. In case of Indonesia, a total of 43.05 million ton of frond and 13.94 million ton of trunk 

© 2012 Yuliansyah and Hirajima, licensee InTech. This is a paper distributed under the terms of the Creative 

Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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were approximately generated in 2005 [4]. In addition, the Indonesian Oil Palm Research 

Institute (IOPRI) estimates that Indonesian mills generated approximately 15.9 million ton of 

EFB, 9.0 million ton of fiber and 4.8 million ton of shell during 2005. 

In order to reduce negative impact of the waste into the environment, as well as to obtain 

more added values, extensive works have been conducted. For example, frond, trunk, and 

EFB are simply returned to plantation fields as an organic fertilizer, either directly or by pre-

composted. In contrast, fiber and shell are used for boiler fuel in palm oil mill. However, 

such utilization methods face a common problem.  

Decomposition of waste in plantation fields generates CO2 and CH4 (considered as green 

house gas) coupled with unpleasant smells, which can last for up to 1 year. In addition, high 

transportation and distribution cost, water pollution by the rest oil (in EFB), and its 

attractiveness for beetles and snake have been a number of obstacles that hardly are solved 

[5]. On the other hand, the direct use of shell and fiber in boiler is constrained by their 

relatively high moisture content which lowers the heating value. They also can not be stored 

for a long period of time due to decomposition. Since the amount of waste increases rapidly 

recently, a more effective technology to handle the waste is highly desired. 

This chapter discusses on application of hydrothermal treatment for handling of oil palm 

waste at laboratory scale. Hydrothermal treatment refers to a thermochemical process for 

decomposing carbonaceous materials such as coal and biomass with water in a high 

temperature and high pressure condition. The use of such method for processing biomass 

was firstly developed by Bobleter and his co-workers [6] and had attracted much attention 

for hydrolysis of lignocellulosic materials since then.  

This method relies on fact that water in subcritical/supercritical condition has outstanding 

characteristics. At ambient temperature, water is polar and it has an infinite network of H-

bonding, and does not solubilize most organics. As water is heated, the H-bonds start 

weakening, allowing dissociation of water into hydronium ions (H3O+) and hydroxyl ions 

(OH-). In the subcritical region, the ion product (Kw) of water increases with temperature and 

it is about 3 orders of magnitude higher than that of ambient water and the dielectric 

constant (ε) of water drops from 80 to 20. A low dielectric constant allows subcritical water 

to dissolve organic compounds, while a high ion product allows subcritical water to provide 

an acidic medium for the hydrolysis of biomass components. Although this dielectric 

constant of the subcritical region is low enough for organic to be soluble, it remains high 

enough to allow salt dissolution. In addition, the physical properties of water, such as 

viscosity, density, dielectric constant, and ion product, can be tuned by changes in 

temperature and/or pressure in the subcritical region [7].  

Compared to other thermo-chemical conversion methods such as pyrolysis and gasification, 

the temperature for hydrothermal treatment is much lower (200–500°C for hydrothermal, 

compared with 450–550 °C for pyrolysis and 900–1200°C for gasification) [8,9]. In addition, 

biomass conversion takes place in a wet environment, so high moisture content of feed 

biomass is not an issue. The role of water in the treatment is not only as a medium, but also 

a chemical reactant on decomposition. A contrast situation is found on pyrolysis and 
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gasification which have a limitation on moisture content of the feed [9,10]. Therefore, such 

method is suitable for treating biomass with high moisture content, such as agricultural 

wastes which contain more than 50 wt. % of moisture in fresh condition. 

Many studies using hydrothermal treatment have been conducted, but most of these used the 

method as a biomass pretreatment step in bio-ethanol production [11–14]. Few studies have 

considered benefits of the resulting solid. The focus of the present chapter is experimental 

study on upgrading of oil palm waste into solid fuel by hydrothermal treatment.  

2. Experimental 

2.1. Materials 

Oil palm waste is collected from an oil palm plantation and oil palm mill in southern Sumatra, 

Indonesia. Prior to use, each material is air-dried and is then pulverized to form powder with a 

maximum particle size of 1 mm by cutting-grinding (except for oil palm shell by impact-

grinding) using IKA MF apparatus. The composition of the waste material is determined using 

a procedure recommended by the US National Renewable Energy Laboratory that is 

substantially similar to ASTM E1758-01. The detailed procedure of the chemical analysis will 

be explained further in section 2.3. The analysis results are listed in Table 1. 

Component Frond Trunk Fiber Shell EFB 

Cellulose (wt. %, d.b) 

Hemicellulose (wt. %, d.b) 

Klason lignin (wt. %, d.b) 

Wax (wt. %, d.b) 

Ash (wt. %, d.b) 

Others (by difference) 

31.0 

17.1 

22.9 

2.0 

2.8 

24.2 

39.9 

21.2 

22.6 

3.1 

1.9 

11.3 

19.0 

15.2 

30.5 

9.1 

7.0 

19.2 

14.7 

16.4 

53.6 

2.3 

2.3 

10.7 

35.8 

21.9 

17.9 

4.0 

3.0 

17.4 

d.b, dry basis 

Table 1. Composition of raw materials 

2.2. Apparatus and experimental procedure 

Experiments are carried out in a 500-mL batch-type autoclave (Taiatsu Techno MA 22) 

equipped with a stirrer and an automatic temperature controller. The autoclave has a 

maximum temperature of 400°C and a maximum pressure of 30 MPa. It is made from 

hastelloy with the dimension 6.0 cm ID x 20.6 cm L. A slurry of 300 mL of water and 30 g of 

waste material is loaded into the autoclave. A stream of N2 gas is used to purge air from the 

autoclave and to maintain an initial internal pressure of 2.0 MPa. With stirring at 200 rpm, 

the autoclave is heated by an electric furnace to the target temperature at an average rate of 

6.6°C/min. The target temperature, ranging from 200 to 380°C, is automatically adjusted. 

The reaction temperature is measured by K-thermocouple inserted into vessel of autoclave. 

Once the target temperature is reached, the sample is held for a further 30 min before the 

autoclave is cooled to ambient conditions by air blow using an electric blower. 
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After cooling, the gas products are fed into a gasometer (Shinagawa DC-1) to measure the 

volume. The gas is sampled using a microsyringe (ITO MS-GANX00) and its composition is 

determined by gas chromatography with thermal conductivity detection (Shimadzu GC-

4C). The remaining slurry is filtered using an ADVANTEC 5C filter and a water aspirator. 

The solid part is dried to a constant weight in an oven at 105°C to yield the final solid 

product. 

2.3. Analysis 

The solid products are characterized using several techniques. The elemental composition is 

measured using Yanaco CHN Corder MT-5 and MT-6 elemental analyzer. The cellulose, 

hemicellulose, and lignin contents are measured using a procedure recommended by the US 

National Renewable Energy Laboratory [15]. In brief, the wax content is determined by a 

soxhlet extraction of 5.0 g of sample (particle size ≤0.5 mm) with ethanol. Approximately 150 

mg of dewaxed and dried sample is then treated with 1.5 mL of 72 w/w% H2SO4 at 30°C for 

1 h. Further, 42 mL of H2O is added to the mixture followed by hydrolysis at 121°C for 1 h in 

an autoclave. The resulting mixture is washed several times using a hot water and filtered 

by a GP glass filter (pore size of 16 µm) in a vacuum condition. The obtained solid residue is 

dried at 105°C to a constant weight and its weigh is noted as klason lignin. Meanwhile, prior 

to being analyzed in HPLC, the filtrate is treated by an On Guard IIA column and 0.2 μm 

membrane filters to assure no residual solid and H2SO4 contained. The HPLC system is 

consisted of a KC-811column (JASCO) and refractive index (RI) detector (RI-2031, JASCO) 

and is operated under a 2 mM HClO4 flowing at a rate of 0.7 ml/min and oven temperature 

of 50°C. The polysaccharide concentration is determined by measuring the corresponding 

sugar concentration with a correlation: 

 cellulose (wt.%) = glucose (wt.%) × 0.9  (1) 

 hemicellulose (wt.%) = (xylose + arabinose) (wt.%) × 0.88 (2) 

Additionally, proximate, total sulfur and calorific analyses are carried out according to JIS M 

8812, JIS M 8819, and JIS M 8814, respectively. The equilibrium moisture content (EMC) of 

raw materials and the corresponding solid products is determined according to JIS M 8811. 

Hence, an aliquot of the sample is placed in a desiccator containing saturated salt solution. 

The relative humidity inside desiccator is maintained at 75 %. After equilibrium is reached, 

it is quickly measured using a Sartorius MA 150 moisture content analyzer. Identification of 

the chemical structure and functional groups is performed on a Fourier-transform infrared 

(FTIR) spectrometer (JASCO 670 Plus) using the KBr disk technique. Cross 

polarization/magic angle spinning (CP/MAS) 13C NMR spectra are measured on a solid-state 

spectrophotometer (JEOL CMX-300) with the following conditions: 10,000 scans; contact 

time, 2 ms; spinning speed, >12 kHz; pulse repetition time, 7 s. The spectrum is calibrated 

using hexamethyl benzene. Curve fitting analysis of the spectrum is performed using 

Grams/AI 32 ver. 8.0 software.  
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3. Results 

3.1. Solid products and properties 

The yield and properties of the solid products for different treatment temperatures are 

presented in Table 2 and 3. Due to the degradation reactions, the solid product yield 

decreases at elevated temperature, indicating the degradation reactions accomplish more 

completely. For instance, the solid yield at 200oC for all materials ranges from 58.3 to 67.7 

wt.%. Meanwhile, their yields are only 31.7–37.3 wt.% at 380oC. Solid yield for oil palm shell 

and fiber are the highest among the oil palm wastes, particularly for ≥ 270oC treatments. 

Properties Raw Treatment temperature (°C) 

(a) Frond 200 240 270 300 330 350 380 

Solid yield (wt.%, db)
Fixed carbon (wt.%, daf) 
Volatile matter (wt.%, daf) 
Ash (wt.%, db) 
Equilibrium Moisture (wt.%, ar) 
Gross calorific value (MJ/kg, db)

17.5
82.5
1.8

14.7
18.4

58.3
20.5
79.5
1.3
7.6

20.2

52.0
29.7
70.3
1.3
6.4

22.6

42.5
45.9
54.1
1.2
5.5

26.3

38.4
48.1
51.9
1.0
5.2

27.1

36.7
52.3
47.7
0.7
5.0

28.8

35.1 
54.8 
45.2 
0.8 
5.2 

29.4 

34.4 
62.6 
37.4 
1.8 
5.0 

30.9 

(b) Trunk   

Solid yield (wt.%, db)
Fixed carbon (wt.%, daf) 
Volatile matter (wt.%, daf) 
Ash (wt.%, db) 
Equilibrium Moisture (wt.%, ar) 
Gross calorific value (MJ/kg, db)

16.1
83.9
2.2

13.6
18.3

67.7
16.2
83.8
1.8
7.5

19.5

56.9
26.6
73.4
1.8
6.5

22.1

41.7
45.1
54.9
2.2
5.1

26.4

38.7
48.8
51.2
2.1
4.8

27.4

36.9
52.8
47.2
1.9
4.6

28.9

35.3 
55.0 
45.0 
2.1 
4.5 

29.0 

33.7 
63.6 
36.4 
2.9 
4.1 

30.0 

(c) Fiber   

Solid yield (wt.%, db)
Fixed carbon (wt.%, daf) 
Volatile matter (wt.%, daf) 
Ash (wt.%, db) 
Equilibrium Moisture (wt.%, ar) 
Gross calorific value (MJ/kg, db)

17.8
82.2
7.0

13.0
19.8

67.5
23.8
76.2
6.5
6.9

22.1

61.9
28.5
71.5
6.4
6.4

23.7

43.3
37.4
62.6
9.7
5.1

27.4

42.5
36.8
63.2
9.0
5.1

29.4

41.0
37.2
62.8
10.2
4.2

29.9

37.3 
46.6 
53.4 
11.0 
4.3 

30.0 

39.6 
48.2 
51.8 
8.6 
3.6 

30.6 

(d) Shell   

Solid yield (wt.%, db)
Fixed carbon (wt.%, daf) 
Volatile matter (wt.%, daf) 
Ash (wt.%, db) 
Equilibrium Moisture (wt.%, ar) 
Gross calorific value (MJ/kg, db)

19.9
80.1
2.3
9.9

20.8

63.2
25.3
74.7
1.6
6.7

22.8

57.6
31.7
68.3
2.0
5.5

24.8

48.3
44.0
55.7
1.9
4.6

27.4

45.6
50.2
49.8
1.6
4.0

28.6

39.6
56.2
43.8
1.3
3.6

29.2

38.9 
59.1 
40.9 
1.1 
3.4 

30.0 

37.3 
65.6 
34.4 
2.7 
3.1 

32.1 

(e) EFB   

Solid yield (wt.%, db)
Fixed carbon (wt.%, daf) 
Volatile matter (wt.%, daf) 
Ash (wt.%, db) 
Equilibrium Moisture (wt.%, ar) 
Gross calorific value (MJ/kg, db)

18.6
81.4
3.0

11.8
18.4

64.1
17.3
82.7
2.6
8.1

20.1

55.2
26.0
80.0
2.4
5.8

22.6

40.2
42.8
57.2
2.9
5.2

26.8

37.0
42.5
57.5
3.5
4.1

28.9

36.0
49.3
50.7
2.7
4.0

30.0

33.5 
51.7 
48.3 
3.1 
3.5 

30.8 

31.7 
59.8 
40.2 
4.2 
3.2 

31.1 

db, dry basis; ar, as received basis; daf, dry ash-free basis 

Table 2. Yield, proximate analysis and gross calorific value of the raw materials and solid products. 
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 Percentage component (wt.%, daf) 

(a) Frond Raw 200°C 240°C 270°C 300°C 330°C 350°C 380°C 

C 

H 

N 

O (difference) 

S 

47.2 

5.9 

0.2 

46.6 

0.1 

53.6 

5.7 

0.2 

40.4 

0.1 

58.6 

5.4 

0.3 

35.7 

0.1 

69.4 

4.9 

0.4 

25.3 

0.1 

71.1 

4.9 

0.4 

23.5 

0.1 

73.9 

4.9 

0.4 

20.7 

0.1 

75.1 

4.8 

0.4 

19.5 

0.1 

78.5 

4.6 

0.5 

16.2 

0.1 

(b) Trunk         

C 

H 

N 

O (difference) 

S 

47.5 

5.9 

0.5 

45.9 

0.1 

51.4 

5.9 

0.4 

42.1 

0.1 

57.5 

5.6 

0.6 

36.2 

0.1 

69.3 

5.1 

0.8 

24.6 

0.1 

71.4 

5.0 

0.8 

22.6 

0.1 

73.4 

4.9 

1.0 

20.6 

0.1 

75.3 

4.9 

1.0 

18.6 

0.2 

78.2 

4.5 

1.1 

16.1 

0.1 

(c) Fiber         

C 

H 

N 

O (difference) 

S 

50.7 

6.9 

2.5 

39.2 

0.6 

59.2 

6.6 

1.3 

32.7 

0.1 

61.0 

6.4 

1.2 

31.3 

0.1 

71.9 

6.6 

1.6 

19.8 

0.2 

73.0 

7.1 

2.2 

17.5 

0.2 

76.1 

7.3 

2.4 

13.9 

0.2 

77.0 

6.7 

2.7 

13.4 

0.2 

80.0 

5.9 

1.5 

12.5 

0.2 

(d) Shell         

C 

H 

N 

O (difference) 

S 

50.6 

5.9 

0.4 

43.0 

0.0 

57.1 

5.7 

0.4 

36.8 

0.0 

62.2 

5.6 

0.4 

31.8 

0.0 

70.8 

5.4 

0.6 

23.1 

0.1 

72.4 

5.0 

0.5 

22.1 

0.0 

72.2 

4.7 

0.6 

22.5 

0.0 

74.3 

4.5 

0.6 

20.5 

0.0 

80.9 

4.8 

0.7 

13.5 

0.1 

(e) EFB         

C 

H 

N 

O (difference) 

S 

46.9 

6.3 

0.5 

46.2 

0.1 

51.6 

6.3 

0.5 

41.6 

0.0 

57.1 

6.0 

0.5 

36.3 

0.0 

70.5 

5.6 

0.8 

23.0 

0.1 

71.8 

5.4 

0.8 

22.0 

0.0 

74.1 

5.7 

0.9 

19.2 

0.1 

77.0 

5.7 

1.0 

16.2 

0.1 

79.9 

5.1 

1.1 

13.8 

0.1 

daf, dry ash-free basis. 

Table 3. Ultimate analysis of the raw materials and solid products. 

The reaction has also changed both the physical and the chemical properties of the 

materials. Like other biomass materials, oil palm wastes have very high volatile content 

(between 80.1 and 83.9 wt.%), in contrast to the low fixed carbon (between 16.1 and 19.9 

wt.%). Progressive decomposition reactions occur at higher temperature, leading to an 

increase in fixed carbon content and a decrease in volatile content. Treatment at 380°C 

increases the fixed carbon content to approximately 48.2–65.6 wt.% and decreases the 

volatile content to 34.4–51.8 wt.%. The data suggest that carbonization and devolatilization 
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occur during treatment. This leads to an increase in gross calorific value of the solid product 

(Table 2). Among the products, solids obtained from treatment of shell have the highest 

fixed carbon and the lowest volatile content. 

The calorific value is correlated with the elemental composition of a solid. The data in Table 

2 show that an increase in calorific value is correlated with an increase in carbon content and 

a decrease in oxygen content (Table 3). Compared to the raw material, the solid produced at 

380°C has approximately ~67% higher carbon content and ~65% lower oxygen content. 

These results suggest that components degraded and removed from the materials are 

mainly oxygen-rich compounds. The data in Tables 2 and 3 suggest that remarkable changes 

in solid properties occur in 200–270°C range. For instance, a 270°C treatment increases the 

gross calorific value of fiber from 19.8 to 27.4 MJ/kg, while additional heating process into 

380°C only raises the gross calorific value to 30.6 MJ/kg. In other words, a 270°C treatment 

contributes ~70.4% of total change equivalent of gross calorific value. Similar trend is 

observed for other solid properties. 

Due to thermal degradation, the content of cellulose, hemicellulose, and lignin in the solid 

decrease. Figure 1 shows the percentage of these components in the solid products after 

treatment at 200–300°C. The data suggest that hemicellulose and cellulose are relatively 

easier to degrade than lignin. The treatment significantly degrades both hemicellulose and 

cellulose to produce a more ligneous solid. Lignin identified in this analysis comprises not 

only original lignin from feed materials, but also precipitate derived from polymerization of 

water soluble compounds. This is obviously indicated from an increase in lignin content in 

200–270°C range for solid products of frond, trunk, and EFB. 

Slightly different behavior is observed for hemicellulose decomposition among materials. 

The frond and shell solid produced at 200°C still have a small amount of hemicellulose, 

which completely vanishes on treatment at 240°C. By contrast, no hemicellulose is found 

for the trunk, fiber and EFB products, even for treatment 200°C. This suggests that 

hemicellulose decomposition starts at temperatures <200°C. On the other hand, cellulose 

is gradually degraded at higher temperature and <0.5 wt.% of it (on a solid product basis) 

is remained after treatment at 270°C. This behavior is in agreement with other earlier 

reports [16,17]. 

3.2. Coal bands 

Under hydrothermal treatment, all materials undergo a coalification-like process, as 

demonstrated in the van Krevelen diagram in Figure 2. The raw materials have high atomic 

H/C and O/C ratios, which both gradually decreases during treatment. The slope of the 

trajectories suggests that the O content decreases in proportion to the H content, probably 

due to dehydration. It is clear that the decrease in O and H content occurs mainly in the 

range 200–270°C. Less significant changes are observed at higher temperature. The products 

after treatment at ≥300°C have almost identical compositions with sub-bituminous and 

bituminous coals. 
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Figure 1. Percentage components in the products of low temperature treatment: (a) Frond and Trunk; 

(b) Fiber, Shell, and EFB 

(a)

(b)
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Figure 2. Van Krevelen diagram for materials and their corresponding products in comparison with 

some solid fuels 

3.3. Fourier Transform Infrared (FT-IR) analysis 

To understand changes in functional groups during hydrothermal treatment, FTIR analysis 

of the products is performed. Peaks are assigned based on literature data [18,19]. Figure 3–5 

show spectra of the raw fiber, shell, EFB and the corresponding solid products. The intensity 

of the peak ~3500 cm–1 attributed to -OH groups decreases at elevated temperature, 

indicating that water molecules within the solids are gradually expelled. In other words, 

dehydration of the feed material occurs. The peak at ~2900 cm–1 attributed to aliphatic CHn 

groups also weakens, indicating that several long aliphatic chains are broken down. More 

distinctive peaks are observed in the region below 2000 cm–1. The peak at ~1700–1740 cm–1 

represents carbonyl (C=O) stretching vibrations. The peak at ~1050 cm–1 attributed to 

glycosidic bonds, indicating the presence of cellulose, steadily weakens and completely 

disappears for temperatures >270°C, indicating that cellulose is totally degraded at this 

temperature. The decrease in intensity for both aromatic skeletal vibrations at ~1515 cm–1 

and C-O-C aryl-alkyl ether linkages at ~1230 cm–1 suggest lignin decomposition. Conversely, 

solids derived from polymerization of intermediate compounds in the liquid phase increase 

the aromatic content, particularly at temperatures >300°C, as indicated by the increase in 

intensity for the peak at 1600 cm–1 attributed to aromatic skeletal vibrations and CO 

stretching. 
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Figure 3. FT-IR spectra for raw fiber and solid products obtained at various temperatures 

 

Figure 4. FT-IR spectra for raw shell and solid products obtained at various temperatures 
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Figure 5. FT-IR spectra for raw EFB and solid products obtained at various temperatures 

3.4. The 13C NMR analysis 

13C NMR measurements are conducted to complement FTIR in characterizing the molecular 

structure of the solid products. NMR is useful for making comparisons without the need for 

peak ratios. Each resonance peak can be measured relative to the total resonance intensity to 

give the relative amount of individual molecular groups. Typical 13C NMR spectra for raw 

biomass with peak assignment can be found in the literature [20–24]. 

In brief, resonance peaks in spectra for raw oil palm wastes are assigned to CH3 in acetyl 

groups (21 ppm), methoxyl groups in lignin (56 ppm), C-6 carbon atoms in cellulose (62–65 

ppm), C-2/C-3/C-5 atoms in cellulose (72–75 ppm), C-4 atoms in cellulose (84–89 ppm), C-1 

atoms in hemicellulose (102 ppm), C-1 atoms in cellulose (105 ppm), unsubstituted olefinic 

or aromatic carbon atoms (110–127 ppm), quaternary olefinic or aromatic carbon atoms 

(127–143 ppm), olefinic or aromatic carbon atoms with OH or OR substituents (143–167 

ppm), esters and carboxylic acids (169–195 ppm) including acetyl groups in hemicellulose 

(173 ppm), and carbonyl groups in lignin (195–225 ppm). Despite the various resonance 

peaks observed, for semi-quantitative analysis Wikberg and Maunu [21] and Wooten et al. 

[22] simply classify spectra into aliphatic (0–59 ppm), carbohydrate (59–110 ppm), aromatic 

(110–160 ppm), carboxyl (160–188 ppm) and carbonyl (188–225 ppm) regions. 
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Data for raw and treated fiber reveal that the peak resonance for hemicellulose and cellulose 

progressively decrease (Figure 6). A similar pattern is observed for other oil palm wastes 

(Figure 7–8). The spectra suggest that peaks corresponding to CH3 (21 ppm) and COOH (173 

ppm) in acetyl groups of hemicellulose are eliminated at 200°C. Carbon atoms in cellulose 

and hemicellulose (62–105 ppm) progressively decrease at 200–270°C. Thus, neither 

cellulose nor hemicellulose carbon atoms remain after treatment at ≥270°C. Lignin 

decomposition is indicated by a gradual decrease in methoxyl lignin (56 ppm) along the 

temperature range. Treatment at ≥270°C leads to extreme spectral changes to a more 

aromatic nature. Hence, aromatic carbon atoms from lignin structures (31 and 110–160 ppm) 

dominated the entire spectra. This is in good agreement with the component analysis, which 

suggests that lignin is the predominant component for treatment at ≥270°C (Figure 1). 

 

Figure 6. 13C NMR spectra for raw fiber and its treated products. 



 
Efficacy of Hydrothermal Treatment for Production of Solid Fuel from Oil Palm Wastes 15 

 

 

 

 

 

 

 
 

 

 

 

Figure 7. 13C NMR spectra for raw shell and its treated products 



 

Resource Management for Sustainable Agriculture 16 

 

Figure 8. 13C NMR spectra for raw EFB and its treated products. 

3.5. Equilibrium moisture content analysis 

Hydrothermal treatment greatly reduces the EMC of materials. As shown in Table 2.2, 

treatments at 200°C reduces the EMC from 14.7 to 7.6 wt.% for frond, and from 13.6 to 7.5 

wt.% for trunk. Similarly, the EMC of fiber, shell, and EFB decrease from 13.0 to 6.9 wt.%, 

from 9.9 to 6.7 wt.%, from 11.8 to 8.1 wt.%, respectively after treatment at 200°C. Further 

treatment at 380°C leads to EMC as low as 5.0 wt.% (frond), 4.1 wt.% (trunk), 3.6 wt.% 

(fiber), 3.1 wt.% (shell), and 3.2 wt.% (EFB), respectively. However, the decrease in EMC 

mainly occurrs in the range 200–270°C, with only small changes observed at higher 

temperatures. These results correspond to the changes in solid components shown in 

Figure 1. 
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Figure 9. Relationship between percentage aromatic carbon and equilibrium moisture content 

Based on the component characteristic on water adsorption, hemicellulose is the strongest, 

followed by cellulose and lignin [25]. Since hemicellulose is removed first from the solid 

at low temperature, it is reasonable that the EMC of the material dramatically decreases in 

this range. By contrast, solids with high lignin content adsorb only a small amount of 

moisture. 

The EMC results are confirmed by NMR results demonstrating an increase in aromatic 

content in the solid material. The presence of aromatic compounds, which are hydrophobic, 

results in resistance to humidity and water adsorption from air. Therefore, a higher aromatic 

content is correlated with lower EMC. The relationship between the relative amount of 

aromatic carbon and the EMC is presented in Figure 9. 

EMC and calorific value are two important properties of solid fuels. When material is 

burned, some of the energy released by combustion is consumed to vaporize the water 

contained in the material. Material with a higher EMC will require more energy for 

moisture evaporation. Thus, a good solid fuel should have a high calorific value and a low 

EMC. Our experiments demonstrate that both properties are improved by hydrothermal 

treatment 
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4. Conclusions 

Upgrading of oil palm waste is investigated for hydrothermal treatment at 200–380°C and 

initial pressure of 2.0 MPa for a residence time 30 min. Approximately 30–60 wt.% of the 

original material is recovered after the process. The very high oxygen and volatile matter 

content of the original material are significantly reduced. By contrast, the fixed carbon 

content increases sharply due to carbonization. A van Krevelen diagram reveals that solids 

resulting from treatment at >330°C have a composition comparable to that of sub-

bituminous and bituminous coals. FTIR analysis confirms that oxygen elimination due to 

dehydration in conjunction with decomposition of hemicellulose and cellulose occurr at 

200–270°C. At temperatures >270°C, the structure of the solid dramatically changes and is 

dominated by lignin. This is indicated by an increase in aromatic compounds, as determined 

by 13C NMR spectroscopy. 

Hydrothermal treatment progressively changes the calorific value and EMC of materials. 

Treatment at 380°C produces solid with a gross calorific value of 30.0–32.1 MJ/kg and 

EMC of 3.1–5.0 wt.%. However, approximately 65% of the total increase in calorific value 

and 92% of the total decrease in EMC take place within the range 200–270°C, which can be 

attributed to complete removal of hemicellulose and cellulose. Presence of hydrophobic 

aromatic compounds in these solids rejects moisture adsorption from atmosphere that 

potentially reduces the net energy produced. In addition, as solid fuel, which may be 

transported from one location to other, their higher energy density will affect on 

reduction of storage, as well as transportation cost. Based on these results, it is proposed 

that hydrothermal treatment could become an advantageous technology for producing 

solid fuel from biomass wastes. Among the wastes treated, solid products of oil palm shell 

demonstrate the best results. 
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1. Introduction 

Soil salinization is one of the most widespread soil degradation processes on earth  

and, worldwide, one billion hectares are affected, mainly in the arid–semiarid regions  

of Asia, Australia and South America [1]. In Europe, soil salinity has effects on one 

million hectares mainly in the Mediterranean countries [1]. There are two types  

of salinization: primary salinization caused by natural events such as sea spray or  

rock weathering or seepage [2] and secondary salinization that is caused by human 

activities such as irrigation with salty water, groundwater overexploitation and excessive 

drainage [1]. 

Along the Adriatic coast of the Po Plain, freshwater resources are becoming increasingly 

scarce, because of irrigation and other intense water use, salinization and long periods of 

drought [3]. Custodio [4] underlines that, especially in southern Europe, the irrigation 

practices and the water requirements to sustain the coastal tourism industry exhort a strong 

pressure on water resources. 

The impact of groundwater salinization in coastal areas affects both natural vegetation 

biodiversity and agricultural production, through soil salinization and reduction of 

freshwater availability for irrigation. Salinization is closely associated with the process of 

desertification, because salinity may have direct negative effects on crop yields by reducing 

the ability of plant roots to take up water [5]. The most common salinity effect is a general 

stunting of plant growth, but not all plants respond in the same way. Grain and corn may 

reduce their seed production without appreciably plant dimensions reduction. Wheat, 

© 2012 Greggio et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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barley, cottons seed productions, on the other hand, are decreased less than their vegetative 

growth [6]. The only agronomical significant criterion for evaluating soil salinization effects 

is the commercial crop yield decrease[6]. This encourages farmers in certain areas to 

cultivate salt resistant crops to adapt to high salinity of the soil and groundwater [5]In our 

area fresh irrigation water until now was readily available and no salt resistant crops are 

grown, or other adaptation measures were taken against soil and groundwater salinization 

of the farmland. 

An increase in water and soil salinity within a coastal habitat has direct effects on the 

natural vegetation and agriculture [5],[7], including decrease in plant species richness, 

decrease in wetland dry biomass, changes in plant communities, decrease in seedling 

germination, decrease in surface area of the leaves, decrease in stem length, N2-fixation 

inhibition, increasing mortality, and indirect effects such as habitat loss for some animal 

species [8],[9],[10].  

In the Ravenna province, more than 68 square kilometers of farmland are at a risk for soil 

salinization (Figure 3). These are primarily the areas near the Pialasse lagoons and near 

the rivers open to sea (Figure 1). This agricultural land is at sea level and drained by 

pumping machines. Many of the pumping machines are located 5 km far from the 

shoreline and they maintain the water table at 2 meters below sea level during the year, 

creating hydraulic gradients land inwards and promoting salt-qwater intrusion from the 

Adriatic Sea [3]. 

High rates of anthropogenic and natural subsidence and artificial drainage, among others 

causes, have caused groundwater salinization in the coastal unconfined and semi-confined 

aquifer near Ravenna, [3],[11] and a subsequent loss of fertile soils and vegetation species 

richness in the natural areas [7].  

In the Ravenna Municipality just about 35000 hectares are agricultural land, of these 30000 

are arable land and 5000 are orchards. Irrigation is widely diffuse and more than 50% of 

farms are equipped for irrigation. Until two decades ago the main source of irrigation 

water was groundwater from the phreatic and confined aquifers, but the increase of 

subsidence rates, forced to change the water supply from groundwater to surface water 

[12],[13], mostly from the Po River and some from the minor rivers flowing from the 

Apennines.  

The phreatic aquifer consists of sandy beach and dune deposits and is unconfined close to 

the sea and confined by a clay layer further inland (Figures 11and 12). Two dune belts 

parallel to the coast covered by pine forests form the only topography above sea level. The 

area in between the dunes belts is used for irrigated and rain-fed farmland, as well as the 

land behind the older dune belt, 5 km from the coast (Figure 1).  

Most of the coastal aquifer near Ravenna is very salty (above 10 g/l) [3][11][14]  

but, besides some small shallow freshwater lenses at the top of the aquifer, we found 

freshwater below an irrigated field. In some ways this result is worrying, because 
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irrigation water should not reach the groundwater, so that leaching of nitrates is  

avoided and waste of resources prevented. Mollema et al. ([15]) concluded from a water 

budget analysis over the Quinto basin watershed (south of the Ravenna urban area)  

that the amount of water used for irrigation was abundant but only looked at total 

volumes for the whole basin and did not quantify the contribution of irrigation to 

groundwater. 

The objective of this study is to quantify in detail the effect of irrigation water on the 

groundwater hydrology with the help of geochemical analysis, geophysical profiling and 

infiltration measurements. We address, in particular, the mechanism of how excess 

irrigation water ends up in the aquifer and how that affects the salinity of the groundwater. 

By doing all this, we assess whether irrigation practices can help to counteract further 

groundwater and soil salinization.  

2. Study area  

The study area (red rectangle in Figure 1) is part of the Quinto basin, the watershed that is 

confined between two rivers flowing from the Northern Apennines to the Adriatic Sea: the 

Uniti River in the north and the Bevano River in the south. The eastern border of the basin is 

the Adriatic Sea and the western border follows, in part, the Ronco River, a tributary of the 

Uniti River.  

An east-west profile through the area starting at the shoreline sea includes a beach near  

the town of Lido di Dante, a recent dune belt covered by a coastal pine forest called 

Ramazzotti, planted at the beginning of the 1900’s, agricultural land, an older dune  

belt (paleodunes) covered with a pine forest (Classe pine forest), a zone with many  

active and abandoned gravel quarries that form lakes and more agricultural land (Figures 1 

and 5).  

Our focus is on a plot of agricultural area (500 by 500 m) in the eastern part of the profile 

(Figure 2). The area is around a ditch (shown in red). The green dots are wells used to 

monitor the freshwater lenses, in particular P1S, P2S and P3S are fully penetrating the 

aquifer (-27m), the others are shallow piezometers (-6m). 

The ditch was dug in 1981 as a reservoir for irrigation water that was withdrawn from the 

Fiumi Uniti River. In 2008, the supply for irrigation changed and now it comes through an 

underground pipe from the Po River. The ditch is 500 m long, 5 m wide and 2,5m deep, 

resulting in a total volume of 6250 m3; it is completely disconnected from the drainage 

channels network. 

In 2011, the planting schedule was as follows: in the east parcel tomato plants were grown 

from April to August; Alfa Alfa was contemporaneously grown in the west parcel. Because 

of the particularly dry 2011 weather conditions, tomato plants needed irrigation water from 

the early stage of growth onward. 
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Figure 1. Index map and detail of the Ravenna coastal zone and location of study area (Quinto basin); 

the map reports also monitoring wells, rivers, channels, pumping stations and main environmental 

features. 
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Figure 2. Detail of the study area with thickness of sandy top layer, main drainage channels, flux 

direction and wells used for water table monitoring.  

3. Soil type and land use 

In the coastal area, sediments at the surface are mainly sandy (Figure 3). The sand layers are 

parallel to the coastline and form paleo and recent dunes. 

The sandy soils are called Cerba soils, and according to the FAO classification [16] for Soil 

Taxonomy, they are Calcaric Arenosols and Mesic Aquic Ustipsamments [17]. 
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These soil types are mainly used as arable land or horticulture. Due to their high hydraulic 

conductivity, these sandy soils are most sensitive for salinization [18],[19]. The Sant’Omobono 

soils (Brown in Figure 3) represents river sand deposits; these soils were deposited along 

recent or paleo-rivers during flooding events. According to the FAO classification [16] for 

the Soil Taxonomy they are Calcaric Cambisols, Fine Sandy, Mixed, mesic Udifluventic 

Ustochrepts, [17]. These kinds of soils are cultivated with vineyards and orchards. Because 

of their sandy texture, also these soils are at risk of salinization. The Medicina (Cataldi) 

sediments (Green colors) are soils with fine texture, mainly created when rivers flowed in 

presently reclaimed areas. FAO classifies them as Eutric Vertisols [16] and for Soil 

Taxonomy they are Fine, Mixed, Mesic Ustic Endoaquerts. [17]. They are grown with arable 

crops only and they are not affected by salinization [18],[19],[20]. 

Legend
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Rivers

Salty_soils

  SOIL TYPES

                        Name - Bedrocks

CERBA, SAN VITALE - Dune sand

CERBA, BOSCHETTO - Dune sand and lagoon deposit

CERBA, MARCABO' - Dune sand and river medium sediment

CERBA - Fine and Medium sand

RISAIA DEL DUCA - Fine sediment

MEDICINA , CATALDI - River fine sediment

SANT'OMOBONO - River sand sediment

JOLANDA - River sediment and peat

Water
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Figure 3. Soil types in the Ravenna area and soils at risk of salinization.  

The area studied in detail has an extension of 12 ha consisting of two parcels of land of 6 ha 

on each side of the ditch. The western parcel lies on a 1-m-thick silty sand top layer (Cerba 
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Boschetto soil) that confines the sandy aquifer below, whereas the eastern parcel lies on the 

unconfined part of the aquifer that consists of beach sand (Cerba San Vitale soil; Figures 2 

and 4). 

The differences in soil and lithology, make the land suitable for different kinds of crops: in 

the last thirty years, on the sandy soil (eastern parcel), the crops consisted of horticulture 

(strawberries, tomatoes, potatoes, nursery sugarbeet); on the silty soil instead (western 

parcel), typical extensive arable crops were grown (barley, wheat, maize, alfa-alfa). At our 

Mediterranean latitude, horticulture crops need irrigation during all the growth phases [13]; 

arable crops, on the other hand, do not need irrigation during growth. To provide irrigation 

water for horticulture, the ditch is kept full of freshwater in the summer period. As a 

consequence, the water level in the ditch is higher than the water table level in the adjacent 

aquifer. During the winter, the water level in the irrigation ditch matches the adjacent water 

table level. 

Focus 

Area

 

Figure 4. Quinto Basin soil types, with study section and focus area 
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Most of the land in the coastal zone near Ravenna is used for agriculture but urban and 

natural areas (pinewood and water surface body) are also widespread (Figure 1). Most of 

the natural environments are part of the Po Delta Regional Park. Irrigable crops are the most 

occurring culture in the province of Ravenna. Vineyards and orchards occupy a small 

percentage of the territory mostly further inland [12],[13].  

The Quinto Basin covers a total of 10,355 hectares of which the largest part is used for 

agriculture (66%), 10% is covered by pine forests, 9% is urban area, and 9% is open surface 

water or wetlands (Figure 5) [15],[21]. 

The agricultural land is primarily devoted to arable crops as wheat, barley, alfa alfa, 

sorghum and corn and only 15% is grown with horticultural and orchards. Horticulture 

represents less than 5% of the Quinto basin and it is practiced on sandy soils (Cerba soil) 

(Figure 4). Orchards are grown in the western part, on Sant’omobono soils only that, being 

the deeper soils in the Quinto basin, are the most adapt for fruits and grapes, which are 

sensitive to water logging (Figures 4 and 5). The most common horticultural products 

cultivated in the Quinto basin are tomatoes, potatoes and nurseries of strawberries and 

sugar beets. The dominant fruit trees are peaches, apples and vine. For this basin, the data 

from the last general agricultural census shows that the entire surface cultivated with fruits 

and horticultural crops are equipped with irrigation systems [12]. 

 

Figure 5. Quinto Basin land use map. 
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4. Topography, drainage and irrigation 

Most of the land near Ravenna is below or just a few centimeters above sea level. Only the 

recent dune belt and the paleo-dunes are up to 5 m above sea level (Figure 6). These dunes 

are covered by pine forests (Figure 1). The maximum elevation in the Quinto Basin is 5 m 

and it is measured in the most recent dune belts, whereas the lowest areas are near the 

gravel quarries 7 km from the coast at 2m below sea level (Figure 6). The farmland around 

the ditch of our study area is completely flat and lies at a few centimeters above sea level.  

Focus 

Area

 

Figure 6. Topography of the coastal zone near Ravenna and area below sea level in the Quinto basin. 

The whole coastal zone of Ravenna is drained mechanically to make agriculture possible 

despite the low topography. As a consequence, the areas of natural water infiltration are 

very small and localized along the dune belts. The entire district is divided into small 

watersheds defined by small topographic features such as rows of dunes, dikes, and levees 

[22]. Figure 7 shows the drainage basins in the Ravenna Municipality. Only one basin has a 

natural hydraulic gradient towards the sea (Figure 7).  
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Figure 7. Drainage basins in the Ravenna Municipality. The light green color represents natural 

drainage basins; the pink color shows the mechanically drained basins. 

A dense network of pumping stations and channels was built in the last century with the 

aim to keep the land from flooding and allow farming [23]. In the Quinto basin alone, more 

than 50 km of drainage channels reroute the water to the pumping stations [24]. 

The pumping stations are typically located inland, several kilometers from the shoreline 

(Figure 7). The drainage, therefore, creates a hydraulic gradient directed inland [3],[23]. Our 

study area is drained by two east-west oriented channels that collect the water between the 

two dune belts and convey it towards the Fosso Ghiaia pumping station (Figure 2). 

The pumping stations are activated automatically when the water level in the drainage 

channels reaches a threshold, regardless of the soil water availability or the weather 

forecasts. As a consequence, the water table is everywhere below sea level with the 

exception of the dune belts where the water table may be above sea level in the wet periods 

of the year. The pumping station in the Quinto basin, (Fosso Ghiaia) causes a deep 

withdrawal cone down to -2.5 masl in the western part of the Classe pinewood (Figure 8). 

The flux vectors that were calculated based on water table measurements in the wells of 

Figure 1 are all directed inland showing that sea water flows into the aquifer.  
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Figure 8. Water table contour map and flux vectors indicating the direction of groundwater flow. 

The main source of irrigation water is from river water; five rivers are tapped for irrigation, 

from north to south they are the Reno, Lamone, Fiumi Uniti, Bevano and Savio rivers. In the 

summer period, however, there is not enough water in these rivers and additional irrigation 

water is taken from the Po River by means of the Canale Emiliano Romagnolo channel (CER). 

The water from the CER is brought into the irrigation systems via the same channels that are 

used for drainage in the winter. 

The most common irrigation systems are the sprinkler and the drip irrigation system. The 

first one is used for horticultural crops with a large volume of water distributed twice a 

week, whereas the second one is typical for orchards and it uses small volumes of water but 

with a daily treatment. The sprinkler method, therefore, needs a storage basin for the water 

(ditch, lake or basin). The drip system instead doesn’t need a storage basin [25]. 

In our focus area, water for irrigation was taken for many years from the Fiumi Uniti River. 

Seawater, however, has encroached along the river and, therefore, it was necessary to 

change the water supply [3]. Recently, irrigation water comes through a pressurized 
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pipeline directly from the CER (Po river source). During the monitoring time, irrigation on 

tomato parcel started at an early stage of growth in April 2011 and ended at the harvest time 

in August 2011. The scheduling of irrigation has been rather regular: approximately twice a 

week. For each irrigation operation, 20 mm/m2 were distributed on the tomato plants (Table 

1). No irrigation was given to the alfa alfa in the parcel to the west of the ditch. 

In the Ravenna Municipality, irrigation and drainage practices are managed by the same 

authority: the Land Reclamation Consortium for the Romagna Region and for both services 

the end users costs have recently increased [24],[25]. 

5. Climate 

The climate of Ravenna is Mediterranean with generally warm summers and mild winters 

[26]. The average temperature is about 14°C varying from -5° to 10°C in the winter period 

and from 20° to 35° C in the summer months [27]. The average annual rainfall calculated on 

a long term database (1960-2011) is more than 650 mm and it is usually concentrated in the 

spring and autumn months. 

In five of the last six years, total precipitation has been under the average; in particular 2011 

was the driest of the last 23 years, with only 385 mm (Figure 9). Compared with the average 

monthly rainfall of 1960-2011, in fact, most of the autumn rainfall is absent (Figure 9). The 

same comparison for temperature shows that in 2011 the temperature was 3-4°C higher than 

the average of the last 51 years, especially in autumn and winter (Figure 10). 
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Figure 9. Annual precipitation in the city of Ravenna. Red line represents the long term mean value. 
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Figure 10. Monthly rainfall and temperature for the Ravenna Area.  

One of the climate change scenarios proposed for the Mediterranean area [28] indicates a 

substantial change in the hydrologic budget by the end of this century. According to 

Antonellini and Mollema 2010 ([7]), evapotranspiration will increase as a result of an 

increase in temperature; rainfall will be concentrated in short periods, the winter will 

become more humid and the summer more dry compared to the present, and there will be 

an increase in extreme events (floods or droughts). Such a forecast for the coastal zone has a 

particular significance, because a shortage of fresh water in the area next to the sea will 

promote saltwater intrusion in the ground water and soil salinization. According to Magnan 

et al. 2009 ([28]), it is possible to mitigate some of these effects, but it is not possible to avoid 

them completely; it is, therefore, necessary to start the development of mitigation and 

adaptation strategies now in order to face these issues. 

6. Geology and geomorphology 

The study area is a small portion of the southern part of the wider Po delta plain. The 

surface aquifer sediments were deposited during the Late Quaternary (Holocene) sea-level 

fluctuations [29],[30]. During the last glacial maximum (19 kyr ago) the sea-level dropped 

about 100-120 m in the Adriatic basin and the North Adriatic Sea was became a deep 

alluvial plain [31][32]. During the optimum climatic period, about 5500 years ago, the paleo-

shoreline was located 25-30 km west of its actual position. From the most landward position 

of the Holocene coast, a rapid migration of a barrier-lagoon-estuarine system was developed 

to create the Ravenna alluvial plain, especially from Roman age (IV cent. B.C.) to recent 

times.  

The sedimentation in the study area turned from marine to continental only recently (XIX 

century). Most of the study area emerged during the last shoreline progradational phase 
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[33], which took place from 1851 to 1894 A.D at an average rate of 20 m/y and in the first half 

of the past century (4-12 m/y). Nowadays, although the Holocene glacial period with related 

sea level changes is finished [34], the movements of the coastline still occur: a large part of 

the coast is under active erosion and only a small part is prograding to sea. This is mostly 

due to human intervention: the subsidence due to water and gas exploration in combination 

with a lack of sediments transport by the rivers and the construction of various piers 

perpendicular to the coast near the harbors and breakwaters parallel to the coast that trap 

the sediments. These interventions have interrupted the natural process of long shore 

current and sediment transport [34]. Now beach and dune erosion and shoreline retreat are 

a major problem along the Adriatic coast [35]. 

The sandy aquifer consists of two main units: a relatively thick medium-grained sand unit 

(from 0 to -10 masl) and a lower fine-grained sand unit of small thickness (from -21 to -26 

masl). These two sand bodies are separated by a clay-silt and sand-silt continental unit 

(from -10 m to -21 masl) called Prodelta (Figure 11). Lastly, the Flandrian continental silty-

clay basement is at a depth varying from -20 m.a.s.l. in the west to -30 m.a.s.l. at the present 

shoreline [29],[36],[37]. 

The resulting picture of the aquifer is a wedge shaped dune and beach sand body pinching 

out in a westerly direction. It is enclosed at the bottom and top by clays and peat deposited 

in lagoons, marshes and alluvial plains. The only portion where the aquifer is phreatic are 

the paleodunes and the actual dune belt both covered by pine forests. At the tip of this 

wedge there are gravel deposits (Figure 11) [29][38].  

 

Figure 11. Lithological cross section of the Ravenna aquifer in the study area (modified from [29][39]) 

7. Monitoring 

A groundwater monitoring campaign has been carried out in 8 wells along the section of 

Figure 1, in December 2010 and it was repeated in April 2011, with the aim to compare 
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salinity and chemical data in two different seasons. A monthly water table monitoring was 

performed for the whole transect with increased data density around the ditch, where we 

installed two shallow wells in February 2011. Overall, 8 wells near the ditch were monitored 

for water table analysis (Figure 15). 

Rainfall was measured with 5 pluviometers located along the section. In the eastern parcel, 

within the tomato field, we were able to measure both rainfall and irrigation. To assess how 

much rainfall and irrigation from the surface reaches the groundwater, we buried in the 

same location a drain-gauge. Geo-electric vertical resistivity surveys (VES) in cross sections 

normal to the ditch (Figure 12) were carried out in order to determine the depth, shape, and 

evolution of the fresh water lens [40],[41],[42]. VES surveys were repeated twice: before the 

tomatoes were planted in February 2011 and during the maximum irrigation period in July 

2011. The VES calibration was made using well salinity data, and apparent resistivity data 

obtained for the area by the process of inversion [43][44]. 

Groundwater with a salinity ranging from 0 to 3 g/l has been defined as freshwater, based 

on a study of the relationships between salinity and natural vegetation species richness [7]. 

Above the salinity threshold of 3 g/l, the species richness decreases dramatically. The 

brackish water has been defined as water with a salinity ranging from 3 to 15g/l and water 

with salinity above 15 g/l is considered saline. 
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Figure 12. Small parcel, studied in detail, with simplified lithology, irrigation ditch (light blue), wells 

MAR1 and MAR2 (red circles), and 16 V.E.S. locations. 
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The salinity data show that the size of the freshwater lenses changes throughout the year 

(Figure 13). Below the coastal pine forest and close to sea, the aquifer is salty and there is a 

0.5 m thick fresh-brackish water layer at the top of the aquifer, which disappears in 

summer. Salinity data indicate a counter-intuitive trend underneath the irrigated 

agricultural land at 2 km from the sea: in summer the salinity is lower than in the winter. 

This may be explained by the high irrigation rates during the growing season or by 

infiltration from the irrigation ditch. Inside the historical Classe pine forest, at 4 km from 

the coast, the groundwater is mostly brackish (10 g/l) with a 1 m thick freshwater layer at 

the top of the aquifer that, in the coastal pinewood, vanishes rapidly. Fresh groundwater 

lenses within the quarry belt at 7 km from sea have a larger thickness (2 m) but at the 

bottom of the aquifer saltwater is also present. At a distance of 10 km from the coast, in 

agricultural land, there is fresh water throughout the whole thickness of the aquifer 

(Figure 13).  

On the basis of the cations and anions analyses, alkalinity, and salinity, a groundwater type 

classification used by Stuyfzand [45] was obtained [11]. Seawater is typically of the S4NaClo 

type meaning a saline water with High Alkalinity, Na being the major cation, Cl the major 

anion and a zero BEX indicating a stable water without cation exchange taking place (for 

data see [11]). 

 

Figure 13. Transect 10 km long from the Adriatic coast on the right towards the mountains on the left. 

Warm colors represent brackish-saline water whereas cold colors are for freshwater. 
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Apennine river water is typically of the type (g-F)3CaHCO3 and (f-F)3CaMix, or in other 

words: fresh water, medium alkalinity and rich in Calcium and varying anions. Po river 

water coming through the CER is of the type g2CaHCO3 and slightly less alkaline than 

Apennine river water [11]. The groundwater water type is diagnostic to evaluate if the river-

irrigation water has replaced the saline groundwater. Figure 14 shows that the sodium-

chloride water type is dominant in the whole section. It is important to note that there are 

differences between the winter and spring situations in the area studied in detail. This was 

caused by the addition of new wells in the second monitoring campaign (MAR1 and MAR2 

were monitored in April 2011 only). Excluding this effect, two water type changes were 

observed in the western part of the transect: from calcium-carbonate in December 2010 to 

calcium-mix in April 2011 in well P9S and from magnesium to sodium in well EMS. The 

April water type for the area near the irrigation ditch shows, in MAR1 well, a calcium 

carbonate water type, which is the same chemical composition of river water. Otherwise, in 

well MAR2 despite its low salinity (Figure 13), the dominant water type is sodium-chloride 

(Figure 14). 

 

Figure 14. 10-km-long transect from the Adriatic coast (on the right) towards the mountains (on the 

left). The different water types are indicated with different colors. Warm colors represent brackish-

saline Na-Cl composition whereas cold colors are for typical freshwater composition. 
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The BEX index for dolomite-rich aquifers as reported by Stuyfzand [45] is used to study 

whether the groundwater is becoming more or less saline. The BEX is indicated in Figure 15 

with a +, - or 0 character after the water type code. The groundwater samples at the top of 

the aquifer and in winter show a positive BEX index, which indicates freshening (Figure 14).  

Rainfall from January to September 2011 recorded in the five pluviometers along the section 

has a fairly homogeneous value around 400 mm. Total irrigation of a tomato field in the area 

studied in detail was 600 mm, applied with a rate of 120 mm per month (April-August). The 

infiltration rate of water into the aquifer, measured from drain gauges located in the tomato 

field, was 8 mm/m2 in May, 2 mm/m2 in June and 0 in the other months (Table 1). 

 

2011 

(unit 

mm) 

Months January February March April May June July August September 

Rainfall 33 38 96 15 31 40 43 0 27 

Irrgation 0 0 0 150 120 150 180 90 0 

Infiltration n.a. n.a. n.a. 8 2 0 0 0 0 

Table 1. Precipitations, irrigation and infiltration measured in tomato parcel from January to 

September 2011 

Water table measurements in April 2011 show that the groundwater is at 0.2 m below sea level 

in the Ramazzotti pinewood and, moving landward, the depth linearly increases up to 1.2 m 

below sea level (Figure 15). The water level decreases rapidly everywhere during the summer, 

except for the area surrounding the irrigation channel (Figure 15) where an inverse gradient, 

with respect to the normal situation, is present during the whole irrigation time (from May to 

August 2011). As in winter the water level in the irrigation ditch is equal to the groundwater 

level, during the growing season the water level in the ditch is higher than the groundwater 

level, creating a hydraulic gradient in the phreatic aquifer that is directed to sea. At the end of 

the irrigation season (September for the year 2011), the inputs of freshwater end and the water 

level in the ditch returns to match the groundwater level (Figure 15). 

The February 2011 survey results suggest that below the eastern parcel, where the aquifer is 

phreatic, a 4-m-thick freshwater lens is present before the irrigation season; freshwater is 

also present west of the ditch but its thickness is only 1,5 m. During both field campaigns in 

February and July 2011, VES profiles and the depth of the water table and the salinity of the 

groundwater at the water table were measured by drilling auger holes. The measurements 

made in February (Figure 16) show that the water level in the ditch is the same of the 

groundwater and that the whole system has a small gradient towards the pumping station. 

The freshwater lens vanishes below the Ramazzotti pinewood (E8 location) where the the 

water is salty up to the surface (Figure 16). 

During the irrigation period (July 2011), the ditch is full of freshwater. The irrigation of 

tomatoes in the eastern parcel causes the whole soil profile to be moist. West of the ditch, 

where the Alfa Alfa was grown, the water table depth increases and also the bottom of the 

dry soil line becomes deeper (Figure 16). Comparing the VES profilqes made in February 

2011 with those made in July 2011 confirms the existence of a well-developed freshwater 

lens in the eastern part that grows in size during the irrigation season (Figure 16). The 

largest growth in thickness of the freshwater lens occurs under the ditch and in the western 

part where the semi-confined aquifer is present. 
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Figure 15. Study area water table map for April, July, and September showing also the irrigation ditch 

(red line). 
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Figure 16. Seasonal comparison of VES results for the agricultural land close to the freshwater storage 

ditch. 

8. Discussion  

As recently reported by IPCC [22] a reduction of freshwater availability and an increase of 

drought periods length is likely to occur in the Ravenna area during the next 100 years. 

An increase in temperature with a simultaneous increase of evaporation will cause  

soil salinization and loss of production. Near Ravenna more than 68 square kilometers are 

at risk for soil salinization caused by salt water intrusion in the coastal aquifer and along 

main rivers and channel. A stable isotope analysis shows that the ground and surface 

water near the city of Ravenna is a mix of sea, rain, and river water. The sea-water is, in 

part, inherited from the Holocene deepest marine ingression [11]. The aquifer has the 

shape of a sandy wedge enclosed in clay and this inhibits an efficient flushing of the  

saline water that is in part left at the bottom of the aquifer from the optimum climate 

period. Deeper aquifers in the area receive underground recharge from water with a 

mountain or rainfall sources. Where present, freshwater is located in the recent and paleo-

dune belts, because of their high infiltration potential [3],[22],[47]. Where channels and 

rivers flow on a sandy top layer, there is infiltration of freshwater into the aquifer as along 

the Bevano and Fiumi Uniti rivers as well as in the western part of the San Vitale pinewood 

[11]. There is a small area along the Bevano River, where the freshwater lens reaches the 
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bottom of the aquifer but in all other cases the freshwater lenses are floating on top of 

brackish groundwater. These freshwater lenses are thin (1m maximum), ephemeral 

(present only during winter) and strongly linked to the climate conditions 

[3],[22],[48],[49],[50]. 

Aquifer salinization in our study area is due to the combination of several factors such as 

low topography, natural and anthropogenic subsidence, mechanical drainage, destruction of 

the coastal dune belt, and scarcity of freshwater infiltration [11][43][51][52]). As shown in 

Figure 8, in the whole aquifer, the groundwater head is below sea level in winter also. This 

situation causes a sea-water encroachment promoted also by the high discharge water 

volumes of the pumping stations. Based on number of activity hours, we roughly calculated 

that in the Quinto Basin the volume of drainage water was 8 times larger than that of the 

total rainfall in same basin for the period. 

In this contest, with low freshwater availability and poor natural recharge, it is important to 

look for some technique that is able to counteract soil and groundwater salinization and at 

the same time encourages water management practices that prevent nitrate leaching, 

safeguard the economics of agriculture, and save the freshwater resources. 

Our attention was focused on a small agricultural area at a distance of 500m from the 

shoreline, where despite all previous studies [22][51][52][53], the presence of a freshwater 

lens throughout the year, was found. Although this area is affected by drainage, low 

topography, and subsidence as the rest of the Ravenna province, the presence of a sandy 

top layer, the horticulture with irrigation, and a ditch used for freshwater storage, all 

promoted aquifer recharge. The chemical analysis and electrical surveys showed that the 

size of the freshwater lens is larger during the summer period (Figure 13, Figure 14 and 

Figure 16).  

In many other countries worldwide, managed aquifer recharge (MAR) is used to store fresh 

river or rain water in the underground of riverbanks or dunes for later use as drinking water 

[54].  

Managed Aquifer Recharge or MAR is also used for re-pressurization of aquifers subject 

to falling water levels, declining yields, saline intrusion or land subsidence. Examples of 

these from around the world include different technologies such as aquifer storage and 

recovery (ASR), aquifer storage transfer and recovery (ASTR), bank and dune filtration, 

infiltration ponds, percolation tanks, rainwater harvesting , and soil-aquifer treatment 

(SAT) [55]-[61]. All above mentioned technologies have a cost that sometimes may be not 

sustainable by the local economy. In countries such as India, China, and Pakistan artificial 

recharge from ditches is affordable for the cultivation of rice, but this is usually done far 

from the coast ([61][62][63][64]). As reported by Gale 2000 ([61]), in many countries, the 

seepage from ditches or channels is considered a loss of water and they are studying 

systems to solve this problem. Irrigation ditches, on the other hand, may also play an 

ecological role: some authors report that ditches support the biodiversity and associated 
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ecosystem services ([65]) and that they promote retention and removal of agrochemicals, 

decrease soil erosion, and allow the early stage of development for fish, amphibians, and 

reptiles [66]. Another aspect to consider is the low cost for their construction and 

management (removal of excess vegetation to restore efficient drainage) [66]. In particular 

for our area a dense network of ditches is already present and their building costs could 

be very low or absent. 

Irrigation practices tend to become more and more efficient by letting go less and less 

water into soil-evaporation. The driving forces for that are the scarcity of freshwater and 

economic incentives. One might say that the water left in the ditch to recharge the aquifer 

is water that is ‘lost’. One of the main challenges in water resources and agricultural 

management in coastal Mediterranean zones will be to define priorities that may vary 

with the particular area. In one place it may be important to use as little water as possible 

for irrigation not leaving anything to waste or end up in the aquifer underneath the top 

soil. In other places instead, especially in the coastal zone, irrigation water may be left to 

seep from the ditches into the surface aquifer to create freshwater lenses that sustain the 

agricultural land as well as the natural areas and at the same time counteract seawater 

intrusion. 

The high salinity of the coastal aquifer near Ravenna is in part inherited from its 

geological history. Therefore it is unlikely that the aquifer will be ever used as a source for 

drinking water. By infiltrating (excess) river water on purpose through ditches as the one 

studied in this paper, however, freshwater lenses can be created that may prevent soil 

salinization and serve agricultural crops as well as natural areas. Our studied ditch has 

the same dimension as the drainage channels in the area. The only difference is that it is a 

closed basin used for storage irrigation water during the summer. By using the existing 

hydraulic infrastructure for managed aquifer recharge in ditches, more freshwater would 

flow into the aquifer instead of being drained away by the pumping machines. This 

system of aquifer artificial recharge would be viable in similar coastal settings throughout 

the world. 

9. Conclusions 

Despite the fact that there are many technological, agricultural, economic, and water 

availability factors that are dependent on the local situation and farming practices (crop 

rotations, volume and timing of irrigation, tillage, economic forcing, etc.) and that the length 

of the study was of only one year, so that no long term trends can be captured by the 

analysis presented, some interesting observations have been made:  

• The land use in the Ravenna coastal area is complex; natural areas (pine forests, lagoons 

and wetlands) and industrial activities are placed in a landscape dominated by 

agriculture. 

• The Low topography, the high rates of subsidence, the salty phreatic aquifer require 

land drainage to allow for any activity. The result is that drainage allows for agriculture 
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but it decreases the recharge of the aquifer, removes freshwater from the top of the 

aquifer and increases up-welling of saline water from below. 

• The surface hydrology is controlled by a high density network of channels used mainly 

for drainage but locally for irrigation. 

• Due to different geological events, different kinds of sediments were deposited in the 

area; therefore special soils were developed and crops distribution as well as irrigation 

water requirements depends strictly from the soil characteristics.  

• Irrigation is essential for horticultural crops, which are mainly located on sandy soil 

where the connection with the aquifer below is guaranteed. 

• The water sprayed on the land for irrigation does not infiltrate into the aquifer and this 

is a good practice to avoid nitrate leaching and contamination of the groundwater. In 

the area studied in detail, the only irrigation water added to the aquifer is from seepage 

from the storage ditch. 

• The case study shows that the presence of a ditch, full of freshwater for 5 months 

during the year, generates a permanent freshwater bubble 4 m in thickness, at 500 m 

distance from the sea. This shows that combined irrigation and drainage management, 

considering the dense network of existing channels and different types of soil, can be of 

benefit for the agriculture for soil protection, storage of freshwater resources, and to 

counteract sea-water intrusion. 
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1. Introduction 

Countries with economies based on agriculture generate vast amounts of low or null value 

wastes which may even represent an environmental hazard. In our group, agricultural 

industrial wastes have been converted into value added liquid substances and materials 

with several aims: decreasing pollution, giving added value to wastes and working in a 

sustainable manner in which the wastes of an industry can be used as the raw materials of 

the same or others, as the “cradle to cradle” philosophy states [1]. 

Sub-products from the agricultural food industry are being employed as renewable low cost 

raw materials in the preparation of Ecomaterials, designed for use in a number of industrial 

processes of great interest. Given their origin, these materials may compete with 

conventional ones since with this process a sustainable cycle is closed, in which the residues 

of one industry are used as raw materials in the same or other industries [2]. 

With regards to the composition of the residues produced from agriculture, the pH of soil is of 

great importance, since plants can only absorb the minerals that are dissolved in water and pH 

is mandatory for the physical, chemical and biological properties of soil and the main cause of 

many agronomic questions related to nutrient assimilation [3-5]. Variations of pH modify the 

solubility of most elements necessary for the development of crops and also influence the 

microbian activity of soil, which will affect the transformation of elements that are liberated to 

the soil and can be assimilated to form crops or not [3]. For example at pH lower than 6 or 

higher than 8 bacterian activities are lowered, the oxidation of nitrogen to nitrate is reduced 

and the amount of nitrogen available for plant food is decreased. However Al, Fe and 

manganese are more soluble at low pHs, reaching even toxic concentrations. Potassium and 

sulphur are easily adsorbed at pH higher than 6, calcium and magnesium between 7 and 8.5 

© 2012 Martin-Luengo et al., licensee InTech. This is a paper distributed under the terms of the Creative 

Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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and iron at pH lower than 6. For alkaline pH in soil, the availability of H2PO4- can be reduced 

through precipitation of phosphorous containing salts with cations such as calcium Ca2+ or 

magnesium Mg2+. However when soils have acid pH other compounds with HPO42- and iron 

(Fe2+), aluminium (Al3+) and manganese (Mn2+) can form, with increased solubility. 

The main factors that influence soil pH are the mineral composition and how it meteorizes, 

the decomposition of organic matter, how nutrients are partitioned among the solution and 

aggregates and of course the pluviometry of the zone and atmospheric contamination. 

Lower pHs are found in places with high pluviometry, with high organic matter 

decomposition, young soils developed on acid substrates, and places with high atmospheric 

contamination (acid rain).  

Depending on the species, crops can benefit from calcareous soils with high calcium 

carbonate content such as alfalfa, but other plants prefer soils with acid pH such as potatoes, 

coffee or tobacco. It is clear that different seasons will produce plants with a varying 

composition depending on the atmospheric conditions and therefore the materials derived 

from them need to be characterised and analysed to determine their possible uses. 

Variation in content of components in fruits and vegetables depends upon both genetics and 

environment, including growing conditions, harvest and storage, processing and 

preparation. For example in broccoli, low soil water content during plant growth and post 

harvest cold storage were conditions that, combined, gave higher amounts of l-ascorbic acid 

[6,7]. Higher polyphenol contents are found in organic tomato juices compared to non-

organic ones due to a higher phosphorus uptake and limited nitrogen availability in the first 

case [8]. Therefore, thorough characterisation of the residue composition is a key step before 

determination of the possible uses of a given residue. 

Among the applications being developed in our group, Bio-refinery processes (preparation 

of sustainable p-cymene and hydrogen, avoiding the use of petroleum derivatives and 

synthesis of pharmaceutical and fine chemical intermediates), design of structured materials 

capable of effluent decontamination and preparation of biomaterials to act as scaffolds for 

cell growth towards development of prostheses and implants, will be considered here. 

Given its multidisciplinary approach, this work is being carried out through the 

collaboration among national (Institute of Materials Science of Madrid (ICMM, CSIC), 

Institute of Catalysis (ICP, CSIC), Centre of Molecular Biology Severo Ochoa (UAM-CSIC), 

Polytechnic University of Madrid (UPM), University at distance (UNED), University 

Complutense of Madrid (UPM) and international (University of Sheffield and University of 

Ghent) research groups, in addition to various industries interested in the transformation of 

their residues and or sub-products into “value added materials”, with whom various 

research projects have been and are being sponsored by the MICINN and CDTI. 

2. Production of sustainable p-cymene and hydrogen 

Environmental problems pose a great challenge, particularly in countries such as Spain, 

where water use, residues desertic and contaminated soils have become a matter of the 
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utmost concern. Efforts from academia, industry and government are mainly based on 

technological changes that improve chemical processes to avoid negative environmental 

consequences. New renewable and sustainable chemicals are now being obtained from 

agricultural wastes, applying “biorefinery technologies”, which reduce the need for non-

renewable fossil fuel resources to help solve many environmental problems. Spain is the 

third producer of citrus fruits in the world [9]. Limonene is a six membered ring terpene, 

present in agricultural wastes derived from citrus peels, with a purity of more than 95% in 

orange peel oil. Sustainable p-cymene and hydrogen were prepared form limonene, 

comparing commercial and agricultural waste derived catalysts and conventional and non-

conventional activation paths. These studies show interesting results through the 

development of solids that activate certain kinds of reactions shown in Figure 1. 

 

Figure 1. Conversion of limonene to p-cymene and reaction intermediates 

This work is based on designing a clean process to transform limonene, into p-cymene, in a 

rapid, simple and economic way. Limonene, a cyclic terpene with empiric formula C10H16, is 

extracted with a purity of ca. 95% from citrus fruit processing. Although initially used in 

pharmaceutical industries, food is the main means for human exposure, although due to its 

low toxicity [10] it does not constitute a risk to human health at the actual exposure levels. 

This compound has various uses, as a biodegradable solvent for resins (replacing organic 

solvents such as mineral oils, methyl-ethyl ketone, toluene, glycolic ethers, CFCs, or as an 

additive in pigments, inks and adhesives. However, new uses are being sought to give 

added value to this subproduct, thus increasing the income of these industries, but also with 

an obvious benefit to society. From the chemical structure of limonene, shown in Figure 1, it 

may be appreciated that having a six membered ring this substance has the potential to 

obtain compounds that are usually produced employing petroleum derivatives, with the 

added bonus of it being a less toxic renewable intermediate. In this study the production of 

p-cymene, an important intermediate in industrial fine chemicals syntheses, for fragrances, 
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flavourings, herbicides, pharaceuticals, p-cresol production, syntheses of not nitrated musk's 

(i.e. tonalide), etc. [11] will be described. 

The preparation of p-cymene is usually carried out by Friedel-Crafts alkylation of toxic 

benzene or toluene (from petroleum), with AlCl3 as catalyst and the respective halides or 

propanol [12]. In these processes mixtures of ortho and para isomers, are found and therefore 

further separation processes are required. Furthermore, the use of benzene or toluene and 

AlCl3 are restricted by environmental legislation in industrialised countries. In this study a 

series of commercial silica–alumina mixed oxides, supplied by Sasol, with silica contents 

ranging from 1 to 40 wt.% designated as SIRAL 1 to SIRAL 40, accordingly, were employed. 

The textural and acid characteristics of these materials were determined and related with 

their catalytic activities in the transformation of limonene to p-cymene using microwave 

irradiation as a rapid and efficient energy source, alternative to conventional heating, where 

apart from the advantage of substantially reduced reaction times the product selectivity was 

also enhanced [10]. 

The texture of the mixed oxides: surface areas and pore volumes were analysed by nitrogen 

adsorption/desorption isotherms at −196°C, in a Tristar apparatus from Micromeritics, on 

samples previously outgassed at 300°C to a vacuum of less than 10−4 torr to ensure that they 

were clean, dry and free from any loosely adsorbed species. The BET method was used to 

determine the specific surface areas (SBET) from the adsorption data in the relative pressure 

range of 0.05–0.30 p/p° and the mesopore size distributions were calculated from the 

desorption branch of the nitrogen isotherm using the Kelvin equation and the BJH method 

with the parameters for the thickness of the adsorbed layers from the Harkins–Jura 

equation, chosen since this employed a metal oxide as the non-porous standard [13]. 

The acidities of the solids were analysed from their ammonia adsorption capacities, 

determined on a Micromeritics ASAP 2010 device, after being outgassed overnight at 300°C 

to a vacuum of >10−4 torr, then the ammonia adsorption isotherms at 30°C were determined 

up to a pressure of about 350 torr, obtaining the total chemisorption plus physisorption 

capacities. Subsequently the sample was outgassing at 30°C and a second adsorption 

isotherm at 30°C determined to measure the physisorption capacity of the sample. The 

chemisorption capacity was calculated from the differences in the ammonia uptakes 

between the first and second isotherms. The total acidities were subsequently calculated 

assuming that each molecule of ammonia reacted with one acid site [14]. 

Pyridine adsorption coupled with infrared analysis was used to qualitatively determine 

the Lewis (Al3+) and Brønsted (Al-OH) acid sites of the materials, these being capable of 

catalysing the conversion of limonene to p-cymene. The catalysts were pressed as self-

supporting discs, outgassed under high vacuum, contacted with pyridine vapour and 

outgassed to obtain the infrared spectra corresponding to Lewis and Brønsted acid sites 

with adsorption peaks at 1455 and 1545 cm−1, respectively [15]. The microwave reactions 

were carried out with a programmable focalised monomodal microwave apparatus, 

Synthewave 402 from Prolabo, under both dry media and reflux conditions. Dry media 

microwave induced reactions can be considered a clean technology, since no solvents are 
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used. In those experiments 50 μl of limonene were physically mixed with 200 mg of solid, 

placed in a glass reactor and irradiated at 300 W for 5, 10 or 20 min. In reflux conditions 

500 mg of solid was mixed with 5 ml of limonene and heated with a reflux column to 

165°C for 10 or 20 min, avoiding overheating of the reaction mixture. The final 

temperature was chosen to be slightly lower than the boiling points of the reactant and 

products (limonene 175°C, p-cymene 177°C) in order to control the reaction. At the end of 

the experiments the reaction mixtures were cooled, extracted and dissolved in ethanol and 

analysed by gas chromatography coupled to a mass spectrometer (GC–MS). Following the 

extraction of the reaction products with ethanol, the catalytic activities of the samples 

were redetermined to ascertain if the materials had suffered any change in their activities 

or selectivities. 

It has been previously proposed that the available surface area coupled with the accessibility 

to the active acid sites play important roles in controlling the catalytic process in this 

reaction [16]. The specific surface areas, pore volumes and average mesopore diameters of 

the solids are summarised in Table 1. The nitrogen adsorption/desorption isotherm for 

SIRAL 1 was of type IV with a well-defined plateau at high relative pressures with a type 

H1 hysteresis loop, characteristic of a mesoporous solid with a narrow well defined 

mesopore size distribution [13]. On increasing the silica content the specific surface area, 

mesopore volume and average mesopore diameters increased progressively as evidenced by 

a widening of the hysteresis loop between the adsorption and desorption branches and with 

the highest silica contents the plateau at high relative pressure became less well defined as 

the pore sizes shifted into the narrow macropore range. From the isotherms obtained for 

SIRAL 1 and SIRAL 40 presented in Figure 2 the change in the hysteresis loop due to the 

widening of the pores may be appreciated while the upward displacement of the curve with 

the increased silica content was indicative of the greater specific surface area. The other 

samples with intermediate silica contents, not shown here for clarity, gave rise to 

adsorption/desorption curves that lay between these two extremes. 

  

Figure 2. Textural characteristics of mixed oxides SIRAL 1 ○● and SIRAL 40 Δ▲ 

Since the reaction is catalysed by the acid sites, the higher activity as the number and 

accessibility of the surface acid sites rose with increased silica content was to be expected. 

Greater activities were found as the total acidity was increased (measured by ammonia 

adsorption, shown in Figure 3). 
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Sample 

Surface

area 

(m2g−1) 

Pore

volume 

(cm3g−1) 

Average mesopore diameters (nm) 

 

SIRAL 1 321 0.45 4.5 5.8 

SIRAL 5 364 0.57 4.8 5.9 

SIRAL 10 422 0.59 4.8 6.8 

SIRAL 20 432 0.68 5.4 9.4 

SIRAL 40 506 0.95 5.8 12.7 

Table 1. Textural properties of the mixed oxides 

The catalytic activity results obtained with microwave irradiation of limonene are presented 

in Table 2. 

 

Selectivity 

Sample Time (min) 
Conversion 

(%) 

α-terpinene 

(%) 

Γ-terpinene 

(%) 

α –terpinolene 

(%) 
p-cymene (%) 

 5 15 85 0 15 0 

SIRAL 1 10 56 52 14 0 34 

 20 100 0 0 0 100 

 5 42 60 12 21 7 

SIRAL 5 10 63 27 25 0 48 

 20 100 0 0 0 100 

 5 65 48 11 31 10 

SIRAL 10 10 69 15 0 14 71 

 20 100 0 0 0 100 

 5 88 31 6 15 48 

SIRAL 20 10 100 0 0 0 100 

 20 100 0 0 0 100 

 5 93 0 0 3 87 

SIRAL 40 10 100 0 0 0 100 

 20 100 0 0 0 100 

Table 2. Limonene conversions and selectivities under dry media conditions 

During the reactions (SIRAL 1 shown as example in Figure 4), only α-terpinene, γ-terpinene, 

γ-terpinolene (from isomerisation) and p-cymene (from dehydrogenation) were found as 

products, with no other compounds such as menthanes or menthenes, produced by 

disproportionation or polymerisation, detected. In Table 2 it should be noted that the 

selectivity to p-cymene increased with both longer irradiation times and increased silica 

contents. For the two samples with the highest silica contents reaction times of just 10 min 

● ▲
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gave selectivities to p-cymene of greater than 90%. Since these samples had the most acid 

centres, calculated on both per gram or per m2g-1 basis, it would appear that the selectivity 

to p-cymene was due to the rapid aromatisation of the intermediates produced by 

isomerisation over the acid centres. Although conversion of limonene to p-cymene over 

Lewis acid sites with conventional heating is known, the much longer reaction times 

necessary to increase the overall conversion (3 h) leads to reduced selectivities due to the 

formation of undesirable mentanes, etc. [17]. 

 

Figure 3. Ammonia chemisorption cm3g-1 ● and number of acid sites m-2 ▲ vs. silica content of the 

mixed oxides. 

In order to carry out the reaction in conditions similar to those used industrially the two 

samples with the highest activities in dry media were chosen for further study in reflux 

conditions, with the ratio between the reactants and the solid: 0.00025 and 0.01 cm3g-1, 

respectively. From Table 3 it may be observed that the intermediate isomerisation product 

α-terpinene was only found for SIRAL 20 and at a very low level (4%) and 100% conversion 

of limonene to p-cymene was achieved with Siral 40 after 10 min. The speed of the reaction 

when heated by microwave irradiation is possibly the reason for the high selectivities, since 

the short reaction time necessary to attain these high conversions and selectivity to p-

cymene avoid the formation of undesirable by-products such as mentanes (products of 

disproportionation) or polymers, that are found with the longer reaction times employed 

with conventional heating [18]. Thus, microwave irradiation favoured the production of p-

cymene from limonene, avoided the use of highly toxic benzene, toluene and aluminium 

trichloride and allowed high conversions and excellent selectivities towards the desired 

product due to the accelerated reaction rates. As the reaction is governed by the number and 

accessibility of the acid sites greater activities were achieved with increased silica contents, 

which led to higher specific surface areas, pore volumes and average pore sizes in addition 

to an increased number of acid sites. 

2.1. Modified clays 

Sepiolite modified with sodium hydroxide and impregnated with either iron or manganese 

salts were also used as catalytic supports for conversion of limonene to p-cymene. The use of 
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an inexpensive natural clay for the catalyst preparations reduces costs and the need for 

commercial synthesised solids is avoided. The sepiolite used was from Tolsa SA (hydrated 

magnesium silicate of the philosilicate type 2:1 with a layer of magnesium between two 

layers of silica tetrahedra. The octahedral sheet is composed mainly of Mg2+, mainly 

composed of SiO2, 62%, MgO 25%, Al2O3 1.2%, Fe2O3 0.5%). This natural clay of high 

abundance in Madrid (Spain), has a specific surface area (SBET) close to 300 m2g-1, of which 

150 m2g-1 is external (pores with diameters >2 nm ø) and the rest is due to the micropores of 

the material (< 2nm ). It has a high density of –SiOH groups originated at the edges due to 

breakage of Si-O-Si bonds at ca. 0.5 nm intervals, having a density of ca. 2.2 groups/10 

nm2[19]. 

  

Figure 4. Reactant and product distributions vs. time for (a) Siral 1 in dry media and (b) Siral 20 under 

reflux: limonene (●), α-terpinene (♦), γ-terpine (▲), α-terpinolene (■) and p-cymene () 

The activity of the parent sepiolite was modified by adding 5.75 wt.% of iron or manganese, 

in the form of their nitrate or acetate, respectively, since their oxides efficiently absorb 

microwave radiation and have low toxicity compared to other metals commonly used as 

catalysts (i.e. Pd, Cd, Cr etc.), or price (Au or Ag). A further sample was pretreated with 

sodium hydroxide to introduce a similar amount of sodium. 

The best procedure to decompose the impregnated compounds to their corresponding 

supported oxides was determined with TG-DTA analyses in air flow of the precursors in a 

Stanton model STA 781 thermogravimetric analyser up to 1000ºC. The thermograms 

obtained show 8% loss of adsorbed water in the interval 20-120ºC, 5% at 120-250ºC loss of 

sepiolite (zeolitic) water, and 8% loss for decomposition of the anions at ca. 400ºC for iron 

nitrate and at ca. 300ºC for the manganese acetate. In accordance with these findings all the 

precursor solids were calcined at 400ºC for 4 h in a 50 cm3min-1 air flow [20]. 

The nitrogen adsorption isotherms for the parent sepiolite heat treated at 400°C gave a 

mixed type I/II form, due to the presence of both micropores (0-2 nm) and mesopores (2-50 

nm) that extend into the macropore region (> 50 nm). For the SepFe (Figure 5), SepMn and 

SepNa there was a loss in the specific surface area due to the collapse of the microporous 

structure of sepiolite by folding due to the thermal treatment. For all samples the hysteresis 

loops were of type H3, typical for solids with slit-shaped pores, commonly found with clay 

materials. 
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Figure 5. Nitrogen isotherm for SepFe 

Sample SepNa had the lowest pore volume and surface area, probably due to blocking of 

pores with sodium species. The textural data from the corresponding isotherms are 

presented in Table 3. 

 

Solid SBET SEXT Vmic Vmes Vt 

Sepiolite 298 149 0.038 0.417 0.455 

SepNa 100 93 0.002 0.362 0.364 

SepFe 155 149 0.002 0.416 0.418 

SepMn 153 138 0.008 0.431 0.439 

SBET = Specific surface area (m2g-1) SEXT = External surface area (m2g-1) Vmic = Micropore volume (0-2nm pore diameter, 

cm3g-1), Vmes = Mesopore volume (2-50nm pore diameter, cm3g-1), Vt = Total pore volume (cm3g-1). 

Table 3. Textural characteristics of the solids 

A JEOL model FXII electron microscope operating at 200kV was used to study the structure 

of the materials. The basic sites of the solids were quantified by the adsorption-desorption of 

carbon dioxide in a Coulter Omnisorp 100 apparatus on solids previously outgassed to clean 

the surface at different temperatures to quantify the amount and strength of basic sites. The 

results obtained by this procedure are included in Figure 5 [21].Transmission electron 

microscopy showed the oxide particles present in the structures of SepFe and SepMn with 

sizes of 4-5 nm but with no other observable alteration to the fibrilar sepiolite structure and 

a more homogeneous distribution of the oxide particles for SepFe compared to SepMn, 

which reduce the exposed oxide area during reaction compared to SepFe. Homogeneous 

particle sizes have been claimed to be a positive effect for the reactivity in these kinds of 

reactions. 
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Figure 6. Transmission electron micrographs of (a) SepMn and (b)SepFe.  

The amount and strength of acid sites determined by TPD of pyridine (Figure 7) showed the 

measured acidities followed the order: SepFe > SepMn > Sep. As expected no pyridine 

adsorption was found for the sample pretreated with sodium hydroxide (SepNa). The 

increase in the amount and strength of acid sites by addition of iron or manganese oxides to 

these supports was mainly related to the presence of Fex+ and Mnx+ ions (Lewis acidity) and 

to surface OH groups (Brönsted acidity) [22]. 

 

Figure 7. Pyridine determination of acid sites on Sepiolite, SepMn and SepFe. 

From the adsorption-desorption of carbon dioxide shown in Figure 8 the basicity of Sepiolite 

(due to the existence of basic sites mainly Mg2+ ions and oxygen on the surface) is low, while 

temperatures in excess of 400ºC were needed to desorb carbon dioxide from the other three 

materials. The solid with greater amount of stronger basic sites was SepNa. Samples SepFe 
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and SepMn were more basic than Sepiolite and had greater total amounts of basic sites of 

lower strength. 

 

Figure 8. Basicity of the catalysts by CO2 adsorption-desorption 

For the reactions under dry media (200 mg of catalyst mixed with 0.057 ml of limonene) and 

solvent free conditions, after irradiation the system was cooled and eluted with 2 ml ethanol 

and filtered to extract the reactants and products and subsequently analysed as described in 

section 1.1. In the solvent free reactions, a temperature of 165ºC, was chosen to transform 

limonene, based on the results obtained under dry media conditions. In this case 5 ml of 

limonene and 500 mg of catalyst were used and a reflux attachment included in the 

microwave oven. At the end of the experiment 0.057 ml of liquid were dissolved in 2 ml of 

ethanol to follow the analysis procedure as described above. The results for the dry media 

reactions are shown in Table 4. 

 

Sample Reaction Time Conversion Product Distribution (%) 

 (Min) (%) α-terpinene γ-terpinene α-terpinolene p-cymene 

       

 5 35 25 8 31 36 

Sepiolite 10 73 26 0 0 74 

 20 100 0 0 0 100 

       

 5 75 0 0 0 100 

SepFe 10 100 0 0 0 100 

 20 100 0 0 0 100 

       

 5 89 0 0 0 100 
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Sample Reaction Time Conversion Product Distribution (%) 

 (Min) (%) α-terpinene γ-terpinene α-terpinolene p-cymene 

SepMn 10 100 0 0 0 100 

 20 100 0 0 0 100 

Table 4. Conversions and selectivities under dry media conditions  

SepNa did not show activity, with high amounts of basic sites and practically non-existent 

acid sites, even though it reached the highest temperature during microwave heating. With 

sepiolite, selectivity to p-cymene rose, reaching 100% after 20 min and for SepFe and SepMn 

after only 10 min due to iron or manganese that are microwave adsorbing centres compared 

to the parent sepiolite, but not to the final temperature attained (Figure 9).  

 

Figure 9. Temperatures reached under dry media conditions 

The solids that presented activity under dry media conditions (Sepiolite, SepFe and SepMn) 

were tested in the liquid phase reactions that allow higher liquid to solid ratios (Table 5) and 

the temperatures reached are included in Figure 10.  

 
Sample Reaction Time Conversion Product Distribution (%) 

 (Min) (%) α-terpinene γ-terpinene α-terpinolene p-cymene 

       

Sepiolite 10 100 0 0 0 100 

 20 100 0 0 0 100 

       

SepFe 10 85 32 19 35 14 

 20 100 9 3 0 88 

       

SepMn 10 10 34 8 58 0 

 20 75 33 17 33 17 

Table 5. Conversions and selectivities in liquid phase 
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As in dry media, the selectivity to p-cymene increased with longer reaction times and higher 

temperatures, in agreement with the fact that the formation of this product is an 

endothermic reaction. Under these reaction conditions Sepiolite gave the best results for 

both activity and selectivity, reaching 100% conversion and selectivity after only 10 minutes. 

The differences in the temperature profiles for these three materials during the reaction, 

were not so great as to explain such differences in their catalytic activities and selectivities. 

 

Figure 10. Temperatures reached under solvent free conditions. 

The strong basic sites present in SepNa, SepMn and SepFe may be capable of adsorbing 

limonene to such an extent that it was not readily available for reaction under the reaction 

conditions, this being the reason why Sepiolite is the most active solid for the dehydrogenation 

of limonene to p-cymene. Previous work by the authors showed that the acid sites of silica–

alumina mixed oxides could dehydrogenate limonene in conditions similar to those used here 

[10]. Thus, the acid sites present on the Sepiolite surface, although weaker than those found 

with iron or manganese containing solids, were of the right strength to convert limonene to p-

cymene. Further experiments showed that 300 mg of Sepiolite were enough to convert 5 ml of 

limonene to p-cymene in 10 min with a 100% conversion and selectivity. Similar conversions 

and selectivities to those found in this study have recently been reported for the 

transformation of limonene, although dangerously high hydrogen pressures, greater than 

atmospheric and the use of toxic and expensive palladium catalysts were required [23]. 

Conventional heating of limonene using acid solids as catalysts in liquid-solid conditions 

leads to lower activities and selectivities than those found in this work. We believe the short 

reaction times required using dielectric heating were responsible for the higher conversions 

and selectivities, due to the increased activity of these paramagnetic absorbing centres, thus 

avoiding other products such as dimers and polymers, that are formed during the longer 

reaction times necessary with conventional heating [17]. 

3. Sustainable fine chemicals from agri wastes 

A vast amount of work has been carried out regarding the preparation of fine chemicals, 

with oxidation being one of the main paths followed. Renewable value added chemicals 
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were prepared in this work using solid and liquid agricultural industrial wastes from rice 

and citrus production, as renewable raw materials, avoiding the use of substances toxic to 

the environment and achieving a reduction in energy expenditure. The whole process is 

consistent with a sustainable development. The present investigation has demonstrated how 

the transformation of a low value subproduct (limonene) into high value materials (carvona, 

carveol and limonene epoxides) can be achieved with similar conversions and selectivities to 

those found in the literature for catalysts that have higher toxicity and are less 

environmentally friendly. 

After a thorough review of literature data, careful design of oxidation conditions of 

limonene allows the production of carvone and carveol through allylic oxidation and 

limonene oxides through double bond epoxidation (Figure 11). These products have 

interesting pharmaceutical properties and also are chemical intermediates with prices from 

5 to 10 times higher than limonene [9]. 

 

Figure 11. Renewable carvone, carveol and epoxides prepared from limonene. Source of photographs: 

http://www.finecooking.com/assets/uploads/posts/5552/ING-oranges_sql.jpg 

http://1.bp.blogspot.com/_siEMqPzFQAY/TJO2Pt4tX3I/AAAAAAAABW0/gWJ_-

7IP9co/s1600/arroz9.jpg 

A clean process for this transformation was developed here by using iron oxide supported 

on silica (RHS) from rice husk (RH) to catalyse the reaction. RH is produced in huge 

amounts annually and its ash contains ca. 94% silica, with the added bonus of zero CO2 

energy being produced during the calcination of RH to produce RHS. 

The organic reactions carried out in this work were activated with dielectric heating that 

allows higher yields under mild reaction conditions, avoiding thermal decomposition of 

sensitive products or reagents, and therefore affecting selectivity [10]. Tert-butyl 

hydroperoxide (tBHP) was used as oxidant due to its easy handling characteristics and 

high thermal stability. The tert-butanol and its by-products on oxidation, can be distilled 

and recycled, a particularly important step when industrial amounts are required. Silica 

from rice husk (RHS) was used as support and catalyst. It was prepared by calcining rice 

husk in air at 500°C for 4 h. For comparison reasons, silica Aerosil Evonik was used since 

it had similar textural properties to RHS (surface area of 91 m2g-1). The supported catalysts 

•9H O (> 99% 

The chemical composition of the RHS used in this work was 6% S, 2% K, 1% Cl, P and Ca, 
0.1% Mn and Fe and 0.04% Zn. The iron contai

4.8% or 8.9% Fe. XRD patterns indicated the amorphous nature of RHS and the FeOx/RHS 
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were prepared by dry impregnation of RHS with iron nitrate (Fe(NO3)3•9H2O (> 99% 
purity, Sigma-Aldrich) solutions, the impregnated precursors were air dried overnight at 

100ºC, prior to TG-DTA and FTIR studies of the calcination procedures necessary to 

produce FeOx/RHS catalysts (400 or 600ºC, 4 h in air). Since treating silica with low pH 

iron nitrate solutions can produce structural changes, fresh RHS was treated with nitric 

acid solutions of the impregnating pH (1.4) and then calcined at 400 or 600ºC, for 

comparison purposes 

The basicity of the solids was measured by decomposition of acetic acid, in a gas analysis 

system with quadrupole mass spectrometry, model M3 QMS200 Thermostar coupled to a 

thermogravimetric/differential thermal analysis equipment, Stanton STA model 781. 

Increasing the temperature of the spiked solids under nitrogen flow at a heating rate of 

5ºCmin-1 up to 700ºC, recording the evolution of mass 44, ascribed to CO2. The amount and 

temperature of evolution of the CO2 signal gave an indication of the strength and amount of 

basic sites. The CO2 signal was calibrated from the decomposition of a known amount of 

calcium oxalate. 

The catalytic oxidations of limonene were studied in a programmable focussed microwave 

oven Syn402 from Prolabo, described above in section 1.1. Preliminary experiments were 

carried out in dry media conditions on the Fe-containing catalysts, to determine the best 

conditions to use in further liquid/solid experiments, choosing the conversion of limonene 

and selectivity to carvone as parameters for comparison of the effects caused by the various 

conditions studied. Studied parameters were the limonene: tBHP volume ratio, temperature 

and reaction time. Based on these preliminary experiments, the conditions chosen for the 

liquid phase work were 300W microwave power, with a reflux attachment, reaction 

temperature (150ºC) and reaction time up to 120 min, using 4 ml limonene, 14 ml of TBHP 

solution and 150 mg of catalyst. Conventional heating results were carried out for 

comparison with similar amounts of reactants and catalyst, starting the reaction time from 

the moment the reaction temperature was reached and the catalyst added. The effects of 

reaction temperature, amount of catalyst and oxidant on both the reactivity and selectivity 

were studied using the most promising catalyst. The reactants and products were analysed 

in a GC-MS system, as described above. 

The chemical composition of the RHS used in this work was 6% S, 2% K, 1% Cl, P and Ca, 
0.1% Mn and Fe and 0.04% Zn. The iron containing precursors were calcined at 400 or 600ºC 

for 4 h, according to TG-DTA and FTIR data. The iron containing catalysts (FeOx/RHS) had 

4.8% or 8.9% Fe. XRD patterns indicated the amorphous nature of RHS and the FeOx/RHS 
show crystalline iron oxide particles, more common on increasing the amount of iron and 

calcination temperature, due to sintering, corresponding to maghemite (γ-Fe2O3: 36º, 44º, 

54º, 58º and 63º) and hematite (α-Fe2O3: 24º, 33º, 36º, 50º and 62.5º). 

Textural analyses gave rise to the results included in Table 6, showing nitrogen isotherms of 

type IIb with hysteresis loops type H3, typical of samples with slit-shaped mesopores that 

extended into the macropore region, caused by the spaces between the plates of material 

and with no microporosity according to the t-plot analyses [13]. It may be observed that 
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higher calcination temperatures caused a fall in the surface area and a shift in the hysteresis 

loop to higher relative pressure/wider pores, due to sintering of the samples, in agreement 

with XRD results. 

 

Solid calc. T ºC SBET/m2g-1 Vmes/mLg-1 

RHS 85 0.172 

RHS HNO3 400 93 0.203 

RHS HNO3 600 93 0.210 

4.8%Fe/RHS 400 118 0.200 

4.8%Fe/RHS 600 92 0.185 

8.9%Fe/RHS 400 122 0.181 

8.9%Fe/RHS 600 87 0.163 

Table 6. Textural analyses of catalysts 

Most silicas are almost transparent under the electron beam of the transmission microscope 

and therefore easy to distinguish from oxide particles deposited on their surfaces [24]. 

However, the RHS particles prepared in this work showed an unexpected dense structure 

under study by TEM and SEM (Figure 12), formed by lamellar entities, in agreement with 

the shapes of the nitrogen isotherms, explained above, that made it difficult to distinguish 

the iron oxide particles. 
 

 

Figure 12. Electron micrographs for 8.9% Fe/RHS 400 a. TEM  b. SEM  

The adsorption of acetic acid used to characterise the catalysts basic sites produces mainly 

carbonate, bidentate or bridged acetate species, that decompose to CO2, giving rise to bands 

due to the interaction with basic centres of higher basicity with increasing temperature, i.e. 

T< 150ºC for the desorption of physically adsorbed CO2, those at T = 150-250ºC 

corresponding to molecules of CO2 evolved from basic sites of low to medium strength, 

whilst those at T = 300-400ºC correspond to the interaction with basic sites of medium to 

high strength (Figure 13)[25] 

(a) Scale bar: 80 nm (b) Scale bar: 20 μm 
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Figure 13. Mass 44/mg evolved from acetic acid decomposition on: 

4a. Original and modified RHS (dotted line: RHS, thick line RHS HNO3 400, thin line RHS HNO3 600) 

4b. 8.9%Fe/RHS (thick line calcined at 600ºC, thin line calcined at 400 ºC) 

4c. 4.8%Fe/RHS (thick line calcined at 600ºC thin line calcined at 400 ºC) 

(a) 

(b) 

(c) 
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From these data it was concluded that the materials employed had the following order of 

basicity: 

Silica Evonik <<< RHS HNO3 600 < RHS < RHS HNO3 400 

The traces obtained with silica Evonik were within the noise level of the technique, 

indicating that the acetic acid was only physisorbed, due to its low basicity. These results 

can be explained taking into account that the basicity, related to both the strength and 

number of basic sites of RHS was mainly due to the presence of basic oxides. On treating 

RHS with nitric acid, particles are disaggregated leading to an increase of basic sites 

available on the surface, but at higher calcination temperatures sintering of the particles 

occurs decreasing the amount of surface basic centres. The Fe-containing catalysts present 

higher basicities than the RHS due to the presence of iron oxide, but those calcined at 600ºC 

have lower basicity than their analogues calcined at 400ºC, in agreement with the sintering 

occurring in the particles of iron oxide, XRD, textural and published data [26]. 

Epoxidation and allylic oxidation reaction pathways of limonene are competitive, with 

valuable epoxides, carvone and carveol being produced. The selective oxidation of alkenes 

in the presence of peroxides and basic site containing materials is advantageous, since 

epoxides undergo breakage on acid sites, which decreases the selectivity of the processes. A 

thorough analysis of literature on limonene oxidative transformations data provide an 

insight into the conditions needed to convert limonene into value added and renewable 

limonene oxides (mono or diepoxides) from epoxidation through electrophilic attack at the 

double bonds, and allylic oxidation when hydrogen abstraction is the dominant reaction 

towards carvone and carveol, both interesting molecules, since they retain the olefinic 

functionality, which allows further useful transformations [27, 28]. 

The catalytic activity was first measured under dry media conditions, reacting 150 mg of 

catalysts and 48 μL of limonene:tBHP solution, with different limonene:tBHP volume ratios 

and temperatures, in order to determine optimal conditions for further liquid phase 

reactions, that allow treating higher amounts of limonene. Experiments with no control of 

solid temperature and times over 20 min produced evaporation of reactants, giving rise to 

irreproducible results, which were avoided by maintaining the temperature of the solid 

constant throughout the reaction, leaving the microwave power to vary accordingly and 

limiting the reaction times to 20 min. Under these conditions, the experiments were carried 

out in duplicate and the results obtained with the Fe-containing catalysts under dry media 

conditions at 120ºC and 20 min irradiation time, with limonene:tBHP solution= 1:1 (volume 

ratios) are included in Table 7, showing that under equal conditions, the best catalyst for 

conversion and selectivity to carvone was 8.9%Fe/RHS 400. The catalysts with higher iron 

content and lower calcination temperatures present higher activities although the 

selectivities were similar for catalysts with similar iron contents. 

With other reaction variables maintained constant, Table 8 shows that by increasing the 

amount of oxidant the conversion of limonene increases, but that at high amounts the 

selectivity to carvone starts to decrease and the more oxidised product carvacrol was found. 

From these results an optimum limonene:tBHP solution=1:3.5 (volume ratio) was chosen. 
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Catalyst 
Conversion

(%) 

Scarvone 

(%) 

No catalyst 0  

4.8%Fe/RHS 400 35 35 

4.8%Fe/RHS 600 25 36 

8.9%Fe /RHS 400 48 45 

8.9%Fe/RHS 600 39 48 

S = selectivity 

Table 7. Conversions and selectivities of Fe-containing catalysts under dry media conditions 

(limonene:tBHP ratio=1:1, 120ºC, 20 min, free microwave power, 0.15 mg catalyst) 

 

Limonene:tBHP solution Conversion (%) 
Scarvone 

(%) 

1:1 48 45 

1:2 55 37 

1:4 63 23 

1:3.5 60 36 

Table 8. Conversions and selectivities of 8.9%Fe/RHS 400 catalyst at 120ºC under dry media  

conditions with different Limonene:tBHP ratios (20 min reaction, free microwave power, 0.15mgs 

catalyst) 

With regards to the reaction temperature, from Table 9, a value of 150ºC was favoured, since 

higher temperatures produced over oxidation of carvone, decreasing the selectivity to this 

compound and at lower temperatures lower conversions were attained.  

 

Temperature

(ºC) 
Conversion (%) 

Scarvone 

(%) 

140 45 38 

150 60 36 

160 70 21 

Table 9. Conversions and selectivities of 8.9%Fe 400 catalyst at different temperatures under dry media 

conditions (limonene:tBHP solution ratio=1:3.5, 20 min reaction time, free microwave power, 0.15mg 

catalyst) 

Based on these results, the parameters chosen for the experiments carried out under liquid 

conditions were a reaction temperature of 150ºC, reaction times up to 2 h (with reflux 

attachment), limonene:tBHP solution=1:3.5 (volume ratio), 18 ml total volume, 0.15 g of 

catalyst. The experimental results obtained under these conditions are presented in Table 10. 

The main reaction products were the epoxides, carvone and carveol in different amounts. The 

epoxide found was mainly the endo, with ratios endo/exo+diepoxide close to 2/1+1. 
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Catalyst/Tcalc (ºC) Reaction time 

min 

Conversion 

% 

Sepoxides 

% 

Scarvone 

% 

Scarveol 

% 

Blank 14mL decane 30 5 91 9 0 

 60 5 86 14 0 

 90 6 85 15 0 

 120 6 84 16 0 
      

Silica Evonik 120 6 81 19 0 
      

 30 12 62 24 14 

RHS 60 16 50 27 23 

 90 22 47 29 24 

 120 22 45 31 24 
      

 30 16 74 15 11 

RHS HNO3 400 60 23 59 19 22 

 90 33 55 24 21 

 120 35 49 30 21 
      

 30 16 69 31 0 

RHS HNO3 600 60 18 55 31 14 

 90 24 50 34 16 

 120 25 43 35 22 
      

 30 17 76 14 10 

4.8%Fe/RHS 400 60 23 72 16 12 

 90 35 67 18 15 

 120 37 55 26 19 
      

 30 16 77 13 10 

4.8%Fe/RHS 600 60 20 69 18 13 

 90 29 61 22 17 

 120 30 54 27 19 
      

 30 16 88 12 0 

8.9%Fe/RHS 400 60 25 68 19 13 

 90 41 64 21 15 

 120 43 58 23 19 
      

 30 19 73 16 11 

8.9%Fe/RHS 600 60 21 68 18 14 

 90 31 63 20 17 

 120 33 54 24 22 
      

8.9%Fe/RHS 400c 30 5 75 20 5 

 60 9 70 21 9 

 90 20 65 22 10 

 480* 22 55 20 10 

c Conventional heating (* Other products found, mainly carvacrol) 

Table 10. Conversions and selectivities under liquid conditions. (Limonene:tBHP ratio=1:3.5, 0.15g 

catalyst, 150ºC, reflux. 
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Repeat experiments with fresh catalysts showed a 1-2% difference in conversions and 2-3% 

in selectivities in both the dry media and liquid phase conditions. It can be seen that in the 

absence of catalyst, a conversion of ca. 5% after 30 min of reaction was reached and 

maintained throughout the experiment, with a selectivity of 91% to limonene oxides and 9% 

carvone. RHS gave a 12% conversion after 30 min, reaching 22% at 90 min with no further 

increase by the final reaction time of 2 h. The selectivity to epoxides, after 30 min was higher 

than 60%, decreasing to ca 45% by the end of the reaction, with increasing amounts of 

carvone and carveol. This reactivity was as expected, due to the intrinsic basicity of the 

oxides contained in this silica (see Figure 14). 

 

Figure 14. Conversions and selectivities of 8.9%Fe/RHS with orange peel oil, under the conditions 

shown in Table 10. 

The reactivity of RHS HNO3 400 was higher than that of RHS, reaching ca 34% after 90 min, 

in agreement with the higher basicity, surface area and pore volume of the former. The 

reactivity of RHS HNO3 400 was higher than that of RHS HNO3 600, for the same reasons. 

The activity of commercial silica Aerosil Evonik, chosen for its similar textural properties (91 

m2g-1), to RHS but with no basic oxides content was practically that observed with no 

catalyst, showing the importance of basic sites on the reaction. With regards to the catalytic 

activity of the Fe-containing catalysts, higher conversions were reached with those catalysts 

prepared with greater amounts of iron and lower calcination temperatures, as seen in the 

dry media results, in agreement with their higher amounts of basic sites (Figure 13) and 

better accessibility, as shown in the study of their textural properties (Table 7). 

The low reaction times needed in this work due to optimisation of the catalysts and 

dielectric activation avoids the formation of undesired products, such as polymers 

sometimes found in the oxidation of limonene at longer reaction times [24]. These workers 

find one of the technological advantages to be that, since the final mixtures contain high 

concentrations of valuable oxygenated products of interesting organoleptic properties, they 

can be used directly, for example in fragrance compositions where separation is 

unnecessary. 
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As in Menini´s work [29] at ca. 40% conversion, the reactions become stagnant. Addition of 

fresh catalyst to the mixture of the substrate and the products does not promote further 

conversion of the substrate, which seems to indicate that the products accumulated are 

probably acting as radical scavengers. No iron leaching occurred under the reaction 

conditions and the catalysts could be recovered by thorough washing with decane and 

reused at least three times with no appreciable loss of activity. Under the conditions used in 

Table 10, the behaviour of catalyst 8.9%Fe 400 was determined: 

1. adding a small amount (70 μg) of radical scavenger hydroquinone 

2. with conventional heating 

3. with orange oil, instead of limonene  

Addition of hydroquinone greatly decreased the activity, down to that found with no 

catalyst, indicating the radical nature of the reaction. Under conventional heating after 2 h 

refluxing, only 22% conversion was reached with 55% selectivity to the epoxides, 20% to 

carvone, 10% to carveol and 15% to carvacrol, the latter compound due to the extended 

oxidation under the conditions used. When orange oil was used (Figure 14), the compounds 

present other than limonene (myrcene, alpha pinene, beta pinene, linalool and decanal) 

were recovered unreacted and thus the results were promising, especially bearing in mind 

its lower price, compared to commercial limonene. 

Comparing the results obtained here with some from the literature, it can be seen that 

optimised mixed oxides of iron, cobalt and manganese manage to convert 0.5 ml of limonene 

after 7 h with an oxygen atmosphere, whereas in this work 1.6 ml limonene were converted 

with tBHP in 1.5 h. As in our work, these authors obtained as products limonene epoxides, 

carvone and carveol, with selectivity towards limonene oxide, although the presence of cobalt 

in the composition of those catalysts had a negative influence on their environmental impact 

[30,31]. Similar conversions were found with V2O5/TiO2 and tBHP. Again, vanadim pentoxide 

is more toxic than the iron oxide used in our work. Furthermore, limonene glycol and 

polymers decrease the selectivities to the desired compounds in that work [32]. Laborious and 

time consuming preparation and optimisation of synthetic hidrotalcites with immobilised 

palladium and copper in their compositions achieve similar conversions and selectivities to 

those found here, however reaction times up to 6 h were required in that case and palladium 

and copper, although quite reactive, are not very environmentally friendly [33]. 

The main advantage of our process is that the renewable raw materials used for the 

preparation of the catalysts, with adequate design, can give rise to catalysts that can 

compete with synthetic ones, prepared usually in more expensive and time consuming ways 

and therefore less environmentally friendly [34]. 

4. The use of agricultural residues to improve the textural characteristics 

of structured solids to decontaminate effluents 

Atmospheric contamination from industrial processes that contain VOCs which lead to the 

formation of photochemical smog is of great important with respect to air quality. The most 

α
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usual remedy for this type of pollution are the so called “end of pipe” methods in which 

catalysts, adsorption beds or a combination of the two are employed. When large volumes 

of gas are to be treated, the conformation of the catalysts into open channel monoliths or 

extrudates is a necessity to avoid or reduce the pressure drop across the catalytic bed. 

However, if incorporated catalysts are used due to their robust nature and abrasion 

resistance a reduced activity compared to powder catalysts of similar composition is 

generally encountered due to diffusion limitations of the gas to be treated into the 

conformed catalyst. This limitation can be reduced by controlling the texture, surface area 

and porosity, of the incorporated catalyst. 

Toluene was chosen as a typical aromatic VOC to be eliminated by its total oxidation from a 

spiked air stream. The subproducts from the rice industry chosen to modify the physical 

characteristics of the conformed catalysts were rice husk ash (RHA), from burning the husks 

to produce electricity, with the added advantage of drastically reducing the volume of this 

residue, and rice bran (Bran) that is separated from the rice grain during the whitening 

process. The Bran is a Pore Generating Agent (PGA) that during the firing of the extruded 

green body at 500°C to form the conformed ceramic is burnt out with the subsequent 

increase in the overall porosity of the structure. Whilst the RHA was used to both modify 

the porosity of the structure and hopefully increase the mechanical strength of the ceramic 

due to its high silica content [35]. 

Different compositions and textural properties can be achieved by careful design of the 

structured solids prepared using rice production wastes (rice husk ash and rice bran). 

Optimisation of these processes lowers the temperature and therefore the economic 

expenditure for decontamination of effluents spiked with toluene, chosen as standard for 

comparison purposes and for being a classical example of a VOC. The textural 

developement of the solids is a key point to change their behaviour, where the use of rice 

wastes are a convenient, cheap and ecologic way to improve the activities of the final 

materials. 

The clay used as the agglomerating agent and as the final support for the catalyst was α-

sepiolite (Sep), due to its exceptional rheological properties that allow extrusion of the paste 

produced by mixing with water [36] and the formation of a stable ceramic body with an 

acceptable strength when heat treated at temperatures above 330°C. Iron nitrate was used as 

the precursor to the catalyst due to its low cost, toxicity and environmental impact [37]. Four 

incorporated catalysts [38] were prepared in which the iron to sepiolite ratio was maintained 

constant but different amounts of Bran and RHA were also incorporated into the original 

paste before mixing, extrusion and firing at 500°C. Heat treatment at 500°C was chosen since 

at this temperature the sepiolite forms a ceramic structure that binds all of the other 

components in the extruded paste. Also this temperature is sufficient for the decomposition 

of the iron salt to iron oxide which is complete by 200°C, and the thermal decomposition of 

the Bran. The catalytic activity studies were carried out by passing an air flow spiked so as 

to contain 100 ppm of toluene through the catalyst bed with a Gas Hourly Space Velocity 

(GHSV) similar to that expected for the decontamination of an industrial effluent stream. 

The temperature of the catalyst bed was raised from ambient to 500°C in a number of steps, 
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maintaining each for a period of 20 min to ensure that the result was in equilibrium and 

monitoring the destruction of the organic by the use of a flame ionisation detector. The gas 

balance was confirmed by the amount of CO2 produced, monitored by infra red 

spectroscopy. 

The original compositions of the green bodies and the textural, mechanical and catalytic 

activities of these materials after heat treatment at 500°C to produce the conformed ceramic 

catalyst as a solid extrudate with a diameter of 3 mm are collated in Table 11. 

 

Sample Composition Crushing Surface Pore Catalytic 

 Sep/Fe/Bran/RHA Strength Area Volume Activity 

 Parts by Weight MPa m2g-1 cm3g-1 T50 °C 

1 17/1/0/0 18.3 143 0.576 382 

2 17/1/2/0 13.8 140 0.734 350 

3 17/1/0/2 19.0 125 0.656 377 

4 17/1/2/2 15.8 124 0.797 343 

Table 11. Compositional and Textural Characteristics of the catalysts heat treated at 500°C. 

From the results presented in Table 11 it may be observed that the mechanical strength of 

the materials was reduced by the incorporation of Bran into the original paste before 

extrusion and its subsequent removal by heat treatment at 500°C comparing the result 

obtained with samples 1 and 2 and that of samples 3 and 4. This was to be expected since 

with the removal of the PGA on firing at 500°C there is a significant increase in the total 

pore volume. The mechanical strength of brittle ceramics is related to both the total pore 

volume and the pore size distribution [39] where an increase in the pore volume or the size 

of the pores is detrimental to the strength development. From the porosimetry curves 

presented in Figure 15 it may be seen how the thermal decomposition of the Bran led to both 

an increase in the total pore volume and a shift to wider pores. Thus, sample 1 had a 

monomodal pore size distribution curve with practically the whole pore volume located in 

pores of less than 200 nm. When Bran was incorporated and subsequently burnt out of the 

conformed material there was a 27% increase in the total pore volume located in the pores 

between 100 nm and 1 μm. 

With the incorporation of RHA the most obvious change in the porosity of sample 3 

compared to that of sample 1 was the development of a bimodal curve with the pores close 

to 900 nm being due to the particle size of the RHA. The slight reduction in the porosity in 

pores up to about 100 nm was due to the reduction in the amount of Sep per gramme of 

material. The effects of the incorporation of both RHA and Bran may be seen by comparing 

the curves obtained with sample 3 with that of sample 4. The curves were similar up to 

about 100 nm then their was a gradual increase in the pore volume that reached about 21% 

and a shift in the diameter of the wider pores to approximately 1.5 μm. 
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Figure 15. Cumulative pore volume curves for samples heat treated at 500°C: 1 ●, 2 ♦, 3 ▲ and 4 ■. 

The catalytic oxidation activity of the four samples is presented in Figure 16 where it may be 

seen that the least active was that based on sample 1 which had the lowest total pore volume 

and narrowest pores. With the introduction of Bran into the original composition and its 

subsequent removal by heat treatment at 500°C which led to a significant increase in both the 

pore volume and the connectivity the temperature at which 50% of the toluene was 

decomposed (T50) was reduced by 32°C. For sample 3, although the pore volume and width of 

the largest pores was increased, which should have lead to less diffusion limitation, the T50 was 

only reduced by 5°C. The highest catalytic activity was found with sample 4 which had the  

 

Figure 16. Catalytic activity curves for samples heat treated at 500°C: 1 ●, 2 ♦, 3 ▲ and 4 ■. 
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advantage of the highest pore volume and the widest pore diameters due to the presence of 

both Bran and RHA in the original composition. The T50 was reduced by 39°C and the 

material also had a respectable mechanical strength due to the incorporation of the RHA. 

5. Preparation of renewable biocompatible scaffolds for bone 

replacement therapy 

Under this heading we present how agricultural wastes have been analysed, modified and 

changed in order to have properties similar to bone growth scaffolds. SEM micrographs 

(Figure 17) allow the observation of the porous nature of the inorganic skeleton that remains 

after the treatment of the waste, and its similarity to bone. 

 

Source a: http://blogdefarmacia.com/tipos-de-osteoporosis/ b: Bioecomaterial (from our own production) 

Figure 17. Scanning electron micrograph of treated beer bagasse (scale bar 20 μm) and similarity with 

bone structure 

XRD analysis of these materials show tricalcium phosphate and calcium silicate of structure 

and composition similar to the synthetic materials presently used in bone and tooth 

replacement (Figure 18). These materials have proven to be biocompatible and capable of 

promoting bone growth as confirmed by similar growth rates in vitro of osteoblasts to those 

of hydroxyapatite used as standard. 

It is estimated that approximately a million bone grafts are performed each year to treat 

bone defects resulting from trauma and diseases in the United States. Various strategies 

have been used to solve this problem. Autografts are used to treat these defects, but 

available bone can be inadequate and difficult to shape and obtain. Allografts and 

xenografts must be processed to eliminate the risk of transmission of live viruses [40]. These 

difficulties have been the impetus for research into a variety of bone grafting materials. 

Bone tissue engineering techniques have become an expanding research area in regenerative 

medicine. Bone and tooth replacement require materials that act as scaffolds or artificial 

extra-cellular matrix, directing tissue formation and allowing the transport of biological 

(b) (a)
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nutrients to restore the structure and function of damaged tissues. These materials, which 

require tailored porosity, surface chemistry, and mechanical strength, are typically 

produced from animal bone, organic oil-derived polymers, inorganic materials, or complex 

mixtures of all the above [41]. Figure 19 includes the mercury intrusion porosimetry results 

for a beer bagasse derived bioecomaterial. 

 

Figure 18. X-ray diffraction of beer bagasse based Bioecomaterial 

 

Figure 19. Cumulative Pore Volume (blue line) and pore size distribution (red line) of beer bagasse 

based bioecomaterial. 
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The SEM image of the treated beer bagasse (Figure 17b) displayed pores of about 10μm. 

However, from the mercury intrusion porosimetry curve presented in Figure 19 it may be 

appreciated that a continuously increasing curve was observed from the largest pores down 

to those at the physical limit of this technique (4 nm). Thus, although the cumulative 

intruded volume in the largest pores was due to filling of the intraparticulate space, while at 

diameters below 10 μm the porosity must be due to the interparticulate porosity. However, 

what is most important from this figure is that the porosity between the particles and within 

them formes a continuous network that favours cell growth when used as a scaffold for 

bone regeneration. 

Materials used as bone substitutes need to embrace several important requirements: i) 

biocompatibility; ii) osteoinduction and osteopromotion, iii) porosity, iv) stability under 

stress, v) resorbability and degradability, vi) plasticity, vii) sterility and viii) stable and long-

term integration of implants [42]. All these requirements serve as a basis for effective long-

term tolerance in bone replacement therapies [43].  

The first approach in the selection of a suitable scaffold for bone regeneration is the 

evaluation of its in vitro cytotoxicity using appropriate cell lines in culture, such as 

osteoblasts. Thereby, we can determine the biocompatibility of each scaffold under study. A 

good biocompatibility could be expected from materials whose physicochemical properties 

promote cell adhesion and differentiation into mature osteoblasts. 

In the present study we aimed to develop scaffolds for bone regeneration obtained from 

agricultural wastes from several crops. These materials have proved to be good replacement 

candidates for use as biomaterials for the growth of osteoblasts and could be used in bone 

replacement therapies. 

In this study, beer bagasse, a low-cost waste material from beer production, was employed 

as a renewable raw material that was tailored for use as biocompatible scaffolds for 

osteoblast growth, given its structure and composition [44-46]. To the best of our knowledge 

this is the first time that agricultural waste has been modified to produce solids that can act 

as scaffolds for tissue regeneration. 

To study cell adhesion to the materials, their biocompatibility and efficiency for bone 

growth, MC3T3-E1, an osteoblast-like cell line, was chosen because they are well 

characterised for modelling endogenous osteoblasts [47]. A commercial synthetic scaffold, 

hydroxyapatite (HA) nanopowder (B200 nm) from Sigma Aldrich, was used for comparison 

purposes. 

The osteoblastic cells were seeded onto material-coated plates in DMEM-10%FBS and 

allowed to adhere for 2 h at 37ºC in a 5% CO2 atmosphere. Plates were then washed with 

phosphate-buffered based saline solution (PBS) to remove non-adherent cells. Adherent live 

cells were quantified using the live/dead viability assay kit (Molecular Probes [40]). The 

number of live adhered cells was evaluated 2h after seeding by fluorescence microscopy, 

counting at least 10 representative fields per well. The cell adhesion process was studied 

after 2h of incubation at 37ºC. The adhesion of MC3T3E1 cells to the various materials 
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evaluated is shown in Figure 20. As can be seen, the number of osteoblast cells which 

adhered to the materials derived from beer bagasse was comparable to that of the 

commercial material used as control (HA). The cell adhesion rate was even higher in the 

case of sample BB47. However, the adhesion of MC3T3E1 cells to the materials was slightly 

lower than that on plastic, especially for cells seeded on HA and BB48. Assuming 100% as 

the rate of cell adhesion for the commercial material (HA), those for BB47, BB48 and BB410 

were found to be 141.5%+/- 6.1, 92.5%+/-7.4 and 118.1%+/-5.8, respectively. Thus, confirming 

similar adhesion rates for the studied materials, demonstrating that they possess an 

appropriate porosity to allow cell adhesion. 

 

Figure 20. Adhesion of MC3T3E1 cells. Cells were plated on a plastic control dish (Control) and on 

plates coated with the control material (HA) and with materials derived from beer bagasse (BB47, BB48, 

BB410). Cells were incubated for 2h at 37ºC. Then, adherent live cells were quantified as described in the 

text. Results are expressed as a percentage of the control (cells seeded on plastic plates). Data represent 

mean+/-S.E.M. of three independent experiments. (p<0.05, ANOVA, post-hoc Tukey HSD test, * vs. 

Control). 

The biocompatibility of the materials derived from beer bagasse, was assessed with the 

same MC3T3-E1 cells after different periods of exposition, comparing the results to those 

obtained with the commercial material HA and to regular tissue culture polystyrene plates, 

used as controls. The viability of MC3T3-E1 cells growing on plastic plates, BB47, BB48, 

BB410 and the commercial material HA was determined at one, three and seven days after 

seeding by the live/dead viability assay [48], to distinguish dead cells (red) from live ones 

(green), as observed by inverted fluorescence microscopy (Figures 21 and 22). 

Calculating the percentage of live cells over total cells (live cells plus dead cells), a high cell 

viability rate was observed for all scaffold materials produced from beer bagasse, similar to 

that of the commercial product HA and the control cell culture plastic plates (Figure 21).  
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Figure 21. MC3T3-E1 cell viability after 1, 3 and 7 days growing on plastic plates or on plates coated 

with HA, BB47, BB48 and BB410. Cell viability was evaluated by live/dead viability assay kit. Data 

represent mean+/-S.E.M. of three independent experiments. (p<0.05, ANOVA, post-hoc TukeyHSD test, 

* vs. Control). 

 

 

Figure 22. Fluorescence microscopy images showing MC3T3-E1 cells growing on different materials 3 

days after seeding and stained with Live (green)-Dead (red) viability assay kit. Scale bar: 100μm. 
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None of the materials analysed resulted in a reduction of cell viability at any time points, 

more than 90% of the cells growing on these materials remained viable over the whole 

evaluation period. Only cells growing on HA for 7 days showed a significant reduction in 

the rate of cell viability. 

Since bone formation is a lengthy process, the most relevant aspect is that even after seven 

days of culture, all materials displayed similar biocompatibilities rates to those observed on 

the commercial sample and the plastic plates. 

In summary, murine-derived osteoblastic cells (MC3T3-E1) actively adhere to the beer 

bagasse-derived materials, with no significant changes in cell viability of cells growing on 

these materials compared to those observed with either the commercial material or the cells 

seeded directly onto plastic plates. Such characteristics are desired in dental and 

orthopaedic prostheses [49].  

We conclude that our renewable raw material (RRM) are scaffolds that have the right 

characteristics to support adhesion and survival of the osteoblast-derived cell line MC3T3E1, 

strongly suggesting that they could be employed in oral and/or bone tissue regeneration. 

6. Conclusions 

1. Agro-industrial wastes are a renewable source of many solid and liquid substances and 

furthermore, their use leads to a reduction in environmental hazards. These wastes are 

an inexhaustible and sustainable source of materials and substances in a biorefinery 

based economy that is constantly gaining interest in industrial sectors, especially 

because the actual petroleum based will come to an end. 

2. Some agricultural wastes, can be used as catalysts for production of fine chemicals. For 

example, silica prepared from rice husk, with a lamellar structure, basicity due to oxides 

from its natural origin and unusual high density, can act both as support and catalyst 

for the oxidation of limonene. Also, sustainable chemicals can be produced from 

agricultural wastes. 

3. The use of agricultural wastes allows the production of extrudates that can be 

employed to optimise cleaning of contaminated effluents. The catalytic activity of 

conformed catalysts may be significantly enhanced by the use of low cost sub-products 

and residues from the rice production industry. Rice bran is a useful PGA that improves 

the connectivity of the porous matrix in these incorporated catalysts while the RHA 

both improves the strength development of the ceramic body while also improving the 

texture and thus reducing the diffusion limitations of the gas to be treated into the 

porous structure of the catalyst. 

4. Some waste derived solids, after the appropriate pretreatment, can be used for bone 

growth. The biocompatibility of some modified agro-industrial wastes has shown to be 

interesting in their use in fields like release of medicines, supports for enzymes and 

food supplements. Recent studies “in vivo” are showing promising results for these 

materials as economical sustainable scaffolds to be used in tissue engineering. 
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1. Introduction 

The agriculture and livestock industry in Mexico and particularly in the State of Jalisco, 

Mexico, has been moved forward technologically, resulting in important productivity 

increment. However, the use of these technologies involves the application of large amount 

of fertilizers and pesticides for prolonged periods of time. Furthermore, the fertilizers are 

often applied incorrectly, increasing the inefficiency and resulting in high environmental 

impact on soil and water in the lower watershed area.  

The current agriculture and livestock lands management practices, with the excessive 

agrochemical use, have created ecological, environmental and economic problems such as: 

1) the soil erosion, which is detrimental to the organic matter availability and soil cover, 2) 

the surface water and groundwater pollution caused by manure and sediments, 3) the 

disruption of wild life habitats, and 4) negative effects on the rural landscape. When 

environmental agrochemical products such as nutrients, pesticides, compost, gases 

(nitrogen oxide and methane), are used in combination with incorrect agricultural 

management practices, the result is the nonpoint source pollution (NSP). When this problem 

is visualized in large scale such as region, lakes or rivers, the result is a high contamination 

problem in the lowest watershed area, which is both difficult and costly to solve. However, 

when the pollution sources are in a reduced area, like a small agriculture farm or grassland 

area, the magnitude decreases and the problem is more easily solved.  

On a small scale farm, the combination of management practices for fertilizers and pesticide 

applications, in accordance with soil and climate characteristics, create a complex processes, 

© 2012 Flores López et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.



 

Resource Management for Sustainable Agriculture 86 

particularly when they occur in different times and spaces. This situation is particularly 

difficult to understand and consequently, the preventive or corrective actions that limit the 

spread of pollution in agricultural/livestock lands and water bodies are difficult to avoid 

(Flores et al., 2009). The authors stated that a feasible option to solve the NSP problem of 

surface water is control or prevention in the initial stages, along with reducing the amount of 

fertilizers and pesticides by the adoption of new technologies or improving the efficiency of 

agrochemical products. Apart from, the implementation of adequate conservation practices, it 

is essential to limit the transportation of sediments and nutrients to outside of agriculture and 

livestock lands. However, before any technology application is implemented, it is necessary 

to know the processes associated with NSP from the small farm scale to the watershed scale, 

first, involving the producer efficiency criteria of their land and then, selecting and including 

the best management practices to prevent and/or control the NSP. 

2. The non-point source pollution problem 

Contamination is the introduction of substances into the environment indirectly or directly 

by humans, provoking not only negative impacts on the environment, but also, putting at 

risk human health or other living organisms by interfering with legitimate environment use. 

Loehr (1984) mentioned that the pollution sources may be classified as point sources (direct 

or localized) and non-point sources (diffuse or not localized). The point sources discharge 

pollutants though piping, channels, or ditches--much like those that come from city 

wastewater treatment plants, the food processing industry, and runoff from large pig farms. 

Discharges from these sources are usually constant and also related to the municipal 

industrial activities.  

The non-point source pollution (NSP) is caused by inadequate agricultural and livestock 

practices, where pollutants move with the runoff, dragging their sediments, and putting at 

serious risk both the surface water and groundwater. The agricultural sources of NSP 

includes; the loss of the superficial soil where fertilizer, pesticides and animal manure were 

applied, and were transported to water sources such as stream and rivers through runoff. 

The amount of pollutants transported is a function of variables that include the type of soil, 

the land slope, land use, and the natural route that water follows through the natural 

drainage networks (Deliman and Leigh, 1990). Some of the variables involved in this kind of 

contamination are uncontrollable by humans, such as the land topography and the rain, 

compared to others like cultivation covering, and the time and location of agrochemical 

application and management, which s can easily be controlled (Loehr, 1984). Nevertheless, 

combining these variables cannot relate them to the same and unique origin of discharge, 

which creates the problem of source identification, as well as potential impact evaluation 

over the transport route and the dams where water is stored (Deliman and Leigh, 1990). 

The eutrophication is a natural process that can be accelerated by the water enrichment with 

excessive inorganic nutrients such as nitrogen (N) and phosphorous (P), which are 

considered responsible for the excessive growth of algae and aquatic plants in water bodies 

(Schnoor, 1996). The eutrophication holds a close relation to the dissolved inorganic N (DIN) 
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and the dissolved inorganic phosphorous (DIP), in the proportion DIN:DIP; from a 

stoichiometric viewpoint of algae and aquatic plants, if this proportion is greater than 7:1 

(Gold and Oviatt, 2005), 12:1 (Pietilainen, 1997) or 14:1 (Schnoor, 1996), P is the limiting 

nutrient, but if the proportion is lower than 5:1 (Pietilainen, 1997) or 7:1 (Gold and Oviatt, 

2005), N is the limiting nutrient. Concentrations in water of 0.3 ppm of inorganic N and 

0.015 ppm of inorganic P are the levels in which eutrophication could become troublesome 

(McCool and Renard, 1990). In the United States of America approximately 90% of lakes 

studied demonstrated a DIN and DIP higher than 14:1; as a result, P was defined as the 

limiting factor (Carpenter, 2005; Sharpley et al., 2003). 

In México, the total P has been used as an indicator of the trophic state of water bodies. 

Thus, a level of over 0.118 mg L-1 in tropical lakes (Sobrino-Figueroa, 2007), or water bodies 

in warm environments with more than 0.035 mg L-1 (Díaz-Zavaleta, 2007b), is considered 

eutrophic. With this criterion for the characterization of a trophic state, Díaz-Zavaleta 

(2007a) found that many bodies of water in México have eutrophication problems. In 

Tepatitlán, Jalisco, Ramírez et al. (1996) it was determined that the N and P contents in water 

samples at two points and at two depths of the El Jihuite dam, where the proportion of 

DIN:DIP was 14:1 and 13:1, for the surface and the bottom of the reservoir, and a total P 

concentration greater than 0.1 ppm, making the dam eutrophized, and P the limiting 

nutrient. The eutrophication in surface water is one of the principal problems caused by the 

NSP which comes from agricultural and livestock lands. 

2.1. The agricultural and livestock activity in the highland of Jalisco, Mexico 

In the Highlands of Jalisco, Mexico, there are more than 241,000 hectares are utilized for 

agriculture activities with corn being the most common product at about 90%. However, of 

this, 40% of the corn is forage which is used as feed for dairy cattle (SIAP-SAGARPA, 2011). 

On the other hand, the cattle inventory in the Highlands of Jalisco is about 226,000 cattle, 1.715 

millions of pigs and 82 millions of chickens (SIAP-SAGARPA, 2011); the cattle alone generate 

about 4.9 millions of tons of manure (Flores et al., 2012). Even though, the manure produced by 

the Highland region of Jalisco is an important source of nutrients for corn and grassland, it 

also contains other components such as fecal coliforms bacteria, total coliforms bacteria, and 

enteric pathogens (Flores at al., 2012). These components may deteriorate the water quality in 

lakes, dams and dikes (Torres and Calva, 2007; Soupir et al., 2006; Ramírez et al., 1996). 

In order to maintain the productivity of the agricultural and grazing lands and to improve 

the water quality in dams and dikes, a feasible solution to this problem is to use best 

management practices in agricultural systems where fertilizer and manure were applied; 

however, before this happens, the transport process of nutrients and coliforms along with 

other organisms in water must be identified (Mishra et al., 2008; Pachepsky et al., 2006). 

2.2. Surface water quality 

Rainfall, surface runoff and erosion by water have been identified as some of the means by 

which agricultural lands, nutrients and micro-organisms are lost; this in conjunction with 
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inadequate management of superficial water bodies. (Flores et al., 2012; Flores et al., 2009; 

Mishra et al., 2008; Soupir et al., 2006; Oliver et al., 2005; Jamieson et al., 2004; Ferguson et al., 

2003). 

The negative impact caused by the inadequate management of the natural resources is well 

known. In surface water bodies, specifically, the effects of this improper management may 

cause water quality degradation through the excessive nutrient input, resulting in 

eutrophication problems. Furthermore, the pollutants can reach the groundwater and 

contaminate the principal water source for domestic use. The region that composes the 

Highlands of Jalisco, Mexico is not exempt from this problem; the agricultural activities that 

take place in the area contribute to the contamination of surface water through runoff. Due 

to the semiarid climate, this region is also more dependent on dam water for domestic use. 

The Jihuite dam which is located at 5 km north of Tepatitlán de Morelos in Jalisco, Mexico, is 

supplying approximately 30% of water for domestic use for about the 120,000 inhabitants of 

Tepatitlán de Morelos. For its location, the Jihuite dam is the source of many pollutants such 

as pesticides and excessive fertilizers, applied during agricultural activities along the 

watershed. The pollutants are carried by the runoff and reach the dam, causing a negative 

impact. Some studies evaluated the water quality characteristics of the dam using nutrient 

concentration by sampling eight different sites of said dam; the parameters were the 

following; pH, temperature, total hardness, color, electric conductivity (EC), salinity, total 

dissolved solids (TDS), dissolved oxygen (DO), nitrates, nitrites, and chlorides (De La Mora, 

2010). Some parameters evaluated by De La Mora et al. (2010) have shown an increase with 

respect to the results obtained by Ramirez et al. (1996) such as nitrates, nitrites and TP. In 

1996 the superficial nitrates, nitrites and TP concentrations were about 0.018, <0.02, and 

<0.05 mg L-1, respectively. In 2010 the nitrates, nitrites and TP concentrations were as 

follows; 1.3875, 0.00775 and 0.54875 mg L-1, respectively.  

De La Mora et al. (2011) also evaluated the dissolved oxygen concentration at different water 

depths in three selected sampling sites along the dam; the results were as follows: the DO at 

sampling site one was from 5.27 mg L-1 in the surface to 1.19 mg L-1 at six meters of depth. 

Sampling site two was from 9.5 mg L-1 to 1.5 mg L-1 at eight meters of depth and sampling 

site three 7.47 mg L-1 to 1.05 mg L-1 at eight meters of depth. Results showed that the oxygen 

reduction at every meter indicates anoxic conditions. 

These results demonstrated a significant increment of nitrites, nitrates and TP concentration, 

which suggests the deterioration of water quality in el Jihuite dam. Results also suggest that 

the increment of agricultural industries in the watershed is the principal cause of the water 

deterioration. Moreover, additional water analyses have to be performed in order to 

evaluate the toxicological characteristics of the water for concerned citizens and policy 

makers. 

2.3. The rainfall effect on the non-source pollution 

The rainfall plays an important role in the NSP process in the agricultural lands, particularly 

the characteristics related to rainfall distribution and to the intensity and quantity of rain; 
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the latter is very much associated with the time of the fertilizer and manure application 

(Oliver et al., 2005; Ferguson et al., 2003; Saini et al., 2003).  

The NSP initiates with the impact of raindrops on the soil or on the manure that is left on 

grazing lands. The process of soil wetness by rainfall provokes saturation of the superficial 

soil level, removal of soil particles, and the destruction of cow manure. This process 

becomes even more critical when the soil is continuously wetted and dried when combined 

with soil tillage. Alcalá (2011) demonstrated that the first storms of the rainy season that 

produced runoff in corn crops with the application of cattle and chicken manure generated 

the highest levels of fecal coliforms. But furthermore, Flores et al. (2012) showed that storms 

with a smaller quantity of rain have a larger quantity of coliforms when the manure is 

applied to corn; when the quantity of rain increases the level of coliforms, the water 

diminishes, causing dilution of coliforms in rainwater. However, the authors found the 

opposite effect in grassland where the cattle graze, which requires a larger quantity of rain 

to increases the amount of fecal coliforms in the water (Figure 1). 

On the other hand, the threshold of rain to produce superficial runoff depends on the type 

of crop and the kind of covering that is present on the topsoil. It can be noticed in Table 1, 

that the corn and grassland areas showed the lowest rainfall value when compared to bare 

soil and tequila-making agave. The value of the rain threshold that has been used to define 

storms with runoff is about 12 mm (Xie et al., 2002) or 12.7 mm (Wischmeier and Smith, 

1978). 

 

Soil covering types 
Threshold rain 

(mm) 

Bare soil 6.2 

Agave tequilero 6.7 

Native grass 12.4 

Corn 9.5 

Table 1. Rain thresholds that produce surface runoff in four different kinds of soil covering (Flores et 

al., 2009). 

2.4. The soil erosion effect on the non-source pollution 

The soil erosion is defined as the process of detachment, transport and deposition of 

particles by erosive agents, like the rainfall, surface runoff or wind (Meyer and Wishmeier, 

1969; Hairsine and Rose, 1992). The detachment and transport of particles is related to flow 

mechanisms in rill and interril erosion. The rill erosion is considered a function of the 

superficial flow capacity as a means of detaching sediment, the sediment transport capacity, 

and the present sediment load; the interrill erosion is described as the detachment process of 

particles caused by the impact of rain drops followed by transportation in the wide and 

shallow superficial flow transport and their delivery to furrows and channels (Flanagan et 

al., 1995). 
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Figure 1. Tendency of fecal and total coliforms correlation with rainfall and corn treated with cattle and 

chicken manure, and grass treated with cattle manure (Flores et al., 2012). 
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The soil loss in corn, agave tequilero and grass land with coverage in fields of Highland 

Jalisco are shown in Table 2 (Flores et al., 2009). It can be observed that the highest soil loss 

was in the agave with respect to the pasture coverage and intermediate maize coverage. The 

largest loss of the tequila-agave soil, with respect to soil with respect to soil coverage, was 

attributed to morphology of the agave leaves; this plant has leaves designed to capture 

water and lead it to the plant base so that it is absorbed through its root system. 

 

Crop 
Soil Loss (t/ha) Superficial Runoff (mm) 

2002 2003 2002 2003 

Corn 13.35 11.62 159.4 180.2 

Grass 0.51 0.38 78.6 68.1 

Agave tequilero 27.04 36.59 237.6 278.1 

Bare soil 24.93 35.13 222.5 248.6 

Table 2. Soil loss and superficial surface runoff in corn and agave crops, grassland bare soil, observed 

in an Alfisol, of the Highlands of Jalisco, Mexico.  

However, the type of flow created plays an important role in the loss of soil generated by 

the agave tequilero. The transport of particles removed by splashing along the slope rapidly 

decreases with the depth and velocity of flow, along with other important factors that 

influence this process such as the raindrop size and the final velocity of rain fall (Kinnell, 

1993). The transport capacity inter rills result highly depends highly on the rain intensity 

and the length and slope of the land, even though momentum of rain momentum and the 

kinetic flows of energy also explain the increment in the transport capacity (Nearing et al., 

1991; Guy et al., 1987; Gilley et al., 1987). Also, an increment in the rate of removed particles 

has been observed under turbulent flow conditions (Nearing and Parker, 1994), such as 

what is generated after water flows out from agave plant.  

Figure 2 shows the accumulation of the loss of soil over time and the kinetic energy of rain 

for corn, agave tequilero, grass and bare soil. It can be observed that grass has very low soil 

erosion, indicating the protective effect that it has on soil during the rainy season. Corn has a 

high response to soil erosion up until the crop has complete coverage over the soil, except 

when there are storms with a highly intensive erosive level. The agave tequilero has a 

slightly different behavior in bare soil, an effect caused by the generation of flows 

concentrated in the base of the agave tequilero. 

In the context of soil erosion, the size and the type of particles that are transported also play 

an important role in the dispersion of contaminants, particularly those of phosphorous and 

pesticides. The content of lime and silt particles of soil is considered as the medium of 

transportation of nutrients to the bodies of water. (Sharpley and Menzel, 1987). Gabriels and 

Moldenhauer (1978) concluded that the distribution of the size of sediment particles (PSD) 

has an important implication for the carrying capacity and for the chemical deposition 

mechanism which can result in contaminated materials. Miller y Baharudd (1987) found that 

in Alfisol and Ultisol soils of Georgia, USA, that when the runoff started the fine layer of 

sediments was the predominant, but after 15 minutes, the layer from 0.15 to 0.05 mm 
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became dominant, having lower amounts of sand and. However, Braskerud (2005) 

mentioned that the fine sediment particles are maintained in suspension for a longer period 

of time when runoff increases, which allows for its transportation at greater distances.   

 

Figure 2. The soil erosion accumulated and the rain erosivity, observed during 2002-2003 cycle, in corn, 

grass, agave tequilero and bare soil, in the Highlands of Jalisco, Mexico. 
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Flores et al. (2009) carried out the PSD soil analysis for Alfisol in the Highlands of Jalisco. 

The sediment in suspension and that, which precipitated from the runoffs of fields where 

corn, agave tequilero and bare soil are present, are showed in Figure 3. 

 

Figure 3. Percent of particles: a) sand, b) silt and c) clay, proceeding from soil and suspended and 

precipitated sediment, of site runoff of the agave tequilero, corn and bare soil. 
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The sand content in soil and the precipitated sediment is similar; however the suspended 

sediment is reduced by important proportions, particularly in bare soil. The silt content in 

soil and the precipitated and suspended material from the agave tequilero, corn and bare 

soil are similar, but the suspended material increased for the three crops, although the silt 

amount was more considerable in agave tequilero; this was probably due to the increase in 

runoff observed for agave tequilero with respect to bare soil and corn. In general the silt 

layer of soil is considered more easily transported (Young, 1980) and is also the one 

maintains its proportion through a storm (Gabriels and Moldenhauer, 1978; Miller and 

Baharudd (1987). The percentage of clay in soil, precipitated material, and suspended 

material in the agave tequilero, corn, and bare soil are very similar. However, the clay in 

suspended sediment of corn and bare soil increases slightly, while the agave tequilero is 

reduced with respect to the precipitated sediment. It’s reported that the particles size 

depends on the texture of the layer from the origin (Young, 1980), as in the present case 

where the clay layer in soil predominates; also important, is the duration of the storm 

(Miller and Baharudd, 1987) and the soil cover (Gilley et al., 1986). 

2.5. The surface runoff effect on the non-source pollution 

Part of rainfall which is converted into runoff is grouped in three routes: superficial flow, 

subsurface flow, and subterranean flow (Linsley et al., 1988). The runoff is a hydrologic term 

that describes the lateral movement of water which flows from the ground in surface and 

subsurface from causing a short term increase in the outflow of the drainage area, 

Meanwhile, the surface runoff only considers the movement of water over the soil surface 

occurring during heavy rain and flowing until it reaches a channel in the direction of the 

slope (Haygarth and Sharpley, 2000). 

The surface runoff occurs in a laminar flow over the soil surfaces without an existing, precise 

concentration clearly moving towards the draining channel as such, the flow is visualized as 

one-dimensional process, proportional to the potential of storage per unit area (Mays, 2001; 

Wanielista et al., 1997). On the other hand, the surface flow is considered as laminar in its 

initial condition, but when the depth and flow velocity increase to a critical value, it is 

converted into a turbulent flow, defined by the Reynolds Number (adimensionless index that 

express the product of medium-flow velocity in a channel and its effective hydraulic radius 

divided by the cinematic viscosity) higher than 500. The turbulence created by this surface 

flow delays the particles’ sedimentation and maintains them in suspension, apart from 

increasing the flow capacity to separate new soil particles (Hillel, 1998).  

Table 2 shows the surface runoff of corn, agave tequilero, grass and bare soil. The highest 

runoff was observed in agave tequilero, and the lowest in grass, corn and bare soil, had 

intermediate rate. The runoff observed in agave tequilero is attributable to the foliar plant 

structure; leaves reduce direct impact capture the water which falls over its leaves and is 

transported to the plant base, creating a concentrated flow in the soil. Table 2 shows the 

highest amount of runoff occurs in the agave tequilero, followed by the bare soil and corn, 

with grass being the least amount.   
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The surface runoff also plays an important role in corn and pasture when it interacts with 

the application of manure particularly from a point of view of water quality with fecal 

matter and total coliforms. Figure 4 shows the surface runoff with the content of fecal and 

total coliforms which increases with overland flow; however dilution of coliforms in water 

also occurs (Flores et al., 2012). 

 

Figure 4. Relation of surface runoff with the total and fecal coliforms content in corn where treated with 

cattle and chicken manure. 

2.6. Nitrogen losses from agricultural system 

Water and nutrient deficiencies (nitrogen, phosphorous, calcium, etc.) are the most 

important factors that limit the productivity in any crop. One ton of agricultural soil in the 

first centimeters of the superficial layer can contain 4 kg of nitrogen, 1 kg of phosphorous, 20 
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kg of potassium and 10 kg of calcium. The soil erosion with a soil loss of about 18 tha-1year-1, 

would represent a total of 72 kg ha-1 of nitrogen, which is almost half of the average of 

nitrogen fertilizer (152 kg ha-1year-1) applied to corn crops in the United States (Pimentel et 

al., 1989). 

Haygarth and Jarvis (1999) make reference that the practice of tilling on agriculture lands 

may have direct effects on the loss of phosphorous , also favoring  vulnerability of the soil to 

erosion as a result of the removal of the vegetation cover . It was also indicated that the 

comparison between conventional tillage against conservation tillage resulted in 67% more 

runoff a, 90% loss of sediment, and a 90% increase in the loss of phosphorous. 

From the combination of nutrient management practices in crops and soil, and rain 

characteristics, processes of such complexity arise, that when visualizing them as system, 

with different scales and occurrence times, understanding becomes difficult. This situation 

makes it difficult to define the preventive or corrective actions that should be taken to limit 

the transportations of nutrients from agricultural and pastoral lands to the bodies of water. 

One option is to consider the transportation of nutrients from land to surface water bodies 

as a system that requires knowledge of the components and an understanding of the 

interactions that exist between them. 

The surface runoff is the means of nitrogen transportation, while the mechanisms that 

regulate it are the characteristics of storms, soil and the very own crop (Follett and Delgado, 

2002; Haygarth and Jarvis, 1999). In Mexico, several studies demonstrate that organic and 

inorganic nitrogen, applied to the soil, is directly related to the amount of nitrates and 

ammonium in surface and groundwater during the NSP processes.  

Estrada-Botello et al. (2002), in a study about the balance of inorganic nitrogen in the humid 

tropics of Mexico, found that the ammonium nitrogen loss was about 6.8 mg N-NH4 L-1 in 

the surface runoff, while the underground drainage was about 2.7 mg N-NO3 L−1; however, 

when some type of drainage is introduced in farming lands, the values of nitrogen leaching  

can be about 16.53 kg ha−1 año−1 without applying surface drainage and with maximum 

nitrate and ammonium concentrations at about 26.4 mg L−1 and 22.0 mg L−1, respectively. 

(Estrada-Botello et al., 2007). In the region of Tuxtla in Veracruz, Mexico, Uribe-Gómez et al. 

(2002) found that the average loss of nitrogen in living wall terraces was around 23 kg ha-1, 

probably due to the high levels of nitrogen from the decomposition pruning refuse that was 

placed on the surface soil. 

In the Highlands of Jalisco, Mexico, the loss of nitrogen is mainly associated with hydrologic 

and edaphic factors along with the management of the production systems for agave 

tequilero, corn and pasture. As a result, the nitrates may be leached and contaminate the 

groundwater or transport the runoff toward the surface water together with the ammonic 

nitrogen and nitrate nitrogen (Goulding, 2004). However, it very difficult that they adsorb to 

iron oxides, like the goethite or hematite which are presented in the Luvisol soils in the 

Highlands of Jalisco (INEGI, 1994), due to the fact that the electrostatic attraction forces 

acting in this kind of mineral are weak (Parfitt, 1989). 
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In agreement with nitrogen measurements in runoff from field plots with agave tequilero 

runoff, pasture and corn, Flores et al. (2009), found tendencies of the related nitrogen loss 

with surface runoff, shown in Figure 5. The highest rate of nitrogen loss due to surface 

runoff was found in native pasture due to the contributions of refuse. Meanwhile the agave 

tequilero and corn had a medium rate, while the lowest rate of nitrogen loss was found in 

bare soil. 

 

Figure 5. Relation between the loss of inorganic nitrogen and the surface runoff, in runoff plots that 

have bare soil, agave tequilero, corn and native grass. 

 

Figure 6. The loss of inorganic nitrogen in the form of ammonium, nitrites and nitrates s in four runoff 

plots the Highland of Jalisco, Mexico. 
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Figure 6 shows that the highest loss of inorganic nitrogen occurs in the agave tequilero with 

7 kg ha-1 and 4.15 kg ha-1 of ammonic nitrogen at 2.85 kg ha-1, of nitrate, and lower values for 

native grass lands at about 3.03 kg ha-1, with nitrates at 1.56 kg ha-1, and about 1.48 kg ha-1 of 

ammonia nitrogen. 

2.7. The loss of phosphorous in agricultural and livestock systems 

In the south of the Jalisco Highlands soils are rich in iron oxides (INEGI, 1994), a 

characteristic that makes the loss of phosphorous utilized as the principal means of 

transporting mainly sediments to finer layers (Flores, 2004; Sharpley et al., 2003; Sei et al., 

2002). 

Figure 7, shows the content of total phosphorous (TP), organic phosphorous (OT) and 

inorganic phosphorous (IP), in the exported, precipitated and suspended sediments, which 

was measured in the runoff fields with agave tequilero, pasture, bare soil and corn. The 

concentration of IP loss was higher in the suspended sediment with respect to the 

precipitated sediment, due to the fact that the size of sediments is finer in the agave 

tequilero, bare soil and corn. For pasture, the IP in precipitated sediments was higher when 

compared with the others crops, but due to the fact that suspended sediment was not 

present in adequate amounts for the analysis, the IP was considered inestimable. This 

response is associated with a high clay content in suspended sediment, as can be observed 

in the distribution of sediment particle sizes for corn, agave tequilero and bare soil, results 

are shown in Figure 7. 

 

Figure 7. Content of inorganic phosphorous, in the exported, precipitated and suspended sediment, 

which was measured in the field plots of agave tequilero, grass, bare soil and corn. 
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Figure 7 shows the loss of TP, OP and IP, measured in fields for the agave tequilero, corn, 

grass and bare soil. In all of the cases, the loss of OP was about 71 to 80% of TP. Due to the 

fact that phosphorous particles are dependent on the exported material size, the agave 

tequilero showed the highest hydric erosion and consequently the highest TP loss. In 

contrast, grassland had the lowest soil erosion resulting in a minimum loss of TP.  

Even though, the P loss is mainly associated with the finest layer of sediment (suspended 

sediment), high amounts of precipitated sediment have a similar granulometric composition 

to the original soil (Table 3). For that reason, this nutrient that is removed from soil and 

deposited along the land surface and in the drainage network can in the future, be 

considered as phosphorous source when it once again enters into the surface runoff. 

(Haygarth et al., 2000; Haygarth and Jarvis, 1999). Table 3 shows the soil and precipitated 

sediment amount; clay layers (< 2 µm), silt layers (2 – 50 µm) and sand layers (> 50 µm), 

with the P retention percent in the precipitated sediment. The precipitated sediment and the 

soil presented a similar granulometric composition; clay is around 55%, silt is about 32% 

and sand is approximately 13%. Table 3 also shows that the clay layer has a higher P 

retention (about 57.5%), and the sand has the lowest P retention (20%). Significant 

differences were found between layers.  

 

Name *Layer 
Precipitated sediment

( % ) 

Soil

( % ) 

**P retained 

( % ) 

 Clay < 2 µm 54.40 55.40 57.52 a 

 Silt 2 - 50 µm 31.65 31.71 39.59 b 

 Sand > 50 µm 13.95 12.89 20.07 c 

 * From pipette method. 

** Includes around 50% of layer< 2 µm.  

Table 3. Percentage of Granulometric layers in the suspended and precipitated exported material of the 

soil and the Pretained in the precipitated sediment layers. 

On the other hand, the suspended sediment principally constitutes for silt and clay (Table 3). 

This condition allows the particles be transported for greater distances to reach the 

superficial water bodies and transport with them, an important quantity of P (Figure 8). 

Much of the P contained in the exported material is of organic origin, but from the point of 

view of eutrophication, the inorganic P is more important; furthermore, a large amount is 

presented in suspended sediment. Pimentel et al. (1989) suggested that the soil erosion does 

not remove all the soil components in the same way; in fact, many studies indicate that the 

exported material is generally 1.3 to 5 times richer in organic material than the soil that 

remains. Organic matter is important to soil quality because of it’s the positive effects on the 

water retention, the soil structure and the cationic exchange; furthermore, it is the highest 

nutrient source for plants. For this reason, 95% of nitrogen and the 15% to 80% of 

phosphorous is located in the organic matter. 

From the results shown here, the transportation of P in the agricultural and pasture lands to 

the aquatic environments occurs by water erosion through surface runoff, in such a way that 

P is absorbed by soil particles and organic matter that is transported during runoff.  
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Figure 8. Loss of total phosphorous, organic and inorganic agave tequilero, corn, pasture lands and 

bare soil measured in field plots.  

Golterman and Oude (1991) indicated that the surface freshwater reservoirs (lakes, dams, or 

dikes), requires a reduction of P and N before entering to the system, even though this task 

requires a large amount of money to improve reduction from 40% to 70% of the nutrients 

that cause the eutrophication. Loehr (1984) mentioned that using the Best Management 

Practices is a cost effective method to prevent or control the NSP from the agricultural and 

livestock industries. 

2.8. Effects of Management Practices on pollution diffusion 

The Best Management Practices (BMP) is conceptualized as the combination of cultural 

recommendations of management, structure and norms that in an effective and economic 

manner avoids, minimizes or mitigates the environmental impact on the productive 

processes of the agricultural and livestock systems (Minnesota Pollution Control Agency, 

2000). However, giving sustainable solutions to NSP problems through the BMP’s should 

stem from the farmers’ decision making, identifying the causes and quantifying the effect. 

The simulation model is a tool that can be used for such purposes. Furthermore, this tool 

considers the farmers’ decisions related to the agricultural management practices, that are 

based on processes associated with crop growth and its productivity, the soil erosion, and 

surface runoff from agricultural lands. Such is the case of the EPIC model (Erosion-

Productivity Impact Calculator) which has been utilized to carry out the task at the field 

scale (Flores et al., 2011; Flores et al., 2009; Semaan et al., 2007; 2006; Wang et al., 2006; Guerra 

et al., 2005; Villar-Sánchez et al., 2003; Lacewell et al., 1993), However, in combination with 

geographic information systems (GIS), it is possible to evaluate the impact of the 

agricultural systems at the watershed scale (Liu et al., 2007). 
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Figure 9. Relation between soil erosion in the corn field with the dates of fallowing and tilling during 

soil preparation.  

Flores et al. (2009) used EPIC to estimate soil erosion to corn crops in the Highlands of 

Jalisco. The authors identified that the corn management practices correlated to soil loss at 

probability level ≤10 % significance, as follows: the fallow date (-0.335), the second plow 

date (-0.362), the sowing date(0.896), the amount of seed utilized (-0.250), the organic 

fertilization date (-0.418), the date of the first chemical fertilization (0.851), the date of the 

first weed control (0.390), the emergence date of corn plants (0.933), the second weed control 

date (0.939),the date of pest control for soil (0.835), the amount of products utilized in the 

soil to control pests (0.399), the silage date (-0.405), the corn harvest date (0.546). In the soil 

preparation, two practices are associated with soil erosion: fallowing and tilling of the 

ground as Figures 9a and b show. From these figures it can be seen that when these practices 
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are carried out near to the sowing date, the tendency is to reduce the loss of soil, an effect 

associated with soil rugosity, which, when there is high soil erosion, reduces to produces a 

decrease in the runoff velocity, favoring the water infiltration (Kirkby, 1988; Podmore and 

Hugins, 1980). 

Other management practices that resulted in important effects for soil loss were the sowing 

date (SD) at a rate of 429.5 kg for day with a delay in planting as shown in Figure 10. 

However, when the corn SD was separated from the corn systems at the date before start of 

growing season (GS),a loss of soil at a rate of about 30.4 kg per day was observed, while the 

later SD at the beginning of GS, had soil erosion increases at rate of 362.9 kg per day that 

was delayed by the SD. 

 

Figure 10. Relation between the losses of soil by erosion with the planting date of seasonal corn in the 

Highlands of Jalisco, Mexico. 

On the other hand, the average accumulation of soil loss (SL) at field scale, cultivating corn 

was about 6.12 t ha-1. But at the time when the accumulation of soil losses was separated 

from the SL in the crops with ST before the beginning of the GS, and the sowing was started 

after the GS, the average soil erosion was about 3.67 kg ha-1 y 7.89 kg ha-1, respectively 

(Figure 11). Figure 11, shows that the protective effect of foliage against soil erosion; the 

highest loss of soil occurs before the corn foliage covers the soil, which occurs around 40 

days after the emergence of the crop. Afterwards, only storms with high erosive qualities 

can generate SL in the corn. 

2.9. Scaling effects on the soil erosion, surface runoff and nutrient loss 

Sims and Wolf (1994) mentioned that the processes of soil erosion, surface runoff, and 

nutrients loss, can be visualized through their management at three scales; 1) field scale, 2) 

farm scale, and 3) watershed scale, region and/or State level. At the field scale, the 

management practices are developed efficiently, favoring or limiting the impact of practices  
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Figure 11. The effect of humid conditions on planting over the soil loss in farmlands of the watershed 

El Jihuite. 

on soil erosion, surface runoff, nutrient loss and crop productivity, as an effect of physical 

processes such as volatilization, leaching, erosion, runoff and etc. At the farming scale, the 

farmer’s decision is considered over many farms where practices are applied and the effect 

can be reduced or amplified depending of the environmental characteristics. At the 

watershed scale, regionally or stately, it is a similar scenario to the farm scale;, however at 

this level, the effects occur at different time and spaces of origin, with a high magnitude and 

an elevated cost to remediate the impact.  

Flores (2004) showed the scale effect on soil erosion, surface runoff and the loss of inorganic 

P and N which have a non-lineal relationship with an area increase (Figure 12). Canto et al. 

(2011) also showed a non-lineal effect similar to that of Flores et al. (2004) between a runoff 

area with the production of sediments, even though this non lineal effect could be modified 

by soil coverage and other soil and drainage area characteristics (Liu et al., 2012; Delmas et 

al., 2012; Descroix et al., 2008). With a precipitation of about 1019.3 mm, a substantial 

reduction was observed in the amount of runoff in accordance with the measurement scale, 

such as show in Figure 12. 

At a small scale of field plots (about 50 m2 in area), a higher surface flow was generated, 

however, at drainage scale (about 22 hectares), the runoff was significantly lower. The 

runoff is generated during the period of flooding and excessive rain (Stomph et al., 2002); the 

influence of these mechanisms may reduce when the contributing area increases (Critchley 

and Siegert, 1991). 

The soil erosion the same scale effect can also be observed where the great part of soil loss 

occurs during runoff in corn field, less in farm scale and even less in the drainage scale: 

furthermore, this exhibits a non-lineal correlation (Figure 12). At the watershed scales, 

Martínez et al. (2001) a non lineal response was found with the production of sediments in 

function to contributing area. 
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Figure 12. The surface runoff, soil erosion and loss of nutrients losses in measurement scales of corn 

field plots (50 m2), farm scale denominated watershed (5000 m2) and drainage area (22 ha).  
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The loss of nitrogen and phosphorous showed a non lineal response similar to that of the 

runoff and soil loss greater in the corn field plot and the lower in the drainage area, even 

though, the results were more contrasting with the nitrogen. The nutrient input depends on 

the characteristics of the drainage area the nutrient concentration, in a way so that the 

organic nitrogen has been correlated with arable land and the stream density, while the 

phosphorous with the soil texture (Arheimer and Lidén, 2000). 

3. Conclusion 

The agriculture and livestock industry in the Highlands of Jalisco, Mexico, has been an 

important source of economic growth. However, the use of technologies involving the 

application of large amounts of fertilizers and pesticides for prolonged periods of time, and 

often applied incorrectly, increases inefficiency and results in high environmental impact on 

the soil and water of the lower watershed area. This is known as non-point source pollution, 

which is considered to be the principal cause of the water deterioration in this region of 

México. 

The first storms that had a smaller quantity of rain during the growing season and produced 

runoffs in the corn crops where cattle and chicken manure had been applied generated the 

highest levels of fecal coliforms. But the opposite effect was noticed in grassland where 

cattle graze, which requires a larger quantity of rain to increases the amount of fecal 

coliforms in the water. 

The surface runoff for corn, agave tequilero, grass and bare soil exhibited different behavior. 

The highest runoff was observed in agave tequilero, and the lowest in grass, corn and bare 

soil, had intermediate rate. The runoff observed in agave tequilero is attributable to a 

concentrated flow created in the soil. The surface runoff plays an important role in corn and 

grass when it interacts with the application of manure, thereby reducing water quality with 

fecal matter and total coliforms, and adding nutrients. 

With respect to the loss of soil, it was observed that the grassland has very low soil erosion, 

which indicates the protective effect that it has on soil during the rainy season; corn, 

however, has a high propensity to soil erosion up until it has complete soil coverage; the 

exception is when there are storms with a highly intensive erosive level. The agave tequilero 

has the highest soil erosion rate, and finally, the soil bare exhibited the slightly different 

behavior, an effect caused by the generation of flows concentrated in the base of the agave 

tequilero. 

Nutrient loss in the aforementioned crops is mainly associated with hydrologic and edaphic 

factors. The highest rate of nitrogen loss due to surface runoff was found in native grass due 

to the introduction of refuse; meanwhile the agave tequilero and corn had a moderate rate of 

nutrient loss, while the lowest rate of nitrogen loss was found in bare soil. 

The amount of exported phosphorus is dependent on the exported material size. The agave 

tequilero showed the highest level of soil erosion by water and consequently the highest 
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total phosphorus loss. In contrast, grassland had the lowest soil erosion resulting in a 
minimum loss of total phosphorus. The loss of organic phosphorous was about 71% to 80% 
of total phosphorous. The inorganic phosphorous loss was higher in the suspended 
sediment than in the precipitated sediment, due to the fact that the agave tequilero and bare 
soil had high phosphorus loss, while corn and grass had less. 

The management practices had an important impact on the process of soil erosion, runoff 
and nutrient loss. The most important effect that the sowing date had on the soil erosion rate 
may reduce when the planting date is delay. However, when corn was sowing before the 
growing season, the soil erosion had a rate of 30.4 kg per day. Nevertheless, sowing later of 
the growing season, the soil erosion increases at 362.9 kg per day.  

The scale effect was observed in soil erosion, runoff, and nutrient loss. The loss of all of these 
showed a non-lineal response with the runoff and soil loss greater in the corn field plot and 
lower in the drainage area; this occurred even though the results were more contrasting 
with the nitrogen. 

Due to, the highest surface runoff, nutrient loss and soil erosion effect occurs in the 
agricultural field scale (depending on the type of crops), the modification of current 
agricultural management practices toward sustainable practices is necessary. To achieve this 
goal, it is necessary to encourage farmers to use sustainable management practices, to 
reduce the rate of soil loss and runoff, and to improve efficiency in the use of nutrients in 
farmland and grazing. The results of these actions would be observed with sustained soil 
productivity and an improvement in the quality of water in dams, dikes or rivers of the 
region. At the watershed scale, legislative and socio-economic aspects that favor the 
improvement of agricultural systems, contributing not only to its development but also to 
the quality of life of the region’s inhabitants, needs to be taken into consideration. 
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1. Introduction 

As a whole the Mediterranean region holds 3 % of the world’s freshwater resources and 

hosts more than 50 % of the “water poor” population, i.e. people with less than 1000 m3 per 

capita per year. In the Mediterranean countries access to water and irrigation is crucial for 

land productivity and stability of agricultural yields (Benoit and Comeau 2005). But the 

balance between water demand and availability in irrigated areas is reaching critical levels 

(EEA 2012) in parts of the Mediterranean region and is an increasingly difficult task to 

achieve, both in spatial and temporal terms. Fresh water supplies are in fact mostly limited 

and the national strategies of many countries are no longer addressed towards developing 

new water sources and storage infrastructures. On the other hand, water demand is 

progressively rising up, mainly due to population increase and to policies of agricultural 

development and farming intensification for food security goals. The European 

Environment Agency (EEA 2010) reported that climate change is likely to increase the 

current pressures on water resources and that increasingly much of the Mediterranean 

countries will face reduced water availability during summer months, while the frequency 

and intensity of drought is projected to increase in the southern areas. 

The recurrent drought periods occurring under Mediterranean climatic conditions thus 

represent the major water scarcity issue for irrigated agriculture but, besides that, poor 

irrigation management and inappropriate delivery schedules are often the problems 

(Clemmens 2006; Hargreaves and Zaccaria 2007). Clemmens and Molden (2007) stressed 

the importance of flexibility and quality of delivery service on the economic and 

environmental viability of irrigation projects. Merriam and Freeman (2002) documented 

that accurate on-farm control of irrigation water deliveries can contribute to reducing 
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drainage and salinity problems on the project scale caused by excess, inadequate and non-

uniform applications. Styles (1997) reported that in several areas of the world a significant 

increase in the number of farmers using irrigation wells has been observed during the last 

decades, even where less expensive irrigation water was available from the district, in 

response to the lack of flexible deliveries from the distribution networks. As pointed out 

by Umali (1993), poor water management by irrigation agencies is one of the leading 

grounds for irrigation-induced salinity in many agricultural areas. As a matter of fact, 

salinity problems in irrigated agriculture may often result from seawater intrusion into 

coastal areas where the water tables have been lowered due to mining of groundwater for 

irrigation purposes (Kijne et al. 1998). Zaccaria and Scimone (2008) refer that often times, 

when water distribution by the management authority is unreliable, inadequate in terms 

of delivery conditions, rigid or not timely matching crop water demand or growers’ needs 

and practices, farmers tend to rely on aquifers as main water source for irrigation. 

Sanaee-Jahromi et al. (2001) clarified that the delivery schedule performance relates to how 

well the water delivery schedule matches the crop irrigation requirements, whereas the 

operation performance refers to the ability of the system to supply water according to the 

schedule. 

As for soil and aquifer degradation, Paniconi et al. (2001) and Capaccionia et al. (2005) 

pointed out that in coastal areas periods of intensive groundwater pumping for irrigation 

purposes can cause a drawdown of water levels in aquifers and give way to seawater 

intrusion, often leading to salt build-up in the cropped soils. 

The present study was conducted on the Sinistra Bradano irrigation system managed by a 

local Water Users Association (WUA) to supply an irrigated agricultural area located in the 

western part of the province of Taranto (Apulia region, southern Italy) that stretches along 

the Ionian coast. Large reductions in the area serviced by the irrigation delivery networks 

operated by the WUA, and strong increases in the area irrigated by growers through 

groundwater pumping from farm tube wells occurred during the last 10 years, as 

documented by Zaccaria et al. (2010) on the basis of records provided by the WUA and by 

INEA (1999).  

Under the perspective of responsible use of natural resources, a simplified Risk Assessment 

and Management procedure (RA&M) was thus applied to the study area for quantifying the 

risks of soils and aquifer degradation. Some feasible management options were also 

appraised for risk mitigation purposes on the basis of specific decision-making criteria. 

2. Study area description 

The “Sinistra Bradano” irrigation scheme (Fig. 1) covers a total command area of 9,651 ha 

and an irrigable area of 8,636 ha. This area was equipped for irrigation during the period 

from 1968 to 1974 and extends over an alluvial plain, with land elevation ranging between 

24 and 54 m a.s.l. The irrigation system was designed for surface irrigation methods and is 

subdivided into 10 operational districts, each being composed by sub-units called sectors 
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that consist of a grouped number of farms. The system is managed by a local association of 

water users, namely the “Consorzio di bonifica Stornara e Tara” that distributes irrigation 

water to horticultural growers from mid April to late October by rotation delivery schedule. 

The rotation is fixed for the entire irrigation season with a flow rate of 20 l s-1 ha-1, 5 hours of 

delivery duration to each user, and a delivery interval of 10 days. 

 

Figure 1. Overview of the Sinistra Bradano irrigation system. 

The main source is the Bradano River, whose water gets partially diverted and stored in the 

“San Giuliano” reservoir of a total capacity of 70 Mm3, which is located in in the nearby 

region of Basilicata. Water is then conveyed from the San Giuliano reservoir to the study 

area by a main canal along which 10 open-branched district distribution networks originate 

that divert water to the district distribution networks. Water diversion from the main canal 

occurs through cross-regulators and undershot gates, which are manually operated by the 

WUA’s staff on a regular basis for implementing the planned delivery schedule. Water is 

finally distributed to users through gravity-fed branched delivery networks consisting of 

buried pipelines, and pressure at farm hydrants ranges between 0.3 and 0.6 bars depending 

on their ground elevation relative to the canal off-takes, thus resulting from the difference in 

elevation between the inlets of the distribution networks and the lower-elevation irrigated 

areas. 
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Climate of the area is semi-arid to sub-humid and referred to as “Maritime-Mediterranean”, 

which is typical of the coastal areas of the Mediterranean region. Precipitation ranges 

between a minimum of 400 mm, in south-eastern part of the scheme, and a maximum of 730 

mm in the northern part of the scheme. The average yearly rainfall is around 550 mm, 35 % 

of which occurring during the winter months, 32 % during fall and 33 % during spring and 

summer. There is typically very little summer precipitation, thus summer droughts are 

frequent, and irrigation is usually needed from April to September. Because of semi-arid 

climatic conditions, profitable farming in the area depends largely on irrigation. 

The main crops grown in the area are citrus, table grapes, olive trees and summer vegetables, 

whose relative distribution is reported in Table 1 and Figure 2 as referred to the year 2006. 

Soils are mainly of alluvial type, resulting from deposits onto flat clayey plains that were 

afterwards subjected to a long period of carbonate leaching. For the purposes of the present 

study the cropped soils were grouped into five classes, according to the USDA soil textural 

classification, as shown in the soil map reported in Fig. 3, with most of the cropped areas being 

on loamy-sand. The electrical conductivity (EC) of soils, measured during a survey campaign 

in 2006, resulted in a range of values between 0.064 and 0.635 dS m-1. 

 

CROP AREA (Ha) Area (%) 

Table-grapes 3,753 43.5 

Citrus 2,208 25.6 

Vegetables 2,184 25.3 

Olives 432 5,0 

Almonds 14 0.1 

Orchards 44 0.5 

TOTAL 8,635 100

Table 1. Cropping pattern and relative distribution in the Study Area 

At farm level, micro-irrigation methods are currently used by growers in the majority of 

cropped areas, whereas sprinkler irrigation covers only 20% of the citrus acreage. Surface 

irrigation is no longer practiced due to high labour costs. In a few larger farms, small storage 

reservoirs were constructed by farmers with the aim of buffering the delivery timing and 

discharge to achieve higher flexibility in crop irrigation management. 

As for the service area, even though the cropped area has not changed over the years, the 

area irrigated with water supplied by the WUA’s networks progressively decreased since 

1990 and onward, with no significant changes in the cropping distribution. Based on WUA’s 

records reported in Table 2, the area requesting irrigation delivery service from the WUA 

passed from 2,128 ha in 1997 to only 921 ha in 2007, out of a total cropped and irrigable area 

of 8,636 ha. 

Several farmers and extension officers from the study area were interviewed and reported 

that the irrigation delivery schedule enforced by the WUA is too restrictive with respect to 

the prevailing farming conditions, and not often timely to match the actual crop water 
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requirements and farmers’ irrigation needs (Zaccaria et al. 2006). The rigid rotation supply 

may in fact cause wasteful water use due to improper timing, over-irrigation and runoff, 

and may inhibit good farm management, as documented by some authors (e.g. Merriam et 

al. 2007). 

 

Figure 2. Cropping pattern of the Sinistra Bradano irrigation systems for 2006 

 

Year 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 

Area (ha) 2,128 2,046 2,026 2,044 1,815 - 1,354 1,183 1,004 987 921 

Area (% of 

irrigable) 
24.6 23.7 23.4 23.7 21.0 - 15.7 13.7 11.6 11.4 10.7 

Table 2. Areas serviced by the WUA in the years 1997-2007 in the Sinistra Bradano irrigation system 

(Source: Stornara e Tara Water Users Association, 2008) 

The reduction in the area serviced by the WUA indicates that the area irrigated by 

groundwater pumping has tremendously increased over the years, most likely as a 

consequence of inadequate water delivery conditions with respect to the actual farmers’ 

requirements. In other words, during the different years farmers irrigated larger areas 

exclusively relying on groundwater pumping, most likely for avoiding the limitations 

imposed by the rotation delivery schedule. Major changes, instead, occurred to the farm 
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irrigation methods, as the majority of growers passed from surface methods to pressurized 

high-frequency irrigation. As reported by the extension agents and farmers’ representatives 

interviewed, when the water supply is flexible and shows no delivery constraints (i.e. storage 

reservoirs, holding ponds or groundwater pumping), growers usually tend to distribute small 

amounts of water to cropped fields by means of micro-irrigation systems with high frequency, 

which also varies during the irrigation season in response to perceived crop water needs.  

 

Figure 3. Soil map of the Sinistra Bradano irrigation system (textural classification according to the 

USDA soil classification), and sites of groundwater sampling conducted in 2006 

According to extension service agents and growers’ representatives, the majority of farmers 

consider the water distribution conducted by the WUA as not matching the actual crops’ 

needs and farmers’ requirements, both in terms of timing and of conditions of delivery. 

Delivery intervals, flow rates and pressure heads available at hydrants are found to be 

inadequate by farmers for the prevailing farming practices. As a result, during the last 10 

years many growers relied nearly exclusively on groundwater pumping for irrigating their 

crops for large part of the irrigation season in order to achieve the desired flexibility. 

As such, a concentration of groundwater pumping is found to occur during the peak water 

demand periods (July and August). This has progressively led to high antropogenic 

pressure on groundwater resources and has started originating aquifer contamination and 
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soil degradation, namely due to seawater intrusion in the groundwater and salt build-up in 

the agricultural soils, which are considered as the major causes of environmental 

degradation in the study area.  

Some research works conducted in areas bordering the system under study (Polemio and 

Ricchetti 1991; Polemio and Mitolo 1999; Polemio et al. 2002) revealed that seawater 

intrusion is progressively increasing in the whole Ionian coastal aquifer. A strong increase in 

the area subjected to seawater intrusion was also documented by Zaccaria et al. (2010) based 

on a comparison between two subsequent Regional Water Plans, namely the “Piano 

Regionale di Risanamento delle Acque” (Regione Puglia 1983) and the “Piano di Tutela delle 

Acque della Regione Puglia” (Regione Puglia 2007). This increase was found to be consistent 

with the strong increment in the number of agricultural wells drilled during the last decades 

throughout the whole area.  

 

Figure 4. Depth-to-water map of the aquifer in the Sinistra Bradano area 

The area under study is characterized by abundant groundwater resources coming from 

both a shallow upper unconfined aquifer and a deeper confined aquifer, whose hydrological 

set-up was described by Zaccaria et al. (2010) based on the outcomes of previous 

investigations (Cotecchia and Magri 1967; Cotecchia et al. 1971; Piccirillo 2000). According to 

Polemio et al. (2002) the shallow aquifer is subjected to heavy utilization and therefore to 

seawater intrusion. Observations of the water table depth were conducted in 2004 (Regione 
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Puglia 2007) and led to the development of the depth-to-water map (Fig. 4), which shows 

that the water table lies at depths ranging from 2 m (in the south-western part) to 20 m (in 

the north-eastern part) from the ground surface, confirming the easy access to the aquifer by 

farmers for irrigation purposes.  

Seawater intrusion upon coastal groundwater was reported by Polemio et al. (2002) as a real 

problem for the social and economic development of this area, as results from the analysis of 

hydro-geological, chemical and physical data collected at boreholes in areas near the study 

site that revealed quality degradation of coastal plain groundwater, owing to seawater 

intrusion in the shallow aquifer. This evidence was also supported by data collected in the 

period 2006-2007 during a research project aiming at monitoring groundwater parameters at 

regional level (Regione Puglia 2006).  

Detailed information on the operational procedures of the distribution networks, on the 

resulting effects on crop irrigation management by farmers, on the poor performance in 

water delivery, and on the impending need of system modernization were documented by 

previous research works and were all described in details by Zaccaria and Lamaddalena 

(2005), Zaccaria et al. (2010), and Zaccaria and Neale (2012). 

3. Materials and methods  

3.1. Soil water balance modeling 

Simulations of daily soil water balance in the root zone were performed for forty-two 

unique crop-soil-climate combinations to compare the amounts of water applied, crop 

evapotranspiration, delivery schedule performance and the related yield impacts when 

irrigation is conducted under the current rotational delivery schedule (RDS) or if an 

alternative flexible delivery schedule is adopted (FDS). The crop-soil-climate combinations 

were identified by intersecting the cropping pattern map with the soil map and with the 

areas of influence of three meteorological stations (Ginosa Marina, Castellaneta and 

Massafra) located within or surrounding the study area, using commercial GIS software 

(ArcGIS). The procedure, models and data utilized for the above sets of water balance 

simulations are described in details in Zaccaria et al. (2010) and followed the methodology 

proposed by Allen et al. (1998). The delivery schedule performance was used as an indicator 

of potential room for water conservation.  

Figure 5 presents the simulation results for the three main crops grown in the study area 

(vegetables, table-grapes and citrus) under the RDS and FDS scenarios. 

For the simulations under rotation delivery scheduling (RDS), fixed irrigation dates and 

volumes were adopted to reproduce the current deliveries conducted by the WUA, i.e. 

irrigation intervals of 10 days, flow rate of 20 l s-1ha-1 with 5 hours of delivery duration. For 

the simulations under flexible delivery (FDS), the irrigation schedules reproduced those that 

are commonly used by farmers when they rely on flexible or unconstrained water supply i.e. 

on-farm storage reservoirs, holding ponds, or groundwater pumping, and according to the 

irrigation methods and practices commonly utilized in the study area for each crop.  
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Figure 5. Simulated soil water balance for units consisting of 1) vegetables grown on sandy-loam soil in 

the area of Ginosa Marina, 2) table-grapes grown on loamy-coarse sandy soil in the area of Castellaneta, 

and 3) citrus grown on loamy-sand soil in the area of Massafra, under the RDS (sections a) and FDS 

(sections b). 
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The simulated irrigation scheduling shows that under RDS over-irrigation occurs at 

different times for the three main crops, whereas soil water deficits take place only for 

vegetables and table-grapes in the second half of the season. Alternatively, if farmers could 

rely on FDS, the irrigation management would be more effective at farm level and both 

water stress and excess applications could be easily avoided. 

The results reported in Fig. 5 clearly show that farmers are heavily bounded by the present 

mode of operation of the water delivery system. If farmers irrigate in compliance with the 

fixed delivery currently scheduled by the WUA, the crops are likely to experience both 

situations of water deficit and excess waterings. The comparison between RDS and FDS 

schedules explains why many growers prefer to irrigate using groundwater pumping rather 

than rely on deliveries from the irrigation distribution networks. By managing farm 

irrigation under FDS growers can easily prevent water deficit and water excess to their 

crops by applying a lower amount of water than that under RDS. The simulation results are 

supported by information provided by the growers interviewed who reported that, in order 

to offset the restrictions imposed by rigid rotation delivery and to achieve more effective 

irrigation timing, many farmers pump water from the aquifer, which in their perception 

represents an unconstrained and flexible water supply. 

3.2. Groundwater quality 

Groundwater quality was sampled at eighteen sites throughout the Sinistra Bradano area in 

2006 (Fig. 3), with two samples collected per each site, the first in February and the second in 

July. Measurements of total dissolved solids (TDS) and electrical conductivity (EC) were 

conducted on the groundwater samples, with TDS values determined by means of 

laboratory measurements using the gravimetric method, whereas EC values were obtained 

using a conductivity meter (Hanna Instruments, mod. HI 9835). Winter and summer salinity 

maps were developed based on the spatial interpolation of point-measured values of the 

TDS and EC, using the inverse weighted distance method embedded in the GIS software 

package. These maps are presented in Fig. 6 and seasonal changes in groundwater quality 

were assessed by comparing the aquifer salinity in winter with that of summer. The 

comparison showed that groundwater salinity increased in 2006 from winter (Fig. 6 – 

section a) to summer (Fig.6 – section b). The increase in groundwater salinity mainly 

concerned the eastern part of the study area. From Fig. 6 it can be inferred that the 

groundwater salinity in winter for the eastern part ranged between TDS values of 1.5 and 

1.8 g l-1, whereas it reached TDS values between 1.9 and 3.1 g l-1 in summer, which is most 

likely related to the intensive groundwater pumping during period of peak demand, 

specifically from May to August. The western-most part of the study area showed no 

significant increment of groundwater salinity. This can be reported as the main consequence 

of the inadequate delivery schedule enforced in the area. 

3.3. Crop evapotranspiration and crop performance under saline irrigation 

Salts brought into the soil water solution through irrigation with saline water can reduce 

crop evapotranspiration by making soil water less available to root extraction by plants, 

ECe ECe
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thus creating low osmotic potential in the root zone. In other words, the total potential 

energy of soil water solution can be reduced due to the presence of salts. Some salts can 

even have toxic effects on plants or induce nutrient deficiencies, thus reducing plants 

metabolism and growth. Many plants can make physiologic adjustments and reduce the 

negative effects of low osmotic potential of soil water by adsorbing ions from soil solution 

and by synthesizing organic osmolytes. Both processes involve the use of metabolic 

energy by plants that often results in reducing growth and canopy development under 

saline conditions. 

The response of different crops to salinity may vary, according to their different tolerances 

and to the physiologic capability to make the required osmotic adjustments, with some 

crops being able to yield acceptable productions at higher soil salinity than others. Keller 

and Bliesner (2000) developed a widely practiced approach for predicting the crop yield 

reductions due to salinity based on a yield-salinity equation adapted from Ayers and 

Westcott (1985), which is reported hereafter.  
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where: 

Yr = relative yield 

Ya = actual crop yield 

Ym = maximum expected crop yield when ECe < min ECe 

max ECe =  electrical conductivity of the saturated soil extract that will reduce the yield to 

zero (dS m-1) 

min ECe =  electrical conductivity of the saturated soil extract that will not decrease crop 

yield (dS m-1) 

ECw = electrical conductivity of the irrigation water (dS m-1) 

Values for min ECe and max ECe for the main crops grown in the study area were taken from 

Keller and Bliesner, as adapted from Ayers and Westcott, and are listed in the Table 3. 

 

CROP min ECe

(dS m-1) 

max ECe

(dS m-1) 

Sensitivity 

to salinity 

Table-grapes 1.5 12.0 Medium Sensitive 

Citrus 1.7 8.0 Sensitive 

Vegetables 1.5-2.5 10.0-14.0 Medium Sensitive 

Olives 2.7 14.0 Medium Tolerant 

Almonds 1.5 7.0 Sensitive 

Orchards 1.5 6.5 Sensitive 

Table 3. Salt tolerance of agricultural crops commonly grown in the study area 
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Provided that the impact of salinity on plants is a time-integrated process, generally only the 

seasonal effects are considered to predict the reduction in crops evapotraspiration, growth 

and yield as occurring over an extended period of time. The above equation is thus not 

expected to be accurate for predicting salinity effects on crop evapotranspiration and yield 

for short periods. 

Within the present research the likely crop yield reductions due to the use of saline 

irrigation water were not estimated, as this process requires the collection of multi-annual 

data on soil and aquifer salinity at short intervals with the aim of assessing the time of crop 

exposure to different levels of salinity in the soil water and to determine the evolution of soil 

water salinity along the year as resulting from seasonal rainfall leaching salts from the root 

zones.  

3.4. The ERA&M procedure 

The local climatic conditions, as well as the intensive farming of agricultural areas together 

with the inadequate distribution of water supplies make “business-as-usual” not 

environmentally-viable in the area on the long run. In view of a strategic change to the 

existing situation, a simplified Risk Assessment and Management (RA&M) procedure was 

applied to the study area through a new framework to identify viable counter-measures and 

mitigation of the existing environmental concerns and risks. 

The applied ERA&M procedure (Fig. 7) was developed within the STRiM project 

(www.strim.eu) funded by the EU under the INTERREG IIIB CADSES Programme. It is a 

simplified framework for conducting environmental risk assessment and management, 

predominantly based on the Environmental Risk Management guidelines issued by the 

Department of Environment Food and Rural Affairs (DEFRA, 2002) of United Kingdom, 

which focus on risk management and applicability to any type of environmental risk. The 

STRiM RA&M framework consists of 5 iterative steps and is linked to other key 

environmental protection decision-making procedures such as the Environmental Impact 

Assessment (EIA), the Strategic Environmental Assessment (SEA) and the framework 

conceived by the European Environmental Agency (EEA) on Driving Forces, Pressures, 

State, Impacts and Responses (DPSIR). Both the Risk Assessment (RA) and Risk 

Management (RM) phases require datasets to support decision-making, often in the form of 

indicators. In order to harmonize environmental protection management, the STRiM 

framework has the novelty of linking the DPSIR indicators and monitoring framework with 

RA and RM, something that was not attempted before. The framework embeds risk 

assessment into the risk management process and, as such, includes a number of key aspects 

emerging throughout the various steps of the process. Among these issues, the most 

relevant are: a) the importance of accurately defining the actual hazards or environmental 

problems; b) the need to prioritize all relevant risks prior to proceeding with their 

quantification through the data collection; c) the need to consider the risks while taking into 

account feasible management solutions through the use of option-appraisal from the initial 

stages; d) the iterative nature of the process.  
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Figure 6. Map of groundwater salinity in the study area during winter (February) (a) and summer 

(July) (b) for the year 2006  
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STEP 1

PROBLEM FORMULATION

INITIATION Whether and why is RA and RM required? If YES proceed

What should be study address?

1. Baseline description (including policy)

2. Potential hazard identification (component description: 

    source, pathway, receptor, impact)

3. Risk generating processes

4. Definition of boundaries and controlling factors

STEP 2 (qualitative)

GENERIC RISK 

ASSESSMENT PROCESS

Qualitative RA

Risk prioritization

Options appraisal

Quantitative RA

Risk prioritization

Options appraisal

Risk Assessment Process

1. Hazard identification

2. Identification of consequences

3. Magnitude of consequences

4. Probability of consequences

5. Significance of the risk

STEP 2a (optional 

qualitative)

DETAILED RISK 

ASSESSMENT PROCESS

STEP 3 

DEVELOPMENT OF RISK 

MANAGEMENT & 

MONITORING STRATEGY

STEP 5 

IMPLEMENT RM 

STRATEGY AND MONITOR

STEP 4 

REPORT & COMMUNICATE 

RA RESULTS AND RM 

STRATEGY

For Identified priority risks and taking into account the results of 

option appraisal, management procedures are developed to 

mitigate and manage risks. 

Develop monitoring strategy to assess effectiveness of 

management and risk status.

Write RA and RM report detailing Risk management and 

monitoring procedures

Communicate/ consult results (Risk Communication Guidance)

Carry out RM procedures and monitor to evaluate their 

effectiveness.

Risk Assessment Process

1. Hazard identification

2. Identification of consequences

3. Magnitude of consequences

4. Probability of consequences

5. Significance of the risk

 
 
 

Figure 7. The STRiM Risk Assessment and Management Framework (modified from DEFRA, 2002)  

Secondary hazards Primary hazard 
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4. Hazard identification and Risk-generating processes 

The aquifer over-exploitation is the primary environmental hazard impending in the study 

area. In view of this hazard, managing “business-as-usual” represents the intention for 

which the RA&M is required, the intention being defined as “any course of action, intentional 

or otherwise, which by its nature may pose a risk to the environment - natural or built - and the life it 

sustains”. The “business-as-usual” or baseline scenario in the study area consists in 

maintaining the intensive farming practices along with the irrigation delivery schedule 

enforced by the water management authority. The secondary hazards resulting from the 

aquifer over-exploitation are those indicated in Fig. 8, whereas the sources, pathways, 

receptors and impacts are indicated in the Table 4 for the primary hazard. 

The potential causes concurring to aquifer over-exploitation are the intensive groundwater 

pumping (S1) by farmers during peak irrigation demand periods (July and August) and the 

inadequate water distribution through the irrigation networks (S2). This situation is driven 

by the existing market-oriented agriculture that is based on water-demanding crops, and by 

the current operation of the irrigation distribution system that does not match with crops 

and farmers’ water requirements. The primary pathway (P1) goes through groundwater 

pumping, which in some periods may occur beyond the safe yield of aquifer due to 

concentration of withdrawals. This has the effect of depressurizing the aquifer, giving way 

to seawater intrusion and to aquifer contamination by saline water. The receptor of 

salination by seawater intrusion is thus the aquifer itself.  

 

Figure 8. Primary and secondary hazards identified in the study area  

The secondary pathway (P2) is again through groundwater pumping by farmers and 

through the distribution of saline water onto irrigated fields. The major potential impact is 

the salts build-up in the irrigated soil (I2.1) resulting from the distribution of saline 

irrigation water and from the water evaporation and transpiration processes.  

As for the identification of risk-generating processes, the current water distribution and the 

conditions of water delivery (discharge and pressure head at hydrants) being not adequate for 

proper farm irrigation management both concur to the environmental hazard. The extensive 

use of groundwater pumping throughout the study area results in drawdown and qualitative 

Aquifer over-exploitation

Aquifer quantity decline 

Aquifer quality degradation 

Degradation of soil productivity 

Secondary hazards Primary hazard 
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deterioration of aquifer, as well as in salts loads being progressively brought onto cropped 

plots through saline irrigation water. If leaching is not properly conducted on a regular basis, 

or in case salts are not flushed away from the root zones by the action of seasonal rainfalls, 

soils are progressively subjected to salts build-up, which may negatively affect their 

productivity. The soil and aquifer salination thus represent the main risk-generating processes. 

 

Hazard Source Pathway Receptor Impact 

H1 

Aquifer 

over-

exploitation 

S1 - Intensive 

pumping by 

farmers during 

peak demand 

periods 

P1-Aquifer R1-Aquifer 

I1.1 -  Aquifer 

Depletion 

I1.2 - Salination by 

seawater intrusion 

S2 - Poor water 

distribution 

through the 

irrigation 

networks 

P2-Aquifer R2– Soils 
I 2.1 - Salt build-up in 

the soils 

Table 4. Hazards sources pathways receptors and impacts 

5. Controlling factors of hazards and magnitude of impacts 

The aquifer over-exploitation is tightly dependent upon the following factors: 

• Crop water demand, which is driven by evapo-transpirative demand, growth stage of 

crops, prevailing farming and irrigation practices, and by effective rainfall. A peak 

concentration of crop water demand in the study area is usually observed during the 

months of July and August, and the majority of farms are not equipped with water 

storage facilities (holding ponds) that could help them buffering the irrigation demand 

with the water delivery by WUA. 

• The adopted delivery schedule depends on the available flow rate, on the design and 

capacity of the existing distribution network, as well as on operational resources and 

skills provided by the technical staff of the WUA. In the study area the rotation delivery 

is not agreed upon with farmers, but is instead dictated by the WUA following a 

supply-driven approach. More flexible arranged deliveries would allow partially 

overcoming the rigid water distribution. 

• On-farm irrigation practices, can range from full replenishment of soil water depletion 

from the root zone to different levels of deficit irrigation, on the basis of the crops 

grown, the specific sensitivity of the different growth stages to water deficits, the target 

yields, and the farmers’ skills and capability in field water management. Full irrigation 

is the most common irrigation practice in the study area. Micro-irrigation methods 

allow maximizing crop yields even when using saline water. Leaching of salts from top 

soil layers is usually not carried out by the majority of farmers, but flushing of salts 

mainly occurs due to fall and winter rains. 
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• Natural leaching and aquifer recharge mainly depends on rainfall intensity and 

distribution, vegetation cover, soils’ hydraulic features, and slope. In the study area 

natural leaching and partial aquifer recharge usually occur during fall and winter 

months but, as pointed out by previous investigations, those are not sufficient to avoid 

aquifer salinity increase and salts build-up in the soils on the long run.  

The overall magnitude of impacts was estimated based on three criteria, namely a) the 

spatial distribution of impacts, b) their time-duration, and c) the time necessary to onset the 

impacts. These impacts were assigned a partial score for each criteria based on a scale 

ranging from 1 to 4. For instance, the scale related to the spatial distribution of impacts 

assigned scores according to the following ratings: 

Nowhere (0%): score = 0; 

Localized (< 5%): score = 1; 

Scattered (5-15%): score = 2; 

Widespread (15-50%): score = 3; 

Throughout (> 50%): score = 4. 

The overall magnitude of impacts resulted by multiplying the partial scores assigned for the 

three criteria, thus on a scoring scale ranging from 0 to 64, then classified from “negligible” 

(score 0) to “mild” (score 1-22) to “moderate” (score 23-43) to “severe (score 44-64). The 

calculated values for the magnitude of impacts are reported in Table 5. 

 

Hazard Receptor Impact 
Spatial 

scale 

Temporal 

scale 

Time of 

onset to 

impact 

Overall 

magnitude 

H1 

Aquifer 

over-

exploitation 

R1 

Aquifer 

I1.1.1 

Aquifer 

depletion 

Throughout

(> 50%) 

4 

Medium 

term  

(5-20 years)

2 

Medium 

(1-10 years) 

3 

Moderate 

 

24 

I1.1.2 

Salination 

by 

seawater 

intrusion 

Throughout

(> 50%) 

4 

Medium 

term  

(5-20 years)

2 

Medium  

(1-10 years) 

3 

Moderate 

 

24 

R2 

Agricultural 

soils 

I1.2.1 

Salts build-

up 

Throughout

(> 50%) 

4 

Medium 

term  

(5-20 years)

2 

Immediate 

(0-1 year) 

4 

Moderate 

 

32 

Table 5. Estimated magnitude of impacts  
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6. Estimation of risk probabilities 

The estimation of the overall probability of hazards is also based upon three criteria, 

respectively the probabilities of hazard occurring, of the receptors being exposed, and of 

harm resulting to the receptor. Within each criteria, the probabilities were assessed and 

classified on a High (score 3) to Negligible (score 0) scale. The overall probabilities of 

hazards were finally obtained by combining the partial scores assigned in each criterion and 

afterwards classifying the overall scores based on the following probability scale:  

Negligible (when score ~ 0);  

Low (when score = 1-9);  

Medium (when score = 10-18);  

High (when score = 19-27).  

The overall probabilities for the study area are those reported in Table 6 

 

  H1 

Probability of hazard occurring 
receptor 

independent 
High (3) 

Probability of receptors being exposed 
R1 High (3) 

R2 High (3) 

Probability of harm occurring to receptor 
R1 High (3) 

R2 High (3) 

Overall probability 
H1.R1=27 

(high) 

H1.R2=27 

(high) 

Table 6. Probability estimation 

7. Risk significance 

Risk significance is assessed considering the magnitude of consequences and the probability 

of effects occurring. In case of qualitative risk assessment, a simple two-ways entry matrix 

that considers simultaneously the probability and magnitude of consequences, such as the 

one reported in Table 7 can provide a consistent basis for decision-making.  

Evaluation of the risk significances for the 3 impacts that were analyzed in the present case 

study led to results reported in Table 8. The results from the evaluation were then used to 

prioritize the most relevant risks and conduct options appraisal to identify viable and 

consistent management solutions. 

As for risk communication process, the results from the risk prioritization should be 

communicated to the technical staff and to the decision-makers of the WUA through 

thematic meetings. Also, outcomes from the evaluation of magnitude and probability and 
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from the risk prioritization stage should be disseminated to farmers’ groups and to 

opinion leaders by means of extension service activities and through specific field focus 

meetings. 

 

Increasing 

acceptability 

Consequences

Severe Moderate Mild Negligible 

Probability     

High high high medium/low near zero 

Medium high medium low near zero 

Low high/medium medium/low low near zero 

Negligible high/medium/low medium/low low near zero 

Table 7. Risk significance evaluation matrix. 

 

Risk Significance score 

Risk (H1. R1.I1.1) Moderate x High = High 

Risk (H1. R1. I1.2) Moderate x High = High 

Risk (H1. R2. I2.1) Moderate x High = High 

Table 8. Risk Significance for the study area 

8. Appraisal of risk management options 

Options appraisal consists in the identification of the most suitable risk-management 

techniques. This entails scoring, weighting and reporting the different risk management 

options, and comparing alternatives prior to selection. Viable options can be appraised on 

the basis of various criteria. For the present study, alternative risk management techniques 

were evaluated according to: a) social risk acceptability by stakeholders; b) technical 

feasibility; c) effectiveness in risk alleviation; d) duration of effects; e) costs for implementing 

the risk management options. The results from options appraisal for the three major risks, 

namely aquifer quantitative depletion, aquifer degradation, and salts build-up in the 

agricultural soils are shown in Table 9a, 9b and 9c. 
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Risk 1 

Aquifer 

depletion 

Timing

Instant 

result to 

progressive

Social 

acceptability

(-- to ++) 

Feasibility

(-- to ++) 

Effectiveness 

in risk 

alleviation 

(-- to ++) 

Duration

 

Cost 

Low to high 

Business as 

usual 

(zero option) 

Never 

- - 

Acceptable 

+ 

Very 

feasible 

++ 

Very 

ineffective 

- - 

Never 

- - 

Very 

affordable 

++ 

Limit water 

pumping 

from 

Groundwater 

Immediate

+ 

Unacceptable

- 

Feasible 

+ 

Very 

effective 

++ 

Short 

term 

- 

Unaffordable 

- 

Improved 

rotation in 

water 

delivery 

Medium 

+/- 

Acceptable 

+ 

Feasible 

+ 

Effective 

+ 

Medium 

term 

+/- 

Very 

affordable 

++ 

Decrease 

water tariffs 

by WUO to 

compensate 

for pumping 

costs 

Long term

- 

Very 

Acceptable 

++ 

Feasible 

+ 

Effective 

+ 

Short 

term 

- 

Unaffordable 

- 

Water 

delivery on-

demand 

Medium 

+/- 

Acceptable 

+ 

Feasible 

+ 

Very 

Effective 

++ 

Medium 

term 

+/- 

Affordable 

+ 

a) 

Risk II 

Aquifer 

salination 

Timing

Short term 

to 

permanent 

solution 

Social 

acceptability

(-- to ++) 

Feasibility

(-- to ++) 

Effectiveness

in risk 

alleviation

(-- to ++) 

Duration 

Instant 

result to 

progressive

Cost 

Low to high 

Business as 

usual 

(zero option) 

Never 

- - 

Acceptable 

+ 

Very 

feasible 

++ 

Very 

ineffective 

- - 

Never 

- - 

Very 

affordable 

++ 

Stop 

groundwater 

pumping 

Medium 

+/- 

Very 

unacceptable

- - 

Feasible 

+ 

Very 

effective 

++ 

Medium 

+/- 

Unaffordable 

- 

Limit 

groundwater 

pumping to 

safe yield of 

aquifer 

Medium 

+/- 

Unacceptable

- 

Feasible 

+ 

Effective 

+ 

Medium 

+/- 

Unaffordable 

- 
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Rotation 

irrigation 

delivery + 

conjunctive 

use 

Medium 

+/- 

Acceptable 

+/- 

Feasible 

+ 

Effective 

+ 

Medium 

+/- 

Affordable 

+ 

Irrigation 

delivery on-

demand 

Medium 

+/- 

Acceptable 

+ 

Feasible 

+ 

Effective 

+ 

Medium 

+/- 

Affordable 

+ 

Artificial 

aquifer 

recharge 

Immediate

++ 

Neither 

unacceptable 

nor 

acceptable 

+/- 

Feasible 

+ 

Very 

effective 

++ 

Medium 

+/- 

Affrodable 

+ 

b) 

Risk III 

Salts build-

up in the agri-

cultural soils 

Timing

Instant 

result to 

progressive

Social 

acceptability

(-- to ++) 

Feasibility

(-- to ++) 

Effectiveness 

in risk 

alleviation 

(-- to ++) 

Duration 

 

Cost 

Low to high 

Business as 

usual 

(zero option) 

Never 

- - 

Acceptable 

+ 

Very 

feasible 

++

Very 

ineffective 

- -

Never 

- - 

Very 

affordable 

++ 

Improved 

rotation 

delivery 

Long term

- 

Acceptable 

++ 

Very 

feasible 

++

Effective 

+ 

Medium 

Term 

+

Affordable 

+ 

Improved 

rotation 

delivery + 

conjunctive 

use 

Medium 

+/- 

Very 

acceptable 

++ 

Feasible 

+ 

Effective 

+ 

Medium 

Term 

+ 

Affordable 

+ 

Irrigation 

delivery on-

demand 

Medium 

+/- 

Very 

acceptable 

++ 

Feasible 

+ 

Very effective

++ 

Long 

term 

++ 

Affordable 

+ 

Improved 

on-farm 

irrigation 

practices 

(leaching) 

Medium 

+/- 

Neither 

unacceptable 

nor 

acceptable 

+/- 

Feasible 

+ 

Very effective

++ 

Long 

term 

+ 

Very 

affordable 

++ 

On-demand 

delivery + 

leaching 

Immediate

+ 

Acceptable 

+ 

Feasible 

+ 

Very effective

++ 

Long 

term 

+ 

Affordable 

+ 

c) 

Table 9. Risk Management option selection matrices for: a) aquifer depletion (Risk 1), b) aquifer 

salination (Risk 2), c) salts build-up in the agricultural soils (Risk 3) 
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9. Conclusive remarks 

Selecting a suitable risk management option strongly depends on the weights attributed by 

the evaluator to the decision criteria for the different options with respect to the zero-

alternative (business-as-usual). Some of the identified management options pertain to 

alternative operation of the large-scale distribution network, whereas some others entail 

improved water management practices at the farm scale or mixed options. 

As for the risk related to aquifer quantitative depletion, the preferred option could be to 

operate the distribution network by an improved rotation delivery, which could better match 

crop water requirements in terms of timing of delivery. This would require some accurate 

estimation of irrigation requirements and improved irrigation scheduling plans, as well as 

some extension service activities to assist farmers in the effective use of available water. 

As for the risk of aquifer salination, since it is tightly linked to the amount and concentration 

of groundwater pumping during the irrigation season, conducting artificial aquifer recharge 

would be very effective in reducing the pressure over the groundwater. For mitigating the 

existing effects on aquifer salinity, a strong reduction in groundwater pumping should also 

be enforced along with artificial aquifer recharge. These two measures in conjunction would 

most likely allow decreasing the existing level of salinity and inverting the trend of 

progressive salinity increase in the whole study area.  

As for the risk of salts build-up in the agricultural soils, the on-demand delivery in 

conjunction with improved irrigation practices (leaching) at the farm level would result as 

the best management options. These techniques would entail some modernization works to 

the irrigation distribution network as well as extension service activities to train farmers on 

aspects related to soil-water balance and salinity balance for the major crops grown in the 

area, and for the prevailing farming practices and irrigation methods. 

Overall, selecting the most suitable and viable risk management option would be a matter of 

strategic planning by the Regional Administration and by the WUA, as well as of the 

available financial resources, human resources and skills available and required for 

implementing the options. 

Combining the risk management options for the above three risks would result in bringing 

together conflicting objectives for different stakeholders that may be involved in the land 

planning and land use. Land users may in fact primarily or exclusively be interested in 

mitigating the risk of salts build-up in the cropped soils, whereas land planners, and the actors 

responsible for sustainable use of natural resources, would be inclined to address broader 

objectives with high priority, such as the reduction of aquifer depletion and salination. 
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1. Introduction 

Climate change is the biggest threat to humanity with implications for food production, 

natural ecosystems, health etc. The primary greenhouse gases are carbon dioxide (CO2), 

methane (CH4) and nitrous oxide (N2O). Although carbon dioxide is the most prevalent 

greenhouse gas in the atmosphere, nitrous oxide and methane have longer durations in the 

atmosphere and absorb more long-wave radiations. Therefore, small quantities of methane 

and nitrous oxide can have significant effects on climate change. The mean global level of 

greenhouse gases in the atmosphere is increasing to a level that can generate serious climate 

changes in air temperature, aggressive weather cycles and greater frequency of storms 

(Osborn et al., 2000). The primary sources of greenhouse gases in agriculture are the 

production of nitrogen based fertilizers; the combustion of fossil fuels such as coal, gasoline, 

diesel fuel, natural gas; and waste management. Livestock enteric fermentation results in 

methane emissions. Increased levels of greenhouse gases enhance the naturally occurring 

greenhouse effect by trapping even more of the sun’s heat, resulting in a global warming 

effect. The average surface temperature of the earth is likely to increase by 2 to 11.5°F (1.1-

6.4°C) by the end of the 21st century, relative to 1980-1990, with a best estimate of 3.2 to 

7.2°F (1.8-4.0°C) (Fig. 1). The average rate of warming over each inhabited continent is very 

likely to be at least twice as large as that experienced during the 20th century. 

These changes in greenhouse gas emissions generally are linked to human activities. 

Scientists have concluded that warming of the climate system is “equivocal" and there is a 

"very high confidence that the globally averaged net effect of human activity since 1750 has 

been one of warming" (IPCC, 2007). The concentration of carbon dioxide (CO2) in the 

atmosphere increased from 285 ppm at the end of the nineteenth century, before the 

industrial revolution, to about 366 ppm in 1998 (equivalent to a 28-percent increase) as a 

consequence of anthropogenic emissions of about 405 gigatonnes of carbon (C) (± 60 

© 2012 Abrol et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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gigatonnes C) into the atmosphere (IPCC, 2001). This increase was the result of fossil-fuel 

combustion and cement production (67 percent) and land-use changes (33 percent). Acting 

as carbon sinks, the marine and terrestrial ecosystems have absorbed 60 percent of these 

emissions while the remaining 40 percent has resulted in the observed increase in 

atmospheric CO2 concentration. Agricultural ecosystems represent 11% of the earth’s land 

surface and include some of the most productive and carbon-rich soils. Agriculture accounts 

for approximately 13% of total global anthropogenic emissions and is responsible for about 

47% and 58% of total anthropogenic emissions of methane (CH4) and nitrous oxide (N2O). 

Besides CH4 from enteric fermentation (32%), N2O emissions from soils due to fertilization 

constitute the largest sources (38%) from agriculture (US-EPA, 2006; IPCC, 2007; Stern, 

2006). The annual greenhouse gas emissions from agriculture are expected to increase in 

coming decades due to increased demand for food and shifts in diet. Conservation tillage, 

nutrient management, cover cropping and crop rotation can drastically increase the amount 

of carbon stored in soils. Now scientists use carbon dioxide equivalents to calculate a 

universal measurement of greenhouse gas emissions as greenhouse gases have varying 

global warming potentials Table (1).  

 

 

 

 

 

Figure 1. Temperature projections to the year 2100, based on a range of emission scenarios and global 

climate models. The orange line (“constant CO2”) projects global temperatures with greenhouse gas 

concentrations stabilized at year 2000 levels. Source: NASA Earth Observatory, based on IPCC Fourth 

Assessment Report (2007) 
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Sources 1990 1995 2000 2005 
Avg. 

2001-2005 

Million metric tons CO2 equivalent (MMTCO2- Eq)

U. S. Agricultural Activities 

GHG Emissions (CH4 and N2O) 

Agriculture soil managementa 366.9 353.4 376.8 365.1 370.9 

Enteric fermentationb 115.7 120.6 113.5 112.1 115.0 

Manure management 39.5 44.1 48.3 50.8 45.6 

Rice cultivation 7.1 7.6 7.5 6.9 7.4 

Agricultural residue burning 1.1 1.1 1.3 1.4 1.2 

Subtotal 530.3 526.8 547.4 536.3 540.1 

Carbon sinks 

Agricultural soils (33.9) (30.1) (29.3) (32.4) (31.7) 

Other NA NA NA NA NA 

Subtotal (33.9) (30.1) (29.3) (32.4) (31.7) 

      

Net emissions, Agriculture 496.4 496.7 518.1 503.9 508.4 

 

Attributable CO2 emissionsc 

Fossil fuel/mobile combustion 
46.8 57.3 50.9 45.5 52.6 

 

% All emissions, Agricultured 8.5% 8.0% 7.7% 7.4% 8.0% 

% Total sinks, Agriculture 4.8% 3.6% 3.9% 3.9% 4.0% 

 

% Total emissions, forestry 0.2% 0.2% 0.2% 0.3% 0.3% 

% Total sinks, forestrye 94.3% 92.0% 94.8% 94.7% 95.0% 

 

Total GHG emissions, All sectors 6,242.0 6,571.0 7,147.2 7,260.4 6,787.1 

Total carbon sinks, All sectors (712.8) (828.8) (756.7) (828.5) (801.0) 

Net emissions, All sectors 5,529.2 5,742.2 6,390.5 6,431.9 5,986.1 

Source: EPA, Inventory of U.S. Grenhouse Gas Emissions and Sinks: 1990-2005, April 2007, 

[http://epa.gov/climatechange/emissions/usinventoryreport.html]. 

a. N2O emissions from soil management and nutrient/chemical applications on croplands. 

b. CH4 emissions from ruminant livestock. 

c. Emissions from fossil fuel/mobile combustion associated with energy use in the U.S. agriculture sector (excluded 

from EPA’s reported GHG emissions for agricultural activities). 

d. Does not include attributable CO2 emissions from fossil fuel/mobile combustion. 

e. Change in forest stocks and carbon uptake from urban trees and land filled yard trimmings. 

Table 1. Greenhouse gas emissions and carbon sinks in agricultural activities, 1990-2005  

(CO2 equivalent). 
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2. Soil as a source of carbon storage 

Soils are the fundamental foundation of our food security, global economy and 

environmental quality, the degradation of soil conditions can affect the on-farm 

environment. The soil environment is a principal component of the global carbon (C) cycle 

where key interactions between biotic and abiotic components take place to regulate the 

flow of materials to and from the pedosphere, atmosphere and hydrosphere. There is 

general agreement that although soil is part of the climate change problem, it is also an 

integral part of the solution. Soils altogether contain an estimated 1,700 Gt (billion metric 

tons) to a depth of 1 m and as much as 2,400 Gt to a depth of 2 m (Fig.2). An estimated 

additional 560 Gt is contained in terrestrial biota (plants and animals). The carbon in the 

atmosphere is estimated to total 750 Gt. The amount of organic carbon in soils is more than 

four times the amount of carbon in terrestrial biota and three times that in the atmosphere. 

Lal et al., (1999) estimated historic loss of ecosystem C due to desertification at 9–14 Pg of 

SOC pool, with losses from the biotic/vegetation pool at 10–15 Pg. Ojima et al., (1993) 

estimated that grasslands and drylands of the world have lost 13–24 Pg C due to 

desertification.  

 

Figure 2. Carbon reserve and exchange in the land- ocean- atmosphere continuum  (Quantitative 

estimates regarding fossil fuels in ocean sediments vary widely) 

Carbon dioxide is removed from the atmosphere and converted to organic carbon through the 

process of photosynthesis. As organic carbon decomposes, it is converted back to carbon 

dioxide through the process of respiration. The quantity of organic carbon in soils is spatially 

and temporally variable, depending on the balance of inputs versus outputs. The inputs are 

due to the absorption of carbon dioxide from the atmosphere in the process of photosynthesis 

and its incorporation into the soil by the residues of plants and animals. Some of the dead 

plant matter is incorporated into the soil in humus, thereby enhancing the soil organic carbon 

pool.  Decomposition of soil organic matter, releases carbon dioxide under aerobic conditions 

and methane under anaerobic conditions. In certain conditions, decomposition of organic 
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matter may also cause the release of nitrous oxide, which is another powerful greenhouse gas. 

The content of organic carbon in soils in most cases constitutes less than 5% of the mass of soil 

material and is generally concentrated mainly in the upper 20 to 40 cm (the so-called topsoil). 

However, that content varies greatly, from less than 1% by mass in some arid-zone soils 

(Aridisols) to 50% or more in waterlogged organic soils such as Histosols (Table 2). Changes in 

agricultural activities and land use system during the past centuries have made soils act as net 

sources of atmospheric CO2. Evidence from long-term experiments suggests that carbon losses 

due to oxidation and erosion can be reversed with soil management practices that minimize 

soil disturbance and optimize plant yield through fertilization. Appropriate land management 

practices can result in a significant increase in the rate of carbon into the soil. Because of the 

relatively long turnover time of some soil carbon fractions, this could result in storage of a 

sizable amount of carbon in the soil for several decades. Maintaining soil quality can reduce 

problems of land degradation, decreasing soil fertility and rapidly declining production levels 

that occur in large parts of the world which lack the basic principles of good farming practices. 

The loss of rain water that cannot infiltrate in the soils to replenish the ground water reserves 

might be the more serious long-term result of excessive tillage. Thus, the way soil is 

cultivated must be drastically changed. 

 

Soil Order 
Area 

103 km2 

Organic C 

Gt 

Alfisols 13,159 90.8 

Andisols 975 29.8 

Aridisols 15,464 54.1 

Entisols 23,432 232.0 

Gelisols 11,869 237.5 

Histosols 1,526 312.1 

Inceptisols 19,854 323.6 

Mollisols 9,161 120.0 

Oxisols 9,811 99.1 

Spodosols 4,596 67.1 

Ultisols 10,550 98.1 

Vertisols 3,160 18.3 

Other orders 7,110 17.1 

Total 130,667 1,699.6 

Source USDA 

Table 2. Estimated mass of carbon in the worlds soils resources  

3. Degradation of dryland 

Degradation of soil is especially important in drylands of the world where desertification is 

a serious problem (UNEP, 1992). The world’s drylands, 6.31 billion hectares (Bha) or 47% of 

the earth’s land area, are found in a wide range of climates spanning from hot to cold. 
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According to FAO (1993), drylands comprise four ecoregions covering land area of 0.98 Bha 

in hyper-arid, 1.57 Bha in arid, 2.31 Bha in semi-arid and 1.29 Bha in dry sub-humid climates 

(Table 3). Soils of the drylands also vary widely, but are mostly Aridisols (2.12 Bha) and 

Entisols (2.33 Bha). Dryland soils also include Alfisols (0.38 Bha), Mollisols (0.80 Bha), Vertisols 

(0.21 Bha) and others (0.47 Bha) (Dregne, 1976; Noin and Clark, 1997). The arid zones cover 

about 15 percent of the land surface. The annual rainfall in these areas is up to 200 mm in 

winter-rainfall areas and 300 mm in summer rainfall areas. Interannual variability is 50–100 

percent. Africa and Asia have the largest extension of arid zones (Table 4). 

 

Region Hyper-

arid(<0.05)a

Arid 

(0.05-0.20)

Semi-arid 

(0.20-0.50)

Dry sub-

humid  

(0.50-0.65) 

Total % of Earth’s 

land area 

 

Africa 67 0.5 o.51 0.27 1.96 15.0 

Asia 0.28 0.63 0.69 0.35 1.95 14.9 

Australia 0 0.30 0.31 0.05 0.66 5.1 

Europe 0 0.01 0.11 0.18 0.30 2.3 

N. America 0.003 0.08 0.42 0.23 0.74 5.6 

S. America 0.03 0.05 0.27 0.21 0.54 4.2 

Total 0.98 1.57 2.31 1.29 6.15  

% of Earth’s 

land area 

7.5 12.1 17.7 9.9 47.2  

* Aridity Index = P/PET 

Table 3. Global distribution of drylands of the world (modified from Middleton and Thomas 1992, 

Noin and Clarke 1997, Reynolds and Smith 2002) 

 

Continent Extension Percentage 

Arid Semi-arid Dry 

subhumid 

Arid Semi-arid Dry 

subhumid 

Million ha 

Africa 467.60 611.35 219.16 16.21 21.20 7.60 

Asia 704.30 727.97 225.51 25.48 26.34 8.16 

Oceanta 459.50 211.02 38.24 59.72 27.42 4.97 

Europe 0.30 94.26 123.47 0.01 1.74 2.27 

North/Central 

America 

4.27 130.71 382.09 6.09 17.82 4.27 

South 

America 

5.97 122.43 250.21 7.11 14.54 5.97 

Total 1641.95 1897.74 1238.68  

Source FAO (2002a) 

Table 4. The global dryland areas by continent 



 
Climate Change and Carbon Sequestration in Dryland Soils 145 

Desertification is defined as destruction of the biological potential of land which can lead 

ultimately to desert-like conditions’ (UNEP, 1977). In this context, the term ‘land’ includes 

whole ecosystems comprising soil, water, vegetation, crops and animals. The term 

‘degradation’ implies reduction of resource potential by one or a combination of 

degradative processes including erosion by water and wind and the attendant 

sedimentation. The process of desertification is not confined to the drylands of the tropics it 

also occurs in developed countries (U.S.A.), high latitude humid ecoregions (Iceland) and 

even humid regions (tropical rainforest). Traditionally desertification has been defined as 

land degradation in arid, semi-arid, and dry sub-humid areas resulting from climatic 

variations and human activities (Le Hou´erou, 1975, Warren, 1996, UNEP, 1992), but it has 

also been observed in cool, humid climates such as iceland (Arnalds, 2000). The land area 

prone to desertification has been estimated at 3.5–4.0 Bha or 57%–65% of the total land area 

of dryland ecosystems (UNEP, 1991). Of this, the land area affected by soil degradation 

alone (excluding vegetation degradation) ranges from 1.02 (UNEP, 1991) to 1.14 Bha 

(Oldeman and Van Lynden, 1998). The estimates of current rate of desertification also vary 

widely. Mainguet (1991) estimated the annual rate of desertification at about 5.8 million 

hectares (Mha), with 55% occurring in rangeland and 45% on rainfed cropland. 

Desertification in humid areas results mainly from land misuse and soil mismanagement. 

Estimates of the extent of desertification range widely and are highly subjective. UNEP 

estimated 3.97 Bha in 1977, 3.48 Bha in 1984 and 3.59 Bha in 1992 (UNEP, 1992). Land area 

affected by desertification was estimated at 3.25 Bha by Dregne (1983) and 2.0 Bha by 

Mabbutt (1984). According to the GLASOD methodology (Oldeman and Van Lynden, 1998), 

land area affected by desertification due to soil degradation is estimated at 1.14 Bha (Table 

5). As with the area affected, estimates of the current rates of desertification also vary 

widely. The annual rate of desertification is estimated at 5.8 million hectares (Mha) or 0.13% 

of the dryland in mid latitudes. Also desertification is considered as a biophysical process 

driven by socio-economic and political factors (Mortimore, 1994; Mainguet and Da Silva, 

1998). Two principal biophysical processes leading to desertification are erosion and 

salinization. Accelerated soil erosion by wind and water are severe in semi-arid and arid 

regions (Balba 1995; Baird, 1997), especially those in the Mediterranean climates (Brandt and 

Thornes, 1996; Conacher and Sala, 1998a,b). Salinization is a major problem on irrigated 

lands. The irrigated land area in the world has increased 50 fold during the last three 

centuries which was 5 Mha in 1700, 8 Mha in 1800, 48 Mha in 1900, and 255 Mha in 2000. 

Risks of secondary salinization are exacerbated by use of poor quality water, poor drainage 

and excessive irrigation, leakage of water due to a defective delivery system, impeded or 

slow soil drainage and other causes. Salinization is a severe problem in China, India, 

Pakistan, and in countries of Central Asia (Babaev, 1999). The extent of land area salinized is 

89% in Turkmenistan, 51% in Uzbekistan, 15% in Tadjikstan, 12% in Kyrgyzstan and 49% of 

the entire region (Pankova and Solovjev, 1995; Esenov and Redjepbaev, 1999). Salinization is 

also a problem in southwestern U.S.A., northern Mexico and dry regions of Canada (Balba, 

1995). Lal et al., (1999) estimated that soil erosion in drylands leads to emission of 0.21–0.26 

Pg C/y, with an additional 0.02–0.03 Pg C/y due to exposure of carbonaecous material to 
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climatic elements caused by surface soil erosion. Therefore, total annual emission of C due 

to erosion- induced land degradation in dryland ecosystems may be 0.23–0.29 Pg C/y. 
 

Land type Area (Bha) Type of soil 

degradation 

Area (Bha) 

Degraded irrigated 

lands 

0.043 Water erosion 0.478 

Degraded rainfed 

croplands 

0.216 Wind erosion 0.513 

Degraded rangelands 

(Soil and vegetation) 

0.757 Chemical degradation 0.111 

Sub-total 1.016 Physical degradation 0.035 

Degraded rangelands 

(Soil and vegetation) 

2.576 Total 1.137 

Total 3.592 Light 0.489 

Total land area  5.172 Moderate 0.509 

% degraded                                   69.5 Severe and extreme 0.139 

Total 1.137 

UNEP (1991); Oldeman and Van Lynden (1998). The estimates by Oldeman and Van Lynden does not include the 

vegetation degradation on rangeland. (Bha= 109 ha) 

Table 5. GLASOD estimates of desertification (e.g. land degradation in dry areas excluding hyber-arid 

areas) 

4. Soil organic carbon storage  

The soil organic C storage decrease with increase in temperature and increases with increase 

in soil water content. Studies show that a 30C increase in temperature is projected to 

decrease soil organic C concentration by about 11% in the upper 30 cm soil depth and 

increase CO2 emission by 8 %. This may to some extent be counteracted by higher uptake of 

carbon dioxide by plants as they grow faster in warmer conditions and store carbon as 

biomass both in the soil and the plant. The world’s dryland soils contain 241 Pg of soil 

organic carbon (SOC) (Eswaran et al., 2000), which is about 40 times more than what was 

added into the atmosphere through anthropogenic activities, estimated at 6.3 Pg C/y during 

the 1990s (Schimel et al., 2001 IPCC, 2001). In addition, dryland soils contain at least as much 

as or more soil inorganic carbon (SIC) than SOC pool (Batjes, 1998; Eswaran et al., 2000). 

Total dryland soil organic carbon reserves comprise 27% of the global soil organic carbon 

reserves (MA, 2005). The soil properties, such as the chemical composition of soil organic 

matter and the matrix in which it is held, determine the different capacities of the land to act 

as a store for carbon that has direct implications for capturing greenhouse gases (FAO, 

2004). Management of both SOC and SIC pools in dryland ecosystems can play a major role 

in reducing the rate of enrichment of atmospheric CO2 (Lal, 2002).  

−
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Most soils may lose one-half to two-thirds of their SOC pool within 5 years in the tropics 

and 50 years in temperate regions. The new equilibrium may be attained after losing 20–50 

Mg C/ha. Several studies has estimated the global loss at 40 Pg by Houghton (1995), 55 Pg 

by IPCC (1996) and Schimel (1998), 66–90 Pg by Lal (1999) and 150 Pg by Bohn (1978). 

Rozanov et al., (1990) observed that world soils have lost humus (58% C) at a rate of 25.3 

Tg/year ever since agriculture began 10,000 years ago, 300 million tons/year in the past 300 

years and 760 million tons per year in the last 50 years. The SOC is easily transported by 

runoff water or wind because it is of relatively low density (< 1.8 Mg/m3) and is concentrated 

in the vicinity of the soil surface. A study on wind erosion in southwest Niger showed that 

wind-borne material trapped at 2-m height contained 32 times more SOC relative to the 

antecedent topsoil (Sterk et al., 1996).  

In dryland soils, SOC declines with cultivation and even more so with desertification. In 

East Africa, Swift et al., (1994) reported that continuous cultivation for 14 years without 

recommended inputs of fertilizers and manures decreased SOC content by half from 2% to 

1%. Pieri (1991) reported that continuous cropping without application of fertilizers and/or 

manure leads to rapid decline in SOC content. The experimental results revealed a marked 

decline in soil C, reaching some 13 tonnes/ha (Fig. 3) when aboveground material is 

harvested and removed and some FYM is applied at different times, equivalent to 3.9 

tonnes/ha/year. The rate of depletion of SOC content is accentuated by soil erosion, because 

of the preferential removal of the finer soil fractions comprised of clay and organic matter. 

The SOC is often bound with the clay fraction (Quiroga et al., 1996, 1998) which is 

preferentially removed by erosion. Adoption of inappropriate land use and farming 

practices can deplete SOC content (Table 6). These trends, if unchecked, accentuate the 

process of  desertification. Swift et al., (1994) indicated  that land degradation around the 

world has led to an SOC loss of 8 to 12 Mg C ha−1on land area of 1.02 Bha (UNEP, 1991), the 

total historic C loss would be 8 to 12 Pg C. 

5. C sequestration to combat land degradation in drylands  

Drylands are considered to be areas where average rainfall is less than the potential 

moisture losses through evaporation and transpiration. About 47 percent of the surface of 

the earth can be classified as dryland (UNEP, 1992). Droughts are characteristic of drylands 

and can be defined as periods (1–2 years) where the rainfall is below the average. The main 

characteristic of drylands is lack of water. This constrains plant productivity severely and 

therefore affects the accumulation of C in soils. The problem is aggravated because rainfall is 

not only low but also generally erratic. Therefore, good management of the little available 

water is essential. In addition, the SOC pool tends to decrease exponentially with 

temperature (Lal, 2002a). Consequently, soils of drylands contain small amounts of C 

(between 1 percent and less than 0.5 percent) (Lal, 2002b). The SOC pool of soils generally 

increases with the addition of biomass to soils when the pool has been depleted as a 

consequence of land uses (Rasmussen and Collins, 1991; Paustian et al., 1997; Powlson et al., 

1998, Lal, 2001a). Soils in drylands are prone to degradation and desertification, which lead  
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Figure 3. Change in total soil carbon for a rainfed farm 

 

Traditional practices Recommended 

Plough till Conservation till/ no till 

Residue removal/ burning Residue return as mulch 

Summer fallow Growing cover crop 

Low off-farm input Judicious use of fertilizers and integrated 

nutrient management 

Regular fertilizer use Soil- site specific management 

No water controlFence-to fence cultivation Water management/ conservation, irrigation, 

water table management 

Fence-to fence cultivation Conservation of marginal lands to nature 

conservation 

Monoculture Improved farming systems with several crop 

rotations 

Land use along poverty lines and political 

boundaries 

Integrated watershed management 

Draining wetland Restoring wetlands 

Table 6. Agricultural practices for enhancing productivity and increasing the amount of carbon in soils 
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to dramatic reductions in the SOC pool. Soil-quality improvement as a consequence of 

increased soil C will have an important social and economic impact on the livelihood of 

people living in these areas. The ability of agriculture lands to store or sequester carbon 

depends on several factors, including climate, soil type, type of crop or vegetation cover and 

management practices. Carbon sequestration in the agriculture sector refers to the capacity 

of agriculture lands and forests to remove carbon dioxide from the atmosphere. Carbon 

dioxide is absorbed by trees, plants and crops through photosynthesis and stored as carbon 

in biomass in tree trunks, branches, foliage and roots and soils (EPA, 2008b). Forests and 

stable grasslands are referred to as carbon sinks because they can store large amounts of 

carbon in their vegetation and root systems for long periods of time. Soils are the largest 

terrestrial sink for carbon on the planet. The amount of carbon stored in soil organic matter 

is influenced by the addition of carbon from dead plant material and carbon losses from 

respiration, the decomposition process and both natural and human disturbance of the soil. 

By employing farming practices that involve minimal disturbance of the soil and encourage 

carbon sequestration, farmers may be able to slow or even reverse the loss of carbon from 

their fields. In the United States, forest and croplands currently sequester the equivalent of 

12 percent of U.S. carbon dioxide emissions from the energy, transportation and industrial 

sectors (EPA, 2008b). 

The sequestration of atmospheric C in the soil and biomass not only reduces greenhouse 

effect but also helps maintain or restore the capacity of the soil to perform its production 

and environmental functions on sustainable basis. Dry soils are less likely to lose C than wet 

soils (Glenn et al., 1992) as a lack of water limits soil mineralization and therefore the flux of 

C to the atmosphere. Consequenlty, the residence time of C in dryland soils is long, 

sometimes even longer than in forest soils. 

6. Carbon sequestration potential 

Several studies have attempted to assess the potential for carbon sequestration in drylands 

(Table 7). Lal (2001) estimated that they had the potential to sequester up to 0.4–0.6 Gt of 

carbon a year if eroded and degraded dryland soils were restored and their further 

degradation were stopped. Glenday (2008) measured forest carbon densities of 58 to 94 

tonnes C/ha in the dry Arabuko-Sokoke Forest in Kenya and concluded that improved 

management of wood harvesting and rehabilitation forest could substantially increase 

terrestrial carbon sequestration. Farage et al., (2007) in dryland farming systems in Nigeria, 

Sudan and Argentina showed that it would be possible to change current farming systems 

to convert these soils from carbon sources to net sinks without increasing farmers’ energy 

demand. Hülsbegen and Küstermann et al., (2008) compared 18 organic and 10 conventional 

farms in Bavaria, Germany and calculated the organic farms annual sequestration at 402 kg 

carbon, while the conventional farms had losses of 202 kg. Hepperly et al., (2008) estimated 

that compost application and cover crops in the rotation were particularly adept at 

increasing soil organic matter, also compared to no tillage techniques (Table 8). 
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Technological options Sequestration potential (Tonnes C/ha/year ) 

Croplands 0.10 – 0.20 

Conservation tillage 0.05 – 0.10 

Mulch farming (4-6 Mg/ha/year) 0.10 – 0.20 

Compost (20 Mg/ha/year) 0.05 – 0.10 

Elimination of bare fallow 0.10 – 0.20 

Integrated nutrient management 0.10 – 0.20 

Restoration of eroded soils 0.05 – 0.10 

Restoration of salt effected soils 0.10 – 0.20 

Agricultural intensification 0.10 – 0.30 

Water conservation and management 0.05 – 0.10 

AfforestationGrassland and pastures 0.05 – 0.10 

Lal et al. (1998) 

Table 7. Effects from land management practices or land use on carbon sequestration potential in 

drylands 

 

Practices Soil Carbon sequestration (kg/ha) 

Compost 1000 to 2000 

Cover crop 800 to 1200 

No-till 100 to 500 

Rotation 0 to 200 

Manure 0 to 200 

Cover+rotation 900 to 1400 

Compost + Cover + Rotation + No till 2000 to 4000 

Table 8. Soil carbon sequestration estimates for different agricultural practices. Data projected from 

Rodale long-term trials 

7. Management options to control sequester carbons 

Adoption of recommended management practices (RMPs) on favorable soils with good soil 

moisture regime and the possibility of supplemental irrigation can increase SOC 

concentration. Enhancing water use efficiency (WUE), by reducing losses due to surface 

runoff, evaporation and decreasing soil temperature by residue mulching, is important. 

Application of fertilizers, irrigation and manuring are all common practices that consume C.  

Innovative farming practices such as conservation tillage, organic production, improved 

cropping systems, land restoration, land use change, irrigation and water management 

are the strategies to increase the C storage. Organic systems of production increase soil 

organic matter levels through the use of composted animal manures and cover crops 
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(Rodale Institute, 2008). Organic cropping systems also eliminate the emissions from the 

production and transportation of synthetic fertilizers. Land restoration and land use 

changes that encourage the conservation and improvement of soil, water and air quality 

typically reduce greenhouse gas emissions. Soil quality is largely governed by soil organic 

matter (SOM) content, which is a dynamic pool and responds effectively to changes in soil 

management, primarily tillage and carbon inputs resulting from biomass production. 

8. Conservation agriculture 

Conservation tillage as an integral part of conservation agriculture includes a minimum 30% 

soil cover after planting to reduce soil erosion implies conformity with all three of its pillars: (i) 

minimum soil disturbance (ii) diverse crop rotations and/or cover crops and (iii) continuous 

plant residue cover. Reducing tillage reduces soil disturbance and helps mitigate the release of 

soil carbon into the atmosphere. Conservation tillage also improves the carbon sequestration 

capacity of the soil. The amount of carbon released from soils depends directly on the volume 

of soil disturbed during tillage operations. Therefore, lesser the soil is disturbed, better the 

conservation of soil carbon. Additional benefits of conservation tillage include improved water 

conservation, reduced soil erosion, reduced fuel consumption, reduced compaction, increased 

planting and harvesting flexibility, reduced labour requirements and improved soil tilth. 

Stewart and Robinson (2000) indicated one of the gratifying consequences of the no-till system 

is increase in SOC concentration in soil, which may range from 60 to over 600 kg C/ha/y. In 

northern Colorado, Potter et al., (1997) observed 560 kg C/ha/y accumulation during 10 years 

of no-till continuous cropping wheat system. Kihani et al., (1984) conducted soil analyses on a 

45-year old tillage experiment and reported that incorporation of biosolids improved SOC 

concentration. Murillo et al., (1998) reported that SOC concentration in 0 to 5 cm depth was 

0.84% in traditional tillage and 1.1% in conservation tillage after 2 years, and 0.89% in 

traditional tillage compared with 1.34% in conservation tillage after 4 years. Holland (2004) 

gives the interactive processes as a consequence; conservation agriculture generate the soil’s 

structural stability and have a substantial impact on the environment (Fig 4).  

9. Organic input and manuring 

Mineral nitrogen in soils may contribute to the emission of nitrous oxides and is one of the 

main drivers of agricultural emissions. The efficiency of fertilizer use decreases with 

increasing fertilization, when a great part of it is not taken up by the plant but emitted into 

the water bodies and the atmosphere. In summary, the emission of GHG in CO2 equivalents 

from the production and the application of nitrogen fertilizers from fossil fuel amounts at 

approximately 480 million tonnes (1 percent of total global GHG emissions) in 2007. In 1960, 

47 years earlier, it was less than 100 million tones. In dryland areas, several studies 

demonstrated the importance of judicious use of fertilizer, compost and nutrient 

management (Fuller, 1991; Traore and Harris, 1995; Singh and Goma, 1995; Pieri, 1995; 

Miglierina et al., 1996; Laryea et al., 1995). Application of nitrogen fertilizer is important to 

obtaining high yields, but may have little impact on SOC concentration unless used in 

conjunction with no-till and residue management (Russell 1981; Dalal 1992; Skjemstad et al., 



 

Resource Management for Sustainable Agriculture 152 

 

Figure 4. Interactive process through which conservation tillage can generate environmental benefits 

(Holland, 2004) 

1994; Dalal et al., 1995). Recycling nitrogen on the farm by using manure and nitrogen fixing 

plants (the predominant technique of organic and low external input agriculture) enhances 

soil quality and provides nutrients. However, timing and management of its use are 

essential. Nambiar (1995) reported increase in SOC content with manuring from 0.20% to 

0.25% in 1997-1989 for a sandy soil. Ryan (1998) observed a significant increase in SOC 

concentration by application of recommended rates of fertilizers. Mäder et al., (2002) 

compare the relative input and output of three farming systems: organic agriculture; 

integrated production with farmyard Manure and stockless integrated production in a 28 

years experiment. Input of nutrients, organic matter, pesticides and energy as well as yields 

were calculated. Crop sequence was potatoes, winter wheat followed by fodder intercrop, 

vegetables (soybean), winter wheat (maize), winter barley (grass-clover for fodder 

production, winter wheat), grass-clover for fodder production, grass-clover for fodder 

− −
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production. Crops in brackets are alterations in 1 of the 4 crop rotations. The results 

indicated an increased efficiency of organic agriculture for most arable crops, with grain 

crops showing a yield reduction of only 20 percent while fertilizer inputs were lower by 50-

60 percent (Fig.  5). Mishra et al. (1974) reported that application of manure at the rate of 9–

30 Mg ha−1 y−1 caused significant increase in SOC content. Dalal (1989) observed a positive 

effect on SOC concentration after 13 years of no-till, residue retained and N application (34.5 

Mg C/ha vs. 35.8 Mg C/ha). In semi-arid conditions, the SOC sequestration is limited by the 

input of biomass carbon. Although, crop yields are sufficiently increased by N application, the 

residue input is not sufficient enough to balance the mineralization rate.  Mathieu et al., (2006) 

pointed out that higher soil carbon levels may lead to N2 emission rather than N2O. Petersen et 

al., (2005) found lower emission rates for organic farming compared to conventional farming 

in five European countries. In a long-term study in southern Germany, Flessa, et al. (2002) also 

found reduced N2O emission rates in organic agriculture, although yield-related emissions 

were not reduced.  A reduction of the Global Warming Potential (GWP, 64 %) has also been 

found at Michigan State University for organic crops as compared to the conventional 

(Robertson et al., 2000). In India, Gupta and Venkateswarlu (1994) observed that application of 

manure at 10 Mg/ha increased SOC concentration. For Vertisols in the Ethiopian Highlands, 

Wakeel and Astartke (1996) recommended adoption of improved agricultural practices 

(nutrient management, water conservation, new varieties and crop rotation) to minimize risks 

of soil degradation. Use of high-lignin amendments, recalcitrant to decomposition, increases 

SOC concentration. 

 

Figure 5. Comparison of GHG and crop productivity in different farming systems in long term field 

experiments  
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10. Crop rotation 

Numerous case studies show that in comparison to traditional subsistence farming, organic 

yields were 112 percent higher due to crop rotation, legumes and closed circuits. Miglierina 

et al., (1993, 1996) observed that SOC content was high in wheat-grassland and wheat-alfalfa 

(Medicago sativa) rotations, especially with a conservation tillage system. In another study, 

Ryan et al., (1997) reported the beneficial effects of using reduced tillage for enhancing SOC 

concentration are accentuated when used in conjunction with rotations based on 

appropriate cover crops or pastures. Skjemstad et al., (1994) reported an increase of 550 kg 

C/ha/y in a Vertisol under Rhodes grass.  In Saudi Arabia, Shahin et al., (1998) observed that 

introducing alfalfa in rotation with wheat grown on a sandy soil increased SOC 

concentration threefold as compared with continuous wheat. In Syria, Ryan (1998) reported 

that incorporation of Medicago in rotation increased SOC concentration to 1-m depth. 

Jenkinson et al., (1999) assessed the SOC pool under different rotations on a calcareous soil 

in Syria. The SOC pool in wheat-meadow rotation increased by 1.6 Mg/ha at a mean rate of 

0.17 Mg C/ha/y in comparison with wheat-wheat rotation and by 3.8 Mg/ha at the mean rate 

of 0.38 Mg C/ha/y in comparison with wheat-fallow rotation. In Australia, Whitehouse and 

Littler (1984) observed an increase in SOC concentration from 1.18% to 1.37% in 0 to 15 cm 

depth after 2–4 years of lucerne-prairie grass pasture. In a Vertisol in central India, Mathan 

et al., (1978) reported that continuous cropping and manuring increased SOC concentration 

by 20%–40% over 3 years. In northern India, Singh et al., (1996) observed that incorporation 

of legumes in a rice-wheat rotation increased SOC concentration. Growing crops with a 

deep and prolific root system generally has a favorable impact on SOC concentration in the 

sub-soil. Barber (1994) observed that sub-soiling and incorporation of cover crops in rotation 

enhanced soil quality. Lomte et al., (1993) reported that intercropping sorghum (Sorghum 

bicolor) with legumes and application of manure increased SOC content and aggregation. Some 

examples of soil management practices that may lead to SOC sequestration are listed in Table 

9 and 10. Activity of soil fauna, especially termites, improves soil structure and enhances the 

SOC pool in the long run. An appropriate use of stone cover and gravel mulch can also 

improve soil moisture regime and enhance the SOC pool. 

11. Grazing management 

Excessive and uncontrolled grazing are a major cause of the acceleration of the 

desertification process. Grazing is the predominant land use in dryland ecosystems, and 

adoption of improved grazing practices can improve C sequestration through conservation 

and better management of surface residue. In the Sahel, deposition of droppings ranges 

from 1 tonne/ha to 50 tonnes/ha depending on the time that animals are kept on the same 

field (Sagna-Cabral, 1989; Hoffmann and Gerling, 2001). However, direct exposure to the 

elements can reduce the nutrient value of dung and droppings considerably. Although 

stubble grazing has a long tradition in drylands, increasing land scarcity, limited purchasing 

power among many smallholders and increased risks of animal theft in many areas have 

contributed to a general decline in herd sizes and in some cases, led to the abandonment of  







 
Climate Change and Carbon Sequestration in Dryland Soils 155 

Strategy/technique Practice Location/region Reference 

Erosion control/water 

conservation 

a) No-Till farming Bushland, TX, USA 

Northern CO, USA 

Queensland, 

Australia 

West Africa Sahel 

Southern Spain 

Jones and others 1997 

Potter and others 1997 

Dalal and others 1997 

Bationo and others 2000 

Murillo and others 1998 

 b) Mulching 

 stone cover 

 residue mulch 

 mulch 

 

Negev Desert 

Chihuahuan Desert 

Suriname 

 

Lahav and Steinberg 

2001 

Rostagno and Sosebal 

2001 

Breeman and Protz 1988 

Crop Diversification a) Rotations Saudi Arabia, West 

Asia, Alegria, North 

Africa 

Shahin and others 1998 

Arabi and Roose 1989 

 b) Legumes Syria, West Asia 

Australia 

Northern India 

Argentina 

 

Jenkinson and others 

1999 

Whitehouse and Littler 

1984 

Singh and others 1996 

Galantini and Rosell 

1997 

Integrated nutrient 

management and recycling

a) Manuring Maiduguri, Nigeria Aweto and Ayub 1993 

 b) Organic by-

products 

Spain Pascual and others 1998 

 c) Soil fauna Chihuahuan Desert Nash and Whitford 1995 

 d) Sewage sludge Spain Pedreno and others 1996 

Water management  a) Irrigation and 

conservation tillage

Mexico Folleu and others 2003 

 b) Irrigation with 

sewage  

Israel Hillel 1998 

 c) Irrigation with 

silt-laden water 

China Fullen and others 1995 

 d) Saline 

aquaculture 

Drylands Glen and others 1993 

Table 9. Strategies of soil management in dryland ecosystems for carbon sequestration 

stubble grazing altogether. Pluhar et al., (1987) observed that grazing caused a significant 

decline in infiltration capacity by reducing the protective vegetal cover and increasing the 

surface area of the bare ground. Thurow et al., (1988) also observed that infiltration capacity 

decreased and inter-rill erosion increased in the heavily stocked pastures. In Alice, Texas, 

Weltz and Blackburn (1995) observed that the saturated hydraulic conductivity was the least 
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for the bare soil. Biomass burning also affects soil hydrological properties. Hester et al., 

(1997) showed that fire reduced water infiltration capacity in case of the oak and juniper 

vegetation types. Therefore, controlled grazing, fire management and planting improved 

species are important considerations of enhancing biomass production and improving soil 

quality. Some examples of improved practices with positive impact on the SOC pool are 

listed in Table 11. Important among these are grazing management through controlled 

stocking and rotational grazing, fire management, and agroforestry practices involving 

legume species (Conarc et al., 2001). 

 

Strategy/technique Location/region Reference 

Surface application of biosolids Chihuahuan Desert Rostagno and Sosebal 2001 

Stone cover Negev Desert Lahav and Steinberg 2001 

Enhancing termites activity Chihuahuan Desert Nash and Whitford 1995 

Manuring Maiduguri, Nigeria Aweto and Ayub 1993 

Desert soil macrofauna  

(termites/ants) 

Chihuahuan Desert Whitford 1996 

Sewage sludge Spain Pedreno and others 1996 

Organic by-products Spain Pascual and others 1998 

Table 10. Soil management options for C sequestration in soils of dryland ecosystems 

 

Strategy/technique Practice Location/region Reference 

Improved species Sowing legumes 

 

 

Agroforestry 

Vertisols, Australia

Northern Colorado

Sadore, Niger 

West African Sahel 

Chan and others 1997 

Havlin and others 1990 

Hiernaux and others 

1999 

Breeman and Kessler 

1997 

Fire management Prescribed burning 

Stocking rate 

 

Wyoming, USA 

Negev, Israel 

Schuman and others 

2002 

Zaady and others 2001 

Grazing 

management 

Controlled grazing 

 

Kawas, USA Rice and Owensby 2001 

Improving 

grasslands 

Integrated 

management 

World’s drylands Conant and others 2001 

Erosion 

management 

Integrated 

management 

World’s drylands Lal 2001 

Table 11. Strategies of pasture and range land management for soil carbon sequestration. 

−

− −

−

−
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12. Erosion control 

Soil C losses can occur both as a result of mineralization as well as through erosion often 

making it a complex relationship. Where water erosion dominates, a high proportion of soil 

C may be washed into alluvial deposits close to the erosion site and stored there in forms 

which decay more slowly than in the parent soils. Therefore, this kind of erosion may have a 

positive effect on soil CS. In Western Nigeria Gabriels and Michiels (1991) observed C losses 

from bare fallow Alfisol plots with slopes of 1, 5 and 10 % , varied from 54 to 3080 kgha-1. 

Erosion does not always decrease productivity, but if it could be shown to do so, it would be 

perverse to favour decreased productivity for a medium term and perhaps one-off gain in 

sequestered C. The same arguments probably do not apply where wind erosion is the main 

erosional process, for organic matter is usually blown great distances and dispersed to 

places where it may decay rapidly and release its C. Management options that increase the 

amount of live and dead biomass left in agricultural areas decrease erosion in general while 

simultaneously increasing the C input to the soil (Tiessen and Cuevas, 1994). Assuming that 

20% of the C displaced is emitted to the atmosphere ( Lal et al., 1998), erosion (e.g., light, 

moderate, severe and extreme forms) leads to emission of 0.206 to 0.262 Pg C y−1. Erosion 

also leads to exposure of the sub-soil rich in calciferous materials. These areas, severely 

affected by strong and extreme wind erosion, are estimated at about 103.6 Mha. If 10% of 

these areas have calciferous horizons exposed at the soil surface, about 10 Mha are subject to 

the impact of anthropogenic perturbations and environmental factors (e.g., ploughing, 

application of fertilizers, root exudates, acid rain, etc.). These factors may lead to dissolution of 

carbonates and emission of CO2. If this exposed layer containing high amounts of carbonates 

and bicarbonates leads to emissions of C at the rate of 0.2 to 0.4 Kg C ha−1 yr−1, the annual rate 

of emissions of C from SIC is 2 to 4 × 106 Kg C y−1. Therefore, total C emission due to soil 

erosion and exposure of calciferous horizon is 0.21 to 0.26 Pg C y−1. Three main type of erosion 

preventive techniques are (Lal, 1990) i) those that increase the soils’ resistance against agents of 

erosion; ii) soil surface management techniques that help establish quick ground cover and; iii) 

techniques that provide a buffer against rainfall and runoff erosivity. 

13. Summary 

Many of the factors affecting the flow of C into and out of the soil are affected by land-

management practices. The soils of drylands have lost a significant amount of C and, 

therefore, offer a great potential for rehabilitating these areas. There are vast areas of 

dryland ecosystems in developing countries where improvements in farming systems could 

add C to soils. Tillage-based agriculture damages the soil, conservation agriculture builds 

soil quality, protects water quality, increases biodiversity and sequesters carbon. 

Considering the growing concern of elevated atmospheric greenhouse gases, the complex 

economics and availability of fossil fuels, the deterioration of the environment and health 

conditions, a shift away from intense reliance on heavy chemical inputs to an intense 

biologically based agriculture and food system is possible today. Sustainable and 

conservation agriculture offer multiple opportunities to reduce greenhouse gas emissions 

and counteract global warming. Improving energy efficiency by managing agricultural and 
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food inputs can make a positive contribution to reducing agricultural greenhouse gas 

emissions. This environmentally beneficial and economically viable method of production 

agriculture should be supported and endorsed through policy mechanisms so that 

worldwide adoption is increased and global benefits are realized. Mitigation of  atmospheric 

CO2 by increase CS in the soil, particularly make sense in the scope of other global 

challenges such as combating land degradation, improving soil quality and preserving 

biodiversity. Effective mitigation policies will likely be based on a combination of modest 

and economically sound reduction which confer added benefits to society.  
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1. Introduction 

Rainfed agriculture plays an important role in contributing to the food bowl of the world. Its 

importance varies regionally but produces food for poor communities in developing 

countries. In India, rainfed agriculture is in about 85 million hectare, constituting about 60 % 

of net cultivated areas supporting 40% of the population of the country. In Sub-Saharan 

Africa, more than 95 % farm land is rainfed, while the corresponding figure for Latin 

America is almost 90%, for South Asia about 60 %, for East Asia 65% and for the Near East 

and North Africa 75% (Wani, et al., 2009). Besides, the climatic constraints especially erratic 

and uncertain pattern of rainfall, soils in the rainfed areas are under severe grip of 

degradation in terms of their physical, chemical and biological properties.  

In AICRPDA, permanent manorial experiments (PME) are conducted on different rainfed 

crops viz., upland rice, sorghum, finger millet, pearl millet, cotton, maize, soybean, 

groundnut crops under varying soil and agro-climatic conditions at different centers. They 

are conducted in alfisols, vertisols, inceptisols, entisols, aridisols and other soil types. 

Alfisols are most abundant soils in the semi–arid tropics and cover about 16% of tropics and 

33% of semi–arid tropics (SAT). These soils are mostly found in the south Asia, west and 

© 2012 Maruthi Sankar et al., licensee InTech. This is a paper distributed under the terms of the Creative 
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central Africa, and many parts of South America, particularly north eastern Brazil (Cocheme 

and Franquin 1967). Mostly these soils are shallow with a compacted sub–surface layer that 

limits the root development and water percolation. The loamy sand texture of top soil and 

abundance of 1:1 type clay minerals viz., kaolinite, make them structurally inert (Charreau 

1977). These soils are constrained by crusting and hard setting tendencies under erratic 

rainfall distribution and occurrence of dry spells (Bansal, Awadhwal, and Mayande 1987). 

Owing to less contribution of root biomass due to low crop intensity, high temperature 

mediated fast oxidation of organic matter, poor recycling back of crop residues, washing 

away of top soil, reckless tillage and imbalanced fertilizer use results in low organic carbon 

and low fertility of these soils (Kampen and Burford 1980; El-Swaify, Singh, and Pathak 

1983). Often these soils encounter a diversity of soil physical, chemical and biological 

constraints and provide a low productivity of crops.   

Vertisols are the predominant soil groups found across the world. The majority of the 

acreage of Vertisols and associated soils in the world is spread in Australia (70.5 million ha), 

India (70 million ha), Sudan (40 million ha), Chad (16.5 million ha), and Ethiopia (10 million 

ha). These five countries constitute over 80% of the total area (250 million ha) of Vertisols in 

the world (Dudal 1965). In India, substantial Vertisol areas are found in the states of 

Maharashtra, Madhya Pradesh, Gujarat, Andhra Pradesh, Karnataka, and Tamil Nadu 

(Murthy 1981). Most of these regions receive 500 to 1300 mm of annual rainfall, concentrated 

in a short period of 3 to 3½ rainy months interspersed with droughts. Crop yields in these 

areas are miserably low and may vary from year to year. Virmani et al., (1989) have 

comprehensively characterized Vertisols found in India. Their texture may vary from clay to 

clay loam, or silty clay loam, with the clay content generally varying from 40% to 60% or 

more. They have high bulk density when dry, with clod density values ranging from 1.5 to 

1.8 g cm-3); high CEC (47 to 65 cmol kg soil-1); and pH values usually above 7.5. Tropical 

Vertisols are low in organic matter and available plant nutrients, particularly N, P, and Zinc. 

The dominant clay mineral is smectite. High clay content, better effective soil depth 

associated with other physical properties makes these soils to store higher amount of 

moisture. Low organic matter status accompanied by poor soil fertility is one of the 

predominant constraints in these Vertisol soils. Farmers of the rainfed SAT regions, being 

poor, are not able to use adequate amount of chemical fertilizers. Earlier researchers have 

established that the productivity of these soils can be enhanced by way of supplying 

adequate nutrient inputs (Virmani et al., 1989; Willey et al., 1989; Burford et al., 1989). Based 

on numerous agronomic experiments, it has been found that supplementation of N, P and 

Zinc through fertilizer is inevitable to ensure satisfactory crop production in SAT soils 

especially in Vertisols (Kanwar 1972; Randhawa and Tandon 1982). Despite many efforts, 

there is a low adoption of fertilizers in rainfed crops which could probably be attributed to 

many reasons viz., incapability of the farmers to purchase fertilizers, erratic and uncertain 

rainfall leading to risk of crop failures, uncertainty and variability in crop responses (Jha 

and Sarin, 1984; Kanwar et al., 1973).  

The productivity of any rainfed crop is significantly influenced by the distribution of seasonal 

rainfall during cropping season, soil fertility status and amount of fertilizer nutrient applied 
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(Maruthi Sankar, 2008). Research studies have shown that among different variables, the 

quantity of rainfall received during crop growing period would significantly influence the 

response of a crop to fertilizer application under rainfed conditions (Behera et al., 2007; 

Mohanty et al., 2008). Vikas et al., (2007) while optimizing the fertilizer requirement of rainfed 

maize in a dry sub-humid Inceptisol at Jammu in north India opined that if fertilizer doses are 

judiciously optimized considering the rainfall distribution pattern during the cropping season, 

higher productivity could be achieved in rainfed crops. Nema et al., (2008) examined the 

effects of crop seasonal rainfall and soil moisture availability at different days after sowing on 

yield and identified suitable tillage and fertilizer practices for attaining sustainable pearl millet 

yield in a semi-arid Inceptisol at Agra in north India. Further, to attain sustainable yield of 

crops in any soil and agro-climatic conditions and to save on fertilizers, it is important that 

while optimizing the fertilizer doses, changes in soil fertility also need to be periodically 

monitored (Maruthi Sankar 1986; Vittal et al., 2003). Long term effects of fertilizer on crop yield 

and soil properties have also been examined for different crops in order to suitably restore soil 

fertility and prescribe soil test based fertilizer recommendation for different crops (Prasad and 

Goswami 1992; Bhat et al., 1991; Dalal and Mayer 1986; Mathur 1997). Permanent manorial 

experiments are conducted at different research centers of AICRPDA with an objective to i) 

assess the response of rainfed crops and changes in soil fertility (with special emphasis on 

nitrogen, phosphorus, and potassium) due to long term application of organic and inorganic 

sources of nutrients under changing crop seasonal rainfall situations and ii) identify an 

efficient treatment for attaining sustainable yield over long-term basis under different soils and 

climatic conditions. The details of PMEs conducted on (i) finger millet at Bangalore; (ii) 

sorghum/pearl millet rotation at Kovilpatti; (iii) groundnut at Anantapur; (iv) cotton + green 

gram (1:1) at Akola; (v) soybean at Indore are discussed in this paper. 

2. Materials and methods  

2.1. Experimental details 

The permanent manorial experiments (PME) have been conducted on different crops with a 

set of organic and inorganic fertilizer treatments at different AICRPDA research centers for 

more than 20-25 years (Table 1). The PMEs were conducted on (i) finger millet at Bangalore 

(Karnataka); (ii) groundnut at Anantapur (Andhra Pradesh); (iii) soybean at Indore (Madhya 

Pradesh); (iv) cotton + green gram in 1:1 row ratio at Akola (Maharastra); (v) sorghum 

rotated with pearl millet (yearly) at Kovilpatti (Tamil Nadu); (vi) rice at Phulbani (Orissa); 

(vii) rice at Varanasi (Uttar Pradesh); (viii) rice at Ranchi (Jharkhand); (ix) pearl millet at 

Agra (Uttar Pradesh); (x) rabi sorghum at Solapur (Maharastra); (xi) rabi sorghum at Bijapur 

(Karnataka); (xii) pearl millet/castor/cluster bean rotation (yearly) at SK Nagar (Gujarat); 

(xiii) rice in kharif followed by wheat in rabi at Rewa (Madhya Pradesh). The treatments 

were replicated thrice and tested in a Randomized Block Design. The treatments were 

randomized only in the first year and were fixed and superimposed to the same plots every 

year. Before superimposing the fertilizer treatments, initial soil samples were collected from 

each plot at a soil depth of 0–30 cm and analyzed for soil organic carbon (Walkley and Black, 
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1934), available (easily oxidizable) N (Subbaiah and Asija, 1956), available P (Olsen et al., 

1954) and available K (Jackson, 1973). Soil sulphur was estimated by turbidity method 

(Chesnin and Yien, 1950) in each season. Observations on daily rainfall, variety, date of 

sowing and harvest, crop growing period, length of dry spells and other related details were 

also recorded every year and used for analysis.  

 

Center Climate Soil type Crop Year Treatments

Bangalore 
Semi-

arid 
Alfisols 

Finger 

millet 

1984-

2008 

T1 : Control; T2 : FYM @ 10 t/ha; 

T3 : FYM @ 10 t/ha + 50% NPK;  

T4 : FYM @ 10 t/ha + 100% NPK;  

T5 : 100% recommended NPK

Anantapur Arid Alfisols 
Ground

nut 

1985-

2006 

T1: Control; T2: 100% NPK (20–40–40 kg/ha);  

T3: 50% NPK (10–20–20 kg/ha);  

T4: 100% N (groundnut shells ~ 20 kg N/ha);  

T5: 50% N (FYM ~ 10 kg N/ha);  

T6: 100% N (groundnut shells ~ 20 kg N/ha) + 50% 

NPK (10–20–20 kg/ha);  

T7: 50% N (FYM~10 kg N/ha) + 50% NPK (10–20–20 

kg/ha);  

T8: 100% NPK (20–40–40 kg/ha) + ZnSO4 @ 25 kg/ha; 

T9: Farmers practice (FYM @ 5 t/ha)

Indore 
Semi-

arid 
Vertisols Soybean

1992-

2006 

T1 : Control; T2 : 20 kg N (urea) + 13 kg P/ha;  

T3 : 30 kg N (urea) + 20 kg P/ha;  

T4 : 40 kg N (urea) + 26 kg P/ha;  

T5 : 60 kg N (urea) + 35 kg P/ha;  

T6 : 20 kg N (urea) + 13 kg P + FYM @ 6 t/ha;  

T7 : 20 kg N (urea) + 13 kg P + FYM @ 5 t/ha;  

T8 : FYM @ 6  t/ha; T9 : Crop residue @ 5 t/ha 

Kovilpatti 
Semi-

arid 
Vertisols 

Sorghu

m/ 

Pearl 

millet 

1987-

2005 

T1 : Control; T2 : 40 kg N (urea) + 20 kg P/ha;  

T3 : 20 kg N (urea) + 10 kg P/ha;  

T4 : 20 kg N (crop residue)/ha;  

T5 : 20 kg N (FYM)/ha;  

T6 : 20 kg N (crop residue) + 20 kg N (urea)/ha;  

T7 : 10 kg N (FYM) + 10 kg N (urea)/ha;  

T8 : 40 kg N (urea) + 20 kg P + 25 kg ZnSO4/ha;  

T9 : FYM @ 5 t/ha 

Akola 
Semi-

arid 
Vertisols 

Cotton 

+ green 

gram 

(1:1) 

1987-

2006 

T1 : Control; T2 : 50 kg N + 25 kg P/ha;  

T3 : 25 kg N + 12.5 kg P/ha;  

T4 : 25 kg N/ha (Leucaena); T5 : 25 kg N/ha (FYM);  

T6 : 25 kg N (Leucaena) + 25 kg N (urea) + 25 kg P/ha;  

T7 : 25 kg N (FYM) + 25 kg N (urea) + 25 kg P/ha;  

T8 : 25 kg N (Leucaena) + 25 kg P/ha 

Table 1. Permanent manorial experiments conducted at different AICRPDA centers 
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At Bangalore, experiments on finger millet (Eleusine coracana L.) were conducted in a 

permanent site for 25 years from 1984 to 2008 in a semi-arid Alfisol. The experimental site is 

situated at latitude of 12.97° North, longitude of 77.58° East and an altitude of 930 m above 

mean sea level. The treatments were (i) Control; (ii) FYM @ 10 t/ha; (iii) FYM @ 10 t/ha + 50% 

NPK; (iv) FYM @ 10 t/ha + 100% NPK; and (v) 100% recommended NPK. The 100% 

recommended NPK dose comprised of 50 kg N, 50 kg P2O5 and 25 kg K2O/ha. The 

experiment was conducted in a net plot size of 2.7 m x 11.0 m each with row spacing of 30 

cm and plant spacing of 10 cm.  

At Akola, PME on cotton + green gram (1:1) was conducted for 20 years in a fixed site 

during South-West monsoon of 1987 to 2006 (June to November) in a semi-arid Vertisol. The 

research center is located at a latitude of 12.97° North, longitude of 77.58° East and an 

altitude of 930 m above mean sea level. The fertilizer treatments were applied in the same 

plot every year and are T1 : Control; T2 : 50 kg N + 25 kg P/ha; T3 : 25 kg N + 12.5 kg P/ha; 

T4 : 25 kg N/ha (Leucaena); T5 : 25 kg N/ha (FYM); T6 : 25 kg N (Leucaena) + 25 kg N (urea) + 

25 kg P/ha; T7 : 25 kg N (FYM) + 25 kg N (urea) + 25 kg P/ha; and T8 : 25 kg N (Leucaena) + 25 

kg P/ha. The trials were conducted in a net plot size of 8.4 m x 9.4 m with spacing of 60 x 30 

cm for cotton and 30 x 10 cm for green gram every year.  

At Kovilpatti, 15 experiments on sorghum (Sorghum bicolor L.) and 9 experiments on pearl 

millet (Pennisetum americanum L.) were conducted in a permanent site during North-East 

monsoon season (October to January) of 1987 to 2005 in a semi-arid vertic Inceptisol. The 

center is located at a latitude of 9.12° North, longitude of 77.53° East and an altitude of 

166.42 m above mean sea level. Sorghum was grown every year up to 1987, and was rotated 

with pearl millet. Nine treatments which are combinations of urea, FYM and crop residue 

were tested in a net plot size of 7.5 m x 3.6 m and row spacing of 45 cm for both crops. The 

treatments tested were (i) Control; (ii) 40 kg N (urea) + 20 kg P/ha; (iii) 20 kg N (urea) + 10 kg 

P/ha; (iv) 20 kg N (crop residue)/ha; (v) 20 kg N (FYM)/ha; (vi) 20 kg N (crop residue) + 20 

kg N (urea)/ha; (vii) 10 kg N (FYM) + 10 kg N (urea)/ha; (viii) 40 kg N (urea) + 20 kg P + 25 

kg ZnSO4/ha; and (ix) FYM @ 5 t/ha. The crop residue contained 1.2% N, while FYM 

contained 0.5% N. 

At Indore, 15 field experiments of soybean were conducted on a permanent site during 

kharif season (June to October) of 1992 to 2006 in a semi-arid Vertisol. The research center is 

located at a latitude of 20°43’ N and longitude of 76°54’ E. The experiments were conducted 

with a set of 9 fertilizer treatments which are combinations of urea, farmyard manure (FYM) 

and crop residue superimposed to the same plots in each season. The treatment 

combinations tested were (i) control (ii) 20 kg N (urea) + 13 kg P/ha (iii) 30 kg N (urea) + 20 

kg P/ha (iv) 40 kg N (urea) + 26 kg P/ha (v) 60 kg N (urea) + 35 kg P/ha (vi) 20 kg N (urea) + 

13 kg P + FYM @ 6 t/ha (vii) 20 kg N (urea) + 13 kg P + FYM @ 5 t/ha (viii) FYM @ 6  t/ha and 

(ix) Crop residue @ 5 t/ha. The crop residue contained 0.75% N, 0.045 P and 0.14% K, 

whereas FYM contained 0.66% N, 0.45% P and 0.50% K. The field experiments were 

conducted in a net plot size of 9.0 m x 6.4 m with row spacing of 30 cm. The fertilizer 

treatments were randomized and superimposed to plots in a Randomized Block Design 
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with 4 replications. FYM was applied 10 days prior to sowing, while the crop residue was 

applied as surface mulch after emergence of the crop in the prescribed treatments.  

At Anantapur, 22 experiments were conducted on groundnut (Arachis hypogea) in a fixed site 

in kharif (July to November) during 1985 to 2006 under arid Alfisols. Anantapur is located at 

a latitude of 14.68° North, longitude of 77.62° East and an altitude of 350 m above mean sea 

level. The permanent site where trials were conducted was a shallow Alfisol with soil depth 

of 30 cm. The earliest date of sowing of groundnut was on 1st July in 2000, while the farthest 

was on 12th September in 2006. The earliest date of harvest was on 23rd October in 2000, 

while the farthest was on 3rd January in 2006. The crop had a minimum duration of 107 days 

in 1996 and 1999 and maximum duration of 127 days in 1985 with mean duration of 116 

days having variation of 5.3% over years. A general recommended fertilizer NPK dose of 

20–40–40 kg/ha was used for rainfed groundnut under Alfisols in Andhra Pradesh. Nine 

fertilizer NPK treatments which are combinations of inorganic and organic sources were 

tested every year. Apart from inorganic N through urea, P through single super phosphate 

and K through muriate of potash, organic N through groundnut shells and FYM were 

included in the different treatment combinations. The trials were conducted based on 

Randomized Block Design with 3 replications. The fertilizer NPK and organic N treatments 

tested were : T1: Control; T2: 100% NPK (20–40–40 kg/ha); T3: 50% NPK (10–20–20 kg/ha); 

T4: 100% N (groundnut shells ~ 20 kg N/ha); T5: 50% N (FYM ~ 10 kg N/ha); T6: 100% N 

(groundnut shells ~ 20 kg N/ha) + 50% NPK (10–20–20 kg/ha); T7: 50% N (FYM ~ 10 kg 

N/ha) + 50% NPK (10–20–20 kg/ha); T8: 100% NPK (20–40–40 kg/ha) + ZnSO4 @ 25 kg/ha; T9: 

Farmers practice (FYM @ 5 t/ha). The FYM contained 0.5% N, 1% P and 0.75% K on dry 

weight basis. All the improved agronomic practices prescribed for groundnut were adopted 

while conducting the trials. 

2.2. Statistical analysis  

The differences in effects of treatments in influencing soil fertility of N, P and K nutrients 

and crop yield were tested based on the standard Analysis of Variance (ANOVA) 

procedure. The treatments with a significantly higher effect on soil nutrients and yield 

were identified based on Least Significant Difference (LSD) criteria (Gomez and Gomez, 

1984). Based on correlation coefficients measured between pairs of variables, the type 

(positive or negative) and extent of relation between yield, crop seasonal rainfall, and soil 

N, P and K nutrients were assessed for each treatment over years. Regression models of 

yield attained by each treatment were calibrated for assessing the influence of crop 

seasonal rainfall, soil N, P and K nutrients on yield of a crop over years as suggested by 

Draper and Smith (1998). The regression model through crop seasonal rainfall, soil N, P 

and K could be postulated as  

 
( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

= ± ± ± ± ± ±

± ± ± ± ±

Y  α β1 Jun  β2 Jul  β3 Aug  β4 Sep  

β5 Oct  β6 Nov  β7 SN  β8 SP  β9 SK
 (1) 

α

α β β β β β β

α



α β β β β

β β β β β
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In model (1), α is intercept and β1 to β9 are regression coefficients measuring effects of 

variables on yield. The variables of monthly rainfall are retained depending on the dates of 

sowing and harvest and crop growing period. Soil sulphur was also included in the model 

calibrated for soybean at Indore. The usefulness of a regression model for yield prediction 

could be assessed based on the coefficient of determination (R2) and unexplained variation 

measured by the prediction error. The sustainability yield index (SYI) of a fertilizer 

treatment could be derived as a ratio of the ‘difference between mean yield and prediction 

error’ and ‘maximum mean yield’ attained by any treatment in the study period (Behera et 

al., 2007; Nema et al., 2008; Maruthi Sankar et al., 2011, 2012a, 2012b). 

At Kovilpatti, observations were recorded on daily rainfall (mm) and Pan Evaporation (EP, 

in mm) during 1987 to 2005. Accordingly, the daily soil water balance computational 

procedure of Rijtema and Aboukhaled (1975) was used to calculate the Water Requirement 

(WR, mm), Potential Evapotranspiration (PET, mm) and Actual Evapotranspiration (AET, 

mm) for sorghum and pearl millet. The Crop Water Stress (CWS) was estimated by using 

the procedure as discussed by Hiler and Clark (1971). The crop coefficient values were 

determined by interpolating the values given by Doorenbos and Kassam (1979). The CWS 

ranged from 0.1% in 1987, 1993 and 1997 to 60.5% in 1995 with mean of 15.6% and variation 

of 119.9% for sorghum. In pearl millet, it ranged from 0.1% in 1996 to 71.5% in 1994 with 

mean of 31.7% and variation of 71.8% for pearl millet.  

At Kovilpatti, the treatment-wise regression models of yield were developed using different 

variables of soil N, P, and K, crop seasonal rainfall, crop growing period, crop water stress 

measured under each treatment (Maruthi Sankar, 1986). The regression model of yield could 

be postulated as  

 ( ) ( ) ( ) ( ) ( ) ( )= ± ± ± ± ± ± ±Y   α β1 CGP  β2 CRF  β3 CWS  β4 SN  β5 SP  β6 SK  (2) 

In (2), α is intercept and β1 to β6 are regression coefficients of variables considered in the 

model.  

3. Rainfall and its distribution in different years  

3.1. Semi-arid alfisols at Bangalore 

At Bangalore, the earliest date of sowing of finger millet was on 14th July in 2004, while the 

latest was on 30th September in 2002. The earliest date of harvest of the crop was on 25th 

October in 2004, while the latest was on 3rd January in 2003. The crop had a minimum 

duration of 96 days in 2002 and maximum of 155 days in 1994 with a mean of 126 days and 

variation of 9.2%. The crop seasonal rainfall received from June to November was in a range 

of 396.6 mm in 1990 to 1174.7 mm in 2005 with a mean of 756 mm and variation of 28.1%. 

Four crop seasonal rainfall situations viz., < 500, 500–750, 750–1000 and 1000–1250 mm were 

observed during 1984 to 2008. The crop seasonal rainfall was < 500 mm in 3 years, 500–750 

mm in 11 years, 750–1000 mm in 8 years and 1000–1250 mm in 3 years. June received a mean 

rainfall of 81 mm with a variation of 77.4%; while July received 98 mm with variation of 
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59.1%. August received a mean rainfall of 139 mm with a variation of 61.2%, while 

September received a mean rainfall of 200 mm with variation of 50.3%. October received a 

mean rainfall of 188 mm with a variation of 66.7%, while November received 50 mm with 

variation of 95.5% over the 25 years of study. The mean rainfall in a month increased from < 

500 mm to 1000–1250 mm crop seasonal rainfall group. Under < 500 mm crop seasonal 

rainfall situation occurred for 3 years (1990, 2002 and 2006), the mean monthly rainfall 

ranged from 54 mm with a variation of 51.1% in July to 105 mm with a variation of 62.9% in 

October. Under 500–750 mm crop seasonal rainfall situation for 11 years (1984, 1985, 1986, 

1987, 1989, 1994, 1995, 1996, 2001, 2003 and 2007), the mean monthly rainfall ranged from 38 

mm with a variation of 83.2% in November to 199 mm with a variation of 47.7% in 

September. Under 750–1000 mm crop seasonal rainfall situation for 8 years (1988, 1992, 1993, 

1997, 1999, 2000, 2004 and 2008), the mean monthly rainfall ranged from 51 mm with a 

variation of 125.2% in November to 263 mm with a variation of 31.0% in September. Under 

1000–1250 mm crop seasonal rainfall situation for 3 years (1991, 1998 and 2005), the mean 

monthly rainfall ranged from 77 mm with a variation of 84.8% in November to 435 mm with 

a variation of 38.6% in October. The mean crop growing period was 121 days with variation 

of 17.9% under < 500 mm; 131 days with variation of 8.8% under 500–750 mm rainfall; 122 

days with variation of 7.1% under 750–1000 mm rainfall; and 125 days with variation of 

2.9% under 1000–1250 mm rainfall situation. The details of crop growing period, rainfall, 

date of sowing and harvest of finger millet under different crop seasonal rainfall situations 

during 1984 to 2008 are given in Table 2.  

3.2. Semi-arid vertisols at Akola 

In the long term study, both cotton and green gram were sown on the same date every year, 

but had different dates of harvest. The earliest date of sowing of was on 11th June in 1993, 

while the latest was on 23rd July in 2004. The earliest date of harvest of green gram was on 

22nd August in 2001, while the latest was on 15th October in 1997. In case of cotton, the 

earliest date of harvest was on 28th November in 1990, while the latest was on 26th March in 

1997. The duration of green gram ranged from 62 days in 1989 to 103 days in 1997 with a 

mean of 75 days and variation of 14.5%. Cotton had a duration in the range of 155 days in 

1991 to 265 days in 1997 with mean of 202 days and variation of 16.9%. The total crop 

seasonal rainfall received during June to November ranged from 351.7 mm in 2003 to 1307.8 

mm in 1988. The monthly rainfall received was erratic and had a high variation. June rainfall 

ranged from 24.4 mm (1996) to 339 mm (1990), while July rainfall ranged from 53.4 mm 

(2002) to 392.5 mm (1988). August received a rainfall in the range of 12.6 mm (1995) to 393.8 

mm (1992), while September received ‘no’ rainfall (1991) to a maximum of 301.2 mm (1988). 

October received ‘no’ rainfall (1991, 2000 and 2003) to a maximum of 183.6 mm (1990), while 

November received ‘no’ rainfall in 14 years to a maximum of 164.3 mm (1997). A mean 

rainfall of 145.2 mm (CV of 57%), 184.4 mm (CV of 56.9%), 195.9 mm (CV of 48.5%), 127.6 

mm (CV of 63.9%), 65.3 mm (CV of 93.1%) and 17.9 mm (CV of 224%) was received in June, 

July, August, September, October and November respectively. The crop seasonal rainfall 

was found to be < 500 mm in 3 years (1991, 2003 and 2004); 500–750 mm in 8 years (1987, 



Efficient Nutrient Management Practices for Sustainable Crop Productivity and Soil Fertility  
Maintenance Based on Permanent Manorial Experiments in Different Soil and Agro-Climatic Conditions 175 

1989, 1995, 1996, 2000, 2001, 2002 and 2005); 750–1000 mm in 7 years (1992, 1993, 1994, 1997, 

1998, 1999 and 2006); and 1000–1250 mm in 2 years (1988 and 1990) (Table 2). 

3.3. Semi-arid vertic inceptisols at Kovilpatti  

At Kovilpatti, the earliest DOS of sorghum was on 29th September in 1995, while the farthest 

was on 27th October in 1984 and 1985. The earliest date of harvest of sorghum was on 7th 

January in 2004, while the farthest was on 25th February in 1986. The crop had a minimum 

growing period of 88 days in 1983 to a maximum of 138 days in 2005 with mean of 112 days 

and variation of 12.6%. The lowest crop seasonal rainfall of 96.4 mm occurred on 8 days in 

1995, while the highest of 634.6 mm occurred on 21 days in 1989 with a mean of 380.3 mm 

and variation of 42.6%. However, maximum number of 39 rainy days occurred in 1997 with 

a crop seasonal rainfall of 585.7 mm. The crop received rainfall from mean of 21 rainy days 

with variation of 37.6%. The earliest DOS of pearl millet was on 30th September in 2000, 

while the farthest was on 10th November in 1998. The earliest date of harvest of pearl millet 

was on 3rd January in 2003, while the farthest was on 16th February in 2005. The crop had a 

growing period of 80 days in 1988 to 136 days in 2004 with a mean of 99 days and variation 

of 16.5%. Rainfall occurred on only 6 days in 1994, while it occurred on a maximum of 35 

days in 2004 with a mean of 16 days and variation of 61.3%. The actual rainfall received 

during crop growing period ranged from 181.1 mm in 1988 to 789.2 mm in 1996 with a mean 

of 495.8 mm and variation of 34.9% (Table 2). 

3.4. Semi-arid vertisols at Indore 

The earliest date of sowing of soybean was on 17th June in 2004, whereas the farthest was on 

20th July in 1996. The earliest date of harvest of soybean was on 1st October in 2001, as 

against the farthest on 29th October in 1996. The crop had a minimum growing period of 91 

days in 1992 compared to a maximum of 117 days in 2004 and had a mean of 106 days with 

variation of 6.6% during 15 years. The lowest crop seasonal rainfall of 354.1 mm (64.9% of 

annual rainfall) occurred in 2002, whereas the highest of 1308.3 mm (98.3% of annual 

rainfall) occurred in 1996 with a mean of 840.9 mm and variation of 30.2% over years. The 

rainfall ranged from 54.7 mm in 1996 to 329.7 mm in 2001 in June, 50.3 mm in 2002 to 676.9 

mm in 1996 in July, 91.1 in 1999 to 429.7 mm in 2006 in August, 9 mm in 2000 to 350.3 mm in 

2003 in September and ‘no rainfall’ in 1994 and 2003 to 79.8 mm in 1996 in October. A mean 

rainfall of 132.1 mm with a variation of 57.5% in June, 294.7 mm with a variation of 53.1% in 

July, 243.7 mm with a variation of 44.4% in August, 140.6 mm with a variation of 70.3% in 

September and 29.9 mm with a variation of 96.1% in October was received (Table 2). 

3.5. Arid alfisols at Anantapur 

A wide range was observed in the monthly rainfall received from May to November during 

1985 to 2006. The total rainfall of May to November ranged from 255.0 to 842.8 mm with a 

mean rainfall of 538.7 mm and variation of 33.2%. The rainfall received in May ranged from 
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0.2 to 155.6 mm; June from 5.2 to 212.2 mm; July from 0.6 to 453.7 mm; August from 4.4 to 

343 mm; September from 13.2 to 354.6 mm; October from 22.2 to 211.8 mm; and November 

from 2.6 to 127.8 mm. A maximum mean rainfall of 117.5 mm was received in September; 

compared to 106.4 mm in October; 101.0 mm in August; 91.3 mm in July; 58.9 mm in June; 

44.8 mm in May; and 31.1 mm in November in the study. It is observed that July received 

rainfall with a maximum variation of 119.9%; compared to November with 111.3%; August 

with 91.4%; June with 88.7%; May with 79.3%; September with 64.8%; and October with 

56.3%.  

 

Statistic CGP Jun Jul Aug Sep Oct Nov CRF 

Bangalore : Finger millet : 1984-2008

Minimum 96 7.7 21.1 31.8 43.8 28.0 2.0 396.6 

Maximum 155 230.6 272.0 352.2 388.1 540.9 193.8 1174.7 

Mean 126 81.0 98.0 139.0 200.0 188.0 50.0 756.0 

CV (%) 9.2 77.4 59.1 61.2 50.3 66.7 95.5 28.1 

Akola : Cotton + green gram (1:1) : 1987-2006

Minimum 155 (62) 24.4 53.4 12.6 0.0 0.0 0.0 351.7 

Maximum 265 (103) 339.0 392.5 393.8 301.2 183.6 164.3 1307.8 

Mean 203 (74) 145.8 189.0 194.9 127.9 62.2 18.0 737.9 

CV (%) 16.5 (14.5) 55.4 55.2 47.6 62.1 98.0 216.2 31.9 

Kovilpatti : Sorghum : 1987-2005 Sep Oct Nov Dec Jan   

Minimum 96 0.0 71.6 14.0 0.0 0.0  181.1 

Maximum 138 181.0 503.1 262.2 212.3 212.0  789.2 

Mean 113 72.3 202.5 125.1 64.5 31.5  495.8 

CV (%) 12.7 85.3 60.6 73.6 102.3 204.7  34.9 

Kovilpatti : Pearl millet : 1987-2005

Minimum 80 24.5 20.8 63.4 4.2 0.0  209.3 

Maximum 136 178.6 412.2 268.8 162.2 14.6  692.0 

Mean 99 98.1 197.4 144.1 54.2 4.3  498.1 

CV (%) 16.5 56.6 67.3 52.6 100.6 138.0  30.5 

Indore : Soybean : 1992-2006   

Minimum 91 54.7 50.3 91.1 9.0 0.0  354.1 

Maximum 117 329.7 676.9 429.7 350.3 79.8  1308.3 

Mean 106 132.1 294.7 243.7 140.6 29.9  840.9 

CV (%) 6.6 57.5 53.1 44.4 70.3 96.1  30.2 

Anantapur : Groundnut : 1985-2006

Minimum 107 5.2 0.6 4.4 13.2 22.2 2.6 255.0 

Maximum 127 212.2 453.7 343.0 354.6 211.8 127.8 801.4 

Mean 116 58.9 91.3 101.0 117.5 106.4 31.1 502.1 

CV (%) 5.0 88.7 119.9 91.4 64.8 56.3 111.3 37.0 

Table 2. Mean and variation of rainfall and crop growing period at different locations 
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4. Results and discussion  

4.1. ANOVA of soil test values and yield in different seasons  

The mean and coefficient of variation of soil fertility of nutrients and yield of crops 

attained under each rainfall situation at Bangalore, Akola, Kovilpatti and Indore are given 

in Table 3. 

 

TR Yield (kg/ha) Soil N (kg/ha) Soil P (kg/ha) Soil K (kg/ha) 

 Min Max Mean CV Min Max Mean CV Min Max Mean CV Min Max Mean CV 

Bangalore : Finger millet : 1984-2008

T1 54 1356 537 79.7 87 210 163 12.4 4.5 27.9 9.7 46.1 37 88 59 19.5 

T2 1146 3125 2452 23.4 146 241 195 8.2 15.7 61.6 43.8 28.8 59 116 88 16.6 

T3 1432 3836 2891 21.9 170 217 196 4.7 24.0 90.4 59.4 27.2 61 152 95 18.3 

T4 1821 4552 3167 22.7 174 242 204 7.5 35.2 91.9 68.6 18.7 67 157 107 20.4 

T5 756 3429 1826 45.4 103 245 190 12.5 21.4 76.4 50.4 27.0 50 114 78 16.2 

LSD     535 13 6.7 13   

Akola : Green gram: 1987-2007

T1 74 700 362 42.4 110 290 217 24.0 11.0 32.2 25.2 17.4 243 395 289 12.6 

T2 90 790 488 37.0 123 306 239 18.9 15.0 35.9 30.0 16.6 256 393 320 11.6 

T3 87 770 453 38.4 113 299 227 20.8 16.8 35.4 28.8 17.1 252 389 313 11.6 

T4 83 768 447 40.3 117 297 230 23.7 16.5 35.9 30.1 16.2 256 389 323 9.0 

T5 83 880 480 39.9 119 328 239 24.2 16.5 42.8 32.3 18.3 260 417 351 12.3 

T6 88 840 491 37.9 125 313 250 21.1 15.7 42.5 31.8 19.4 277 485 358 15.1 

T7 97 930 547 35.6 123 328 254 22.5 20.0 42.8 33.4 15.3 294 491 369 16.1 

T8 96 910 505 40.3 123 320 243 24.3 18.4 46.2 32.4 19.0 276 492 344 18.9 

LSD 10 379 108 73.3   

Akola : Cotton: 1987-2007

T1 91 1016 492 51.2 110 290 217 24.0 11.0 32.2 25.2 17.4 243 395 289 12.6 

T2 171 1637 699 52.6 123 306 239 18.9 15.0 35.9 30.0 16.6 256 393 320 11.6 

T3 152 1338 637 53.6 113 299 227 20.8 16.8 35.4 28.8 17.1 252 389 313 11.6 

T4 112 1404 625 51.6 117 297 230 23.7 16.5 35.9 30.1 16.2 256 389 323 9.0 

T5 101 1637 678 55.3 119 328 239 24.2 16.5 42.8 32.3 18.3 260 417 351 12.3 

T6 174 1795 737 54.3 125 313 250 21.1 15.7 42.5 31.8 19.4 277 485 358 15.1 

T7 217 1910 805 54.8 123 328 254 22.5 20.0 42.8 33.4 15.3 294 491 369 16.1 

T8 126 1725 702 55.4 123 320 243 24.3 18.4 46.2 32.4 19.0 276 492 344 18.9 

LSD 18 290 134 58.9   

Kovilpatti : Sorghum: 1987-2005

T1 157 1520 709 66.2 76 146 112 18.5 6.0 8.8 7.1 13.8 236 389 328 13.3 

T2 415 2122 1118 48.3 79 168 132 19.0 3.3 12.1 8.3 28.9 193 449 361 21.4 

T3 340 1840 917 53.3 76 159 124 18.2 6.5 11.9 8.9 19.3 270 435 355 15.7 

T4 130 1821 867 61.9 69 149 121 18.9 5.7 11.2 8.4 18.6 236 448 369 16.2 

T5 175 1919 867 60.4 76 145 125 17.1 7.5 10.3 8.8 10.0 237 450 360 16.3 

T6 147 2407 1031 68.5 70 159 126 21.9 3.3 11.3 9.4 24.1 271 475 375 16.4 

T7 325 2320 1163 55.5 80 187 142 20.8 9.0 12.9 10.7 10.8 215 528 394 21.4 

T8 342 2451 1246 50.2 84 163 136 16.6 6.3 12.3 10.1 17.9 252 481 382 19.9 

T9 195 2164 999 70.0 79 156 131 18.0 6.3 12.5 9.4 20.4 215 546 382 25.2 
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TR Yield (kg/ha) Soil N (kg/ha) Soil P (kg/ha) Soil K (kg/ha) 

 Min Max Mean CV Min Max Mean CV Min Max Mean CV Min Max Mean CV 

Kovilpatti : Pearl millet : 1987-2005 

T1 163 936 453 51.8 77 107 87 12.4 6.0 8.2 6.5 9.9 243 357 319 12.2 

T2 230 1212 670 42.4 98 149 118 14.2 7.3 10.6 9.4 11.6 275 438 374 15.1 

T3 333 1083 626 33.2 82 123 104 14.1 6.5 10.0 7.7 12.7 256 437 360 18.2 

T4 253 1067 577 42.0 84 119 102 12.5 6.5 9.5 7.9 13.6 250 450 364 21.1 

T5 247 1135 561 45.2 80 116 96 12.7 7.0 10.0 8.4 11.8 270 468 385 19.1 

T6 265 1194 676 40.7 92 120 107 10.0 8.3 10.5 9.0 6.6 248 490 403 21.8 

T7 419 1220 774 32.1 90 122 107 10.9 8.0 12.1 9.7 13.4 248 460 382 18.7 

T8 502 1190 761 29.7 81 114 103 10.9 8.5 11.0 9.5 7.9 280 453 385 13.8 

T9 331 1046 552 41.0 87 125 100 12.5 6.0 10.3 7.9 15.9 290 493 407 16.9 

Indore : Soybean : 1992-2006 

T1 691 2066 1275 31.1 161 209 178 8.4 5.0 21.5 11.4 57.5 325 830 540 22.2 

T2 987 2448 1620 29.4 185 232 202 7.0 5.8 24.9 14.1 53.8 340 743 552 18.1 

T3 1147 2720 1774 29.5 167 240 206 10.3 6.0 27.7 16.1 53.1 360 980 585 25.7 

T4 1250 2828 1886 27.7 204 280 225 8.4 5.0 28.2 16.9 46.6 320 721 545 19.0 

T5 1308 3050 1994 26.4 171 284 224 11.5 4.8 29.2 17.7 42.6 347 1042 629 25.6 

T6 1449 3247 2095 25.3 216 384 274 20.3 4.2 28.4 22.2 30.3 373 1132 741 24.3 

T7 997 3102 1790 34.0 185 337 254 18.9 4.5 27.8 15.0 53.1 340 943 642 23.2 

T8 1152 3061 1863 30.3 189 426 264 26.2 5.2 27.0 18.3 32.8 360 892 677 20.9 

T9 897 2504 1629 32.6 176 347 239 23.4 5.6 25.4 15.6 46.8 320 1215 629 31.7 

LSD   241    23 67.8   2.4 53.7   52.8 53.3 

LSD: Least significant difference at p < 0.05, CV: Coefficient of variation (%) 

Table 3. Descriptive statistics of finger millet grain yield, and available soil nutrients  

4.1.1. Semi-arid alfisols at Bangalore 

At Bangalore, the changes in soil N, P and K nutrients over years were assessed. The 

trends indicated that the soil N decreased in all treatments, however, the decrease was 

significant only in control. There was a build–up of soil P in all treatments, but, the 

increase was significant only in FYM @ 10 t/ha, FYM @ 10 t/ha + 50% NPK and 100% NPK 

treatments. There was a decrease of soil K over years, in all treatments, but the decrease 

was significant only in FYM @ 10 t/ha ha + 100% NPK application. Based on the 

predictability of changes in soil nutrient status over years (R2), the prediction (%) of yield 

ranged from 1 to 26% for soil N; 2 to 44% for soil P; and 1 to 26% for soil K for different 

treatments. The standard error based on a regression model ranged from 9.3 to 23.1 kg/ha 

for soil N; 4.5 to 12.3 kg/ha for soil P; and 11.4 to 19.2 kg/ha for soil K over years. The 

trends of changes in yield, and soil nutrients as affected by treatments over years 

indicated that in general, the soil P tended to increase, while soil N reflected the 

decreasing tendency over years. However, soil K decreased over years. Thus, the trends of 

soil fertility changes were similar for soil N and P nutrients (except in control), while it 

was the opposite trend for soil K over years.   
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4.1.2. Semi-arid vertisols at Akola 

At Akola, the ANOVA indicated that fertilizer treatments differed significantly in influencing 

soil fertility of nutrients and yield in all years. They were also significantly different when 

pooled over years under each rainfall situation (Gomez and Gomez, 1985). A minimum mean 

yield of 360 kg/ha (variation of 43.7%) and 492 kg/ha (variation of 52.5%) was attained under 

control, while a maximum of 527 kg/ha (variation of 33.9%) and 807 kg/ha (variation of 56.1%) 

was attained under 25 kg N (FYM) + 25 kg N (urea) + 25 kg P/ha in case of green gram and 

cotton respectively. Application of 25 kg N (FYM) + 25 kg N (urea) + 25 kg P/ha was also 

superior for enhancing soil fertility status by providing a maximum mean soil N of 251.8 kg/ha 

(variation of 22.8%), soil P of 33.5 kg/ha (variation of 19.5%) and soil K of 368.6 kg/ha (variation 

of 20.4%) over years. A build-up of soil N and a depletion of soil K were observed under all 

treatments over years. A build-up of soil P was observed under control and 25 kg N + 12.5 kg 

P/ha, while there was a depletion under all the remaining treatments. Comparison of pairs of 

treatments for differences in yield, soil N, P and K nutrients indicated that 25 kg N (FYM) + 25 

kg N (urea) + 25 kg P/ha was superior to all other treatments by attaining a significantly higher 

yield of cotton and green gram and maintaining higher soil fertility status over years. 

4.1.3. Semi-arid vertic inceptisols at Kovilpatti 

At Kovilpatti, the ANOVA of sorghum data indicated a significant difference among 

treatments in individual years and also when pooled over years in influencing soil nutrients 

and grain yield. The mean sorghum yield ranged from 642 kg/ha with variation of 69.9% 

under control to 1190 kg/ha with variation of 50.9% under 40 kg N (urea) + 20 kg P + 25 kg 

ZnSO4/ha. This treatment gave maximum potential yield of 2451 kg/ha in 1999. 40 kg N 

(urea) + 20 kg P/ha had a minimum variation of 47.8%, while FYM @ 5 t/ha had a maximum 

variation of 72.4% for sorghum yield. The mean soil N ranged from 97 kg/ha with 22.1% 

variation under control to 118 kg/ha with 16.3% variation under an application of 40 kg N 

(urea) + 20 kg P/ha. However, minimum soil N of 76 kg/ha was observed under 40 kg N 

(urea) + 20 kg P/ha, 20 kg N (urea) + 10 kg P/ha and 20 kg N (crop residue)/ha in 1986, while 

maximum of 154 kg/ha was observed under 20 kg N (FYM)/ha in 1985. Soil N had minimum 

variation of 14.1% under 20 kg N (crop residue) + 20 kg N (urea)/ha and maximum variation 

of 22.2% under 20 kg N (FYM)/ha. The mean soil P ranged from 8.8 kg/ha with 21.9% 

variation under 20 kg N (crop residue)/ha to 10.8 kg/ha with 79.2% under FYM @ 10 t/ha. 

However, minimum soil P of 6 kg/ha was observed under control and FYM @ 5 t/ha in 1987 

and 1999, while maximum of 18.3 kg/ha was observed under 40 kg N (urea) + 20 kg P + 25 

kg ZnSO4/ha in 1983. Soil P had minimum variation of 14.5% under 40 kg N (urea) + 20 kg 

P/ha and maximum variation of 36.4% under control. The mean soil K ranged from 407 

kg/ha with 43.3% variation under control to 473 kg/ha with 35.5% variation under 20 kg N 

(crop residue) + 20 kg N (urea)/ha. However, minimum soil K of 243 kg/ha was observed 

under control in 2005, while maximum of 854 kg/ha was under 10 kg N (FYM) + 10 kg N 

(urea)/ha in 1982. Minimum variation of 32.5% under 40 kg N (urea) + 20 kg P/ha and 

maximum variation of 43.3% under control was observed for soil K. 
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In case of pearl millet at Kovilpatti, the yield ranged from 399 kg/ha with 43% variation 

under control to 725 kg/ha with 28.3% variation under 10 kg N (FYM) + 10 kg N (urea). This 

treatment gave a maximum potential yield of 1062 kg/ha in 1994. 20 kg N (urea) + 10 kg P/ha 

had minimum variation of 24.3%, while control had maximum of 43% for yield. The mean 

soil N ranged from 110 kg/ha with 19.1% variation under control to 140 kg/ha with 21.7% 

variation under 10 kg N (FYM) + 10 kg N (urea) kg/ha. However, minimum soil N of 69 

kg/ha was observed under 20 kg N (crop residue)/ha in 1988, while maximum of 187 kg/ha 

was observed under 10 kg N (FYM) + 10 kg N (urea)/ha in 1996. Soil N had minimum 

variation of 17% under 40 kg N (urea) + 20 kg P + 25 kg ZnSO4/ha compared to maximum of 

22.4% under 20 kg N (crop residue) + 20 kg N (urea)/ha. 

The mean soil P ranged from 7 kg/ha with variation of 12.1% under control to 10.5 kg/ha 

with variation of 10.3% under 10 kg N (FYM) + 10 kg N (urea)/ha. However, minimum soil P 

of 3.3 kg/ha was observed under 40 kg N (urea) + 20 kg P/ha and 20 kg N (crop residue) + 20 

kg N (urea)/ha in 2004, while maximum of 12.9 kg/ha was observed under 10 kg N (FYM) + 

10 kg N (urea)/ha in 1994. The soil P had variation in the range of 10.3% under 10 kg N 

(FYM) + 10 kg N (urea)/ha to 26.7% under 40 kg N (urea) + 20 kg P/ha. The mean soil K 

ranged from 325 kg/ha with 14% variation under control to 389 kg/ha with 22.6% variation 

under 10 kg N (FYM) + 10 kg N (urea)/ha. However, minimum soil K of 193 kg/ha was 

observed under 40 kg N (urea) + 20 kg P/ha in 2004, while maximum of 546 kg/ha was 

observed under FYM @ 5 t/ha in 1992. Soil K had variation ranging from 14% under control 

to 26.8% under FYM @ 5 t/ha. A higher mean soil N was observed in sorghum trials, while 

higher mean soil P and K were observed in pearl millet trials under all treatments. A higher 

variation of yield was observed in sorghum compared to pearl millet in all treatments. In 

sorghum, soil K had maximum variation in 8 treatments compared to soil P in only one 

treatment, while soil N had minimum variation in all treatments. In pearl millet, soil P had 

maximum variation in 4 treatments, followed by soil K in 3 treatments and soil N in 2 

treatments. 

4.1.4. Semi-arid vertisols at Indore 

The F-test indicated that the organic and inorganic treatment combinations were 

significantly different in both individual years and also when pooled over years in 

influencing the soybean yield and soil nutrients. The mean soybean yield ranged from 1275 

kg/ha with variation of 31.1% under control to 2095 kg/ha with a variation of 25.3% under 20 

kg N (urea) + 13 kg P + FYM @ 6 t/ha. The superior treatment also gave a maximum potential 

yield of 3247 kg/ha in 2006. Application of 20 kg N (urea) + 13 kg P + FYM @ 6 t/ha was also 

superior with a maximum mean soil N (274 kg/ha), soil P (22.2 kg/ha), soil K (741 kg/ha), 

and soil Sulphur (18.1 kg/ha). The control gave a minimum soil N of 178 kg/ha, soil P of 11.4 

kg/ha, soil K of 540 kg/ha, and soil Sulphur of 13.6 kg/ha. 20 kg N (urea) + 13 kg P/ha had a 

minimum variation of 7% for soil N and 18.1% for soil K. The control had a maximum 

variation of 57.5% for soil P and 43.2% for soil S. FYM @ 6 t/ha had a maximum variation of 

26.2% for soil N, while crop residue @ 5 t/ha had a maximum of 31.7% for soil K. 
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4.1.5. Arid alfisols at Anantapur 

The distribution of organic carbon, soil P and K under each treatment as indicated by 

minimum, maximum, mean and variation are given in Table 4. A wide range of 0.13 to 

0.69% in organic carbon; 9.7 to 171.8 kg/ha in soil P; and 89 to 454 kg/ha in soil K was 

observed. The mean organic carbon ranged from 0.23% in control to 0.38% in 50% N (FYM ~ 

10 kg N/ha) and farmers practice (FYM @ 5 t/ha); soil P from 34.5 kg/ha in control to 100.6 

kg/ha in 100% NPK (20–40–40 kg/ha) + ZnSO4 @ 25 kg/ha; and soil K from 163 kg/ha in 

control to 297 kg/ha in 50% N (FYM ~ 10 kg N/ha) + 50% NPK (10–20–20 kg/ha) over years. 

100% NPK (20–40–40 kg/ha) had lowest variation of 12.2%, while Farmers practice (FYM @ 5 

t/ha) had highest variation of 38.6% for organic carbon. The variation ranged from 37.8% in 

50% N (FYM ~ 10 kg N/ha) + 50% NPK (10–20–20 kg/ha) to 49.5% in Farmer’s practice (FYM 

@ 5 t/ha) for soil P and 32.5% in 50% N (FYM ~ 10 kg N/ha) + 50% NPK (10–20–20 kg/ha) to 

51.4% in 50% NPK (10–20–20 kg/ha) for soil K. 

The groundnut pod yield attained by different treatments ranged from 171 kg/ha attained by 

50% N (FYM ~ 10 kg N/ha) + 50% NPK (10–20–20 kg/ha) to 1546 kg/ha attained by 100% NPK 

(inorganic) application. Based on the ANOVA, the fertilizer treatments differed significantly 

from each other in all the years except 1992, 1996, 2000, 2002 and 2006. The crop failed to 

produce any pod yield in 1988 and 2001 due to insufficient soil moisture. The yield attained in 

different years along with LSD at p < 0.05 level are given in Table 3. Based on the LSD criteria, 

100% NPK (20–40–40 kg/ha) gave significantly higher yield of 1367, 609, 745 and 1546 kg/ha in 

1985, 1991, 1993 and 2004; while 100% N (groundnut shells ~ 20 kg N/ha) was superior with 

yield of 1300, 1518 and 1348 kg/ha in 1986, 1987 and 1990 respectively. Application of 100% N 

(groundnut shells ~ 20 kg N/ha) + 50% NPK (10–20–20 kg/ha) was superior with yield of 757, 

388 and 588 kg/ha in 1994, 1997 and 2003 respectively; while 50% N (FYM ~ 10 kg N/ha) + 50% 

NPK (10–20–20 kg/ha) gave significantly higher yield of 1541 kg/ha in 1989 and 1123 kg/ha in 

2005. Application of 100% NPK (20–40–40 kg/ha) + ZnSO4 @ 25 kg/ha was superior with pod 

yield of 1131 kg/ha in 1995, 1329 kg/ha in 1998 and 1348 kg/ha in 1999. The study indicated 

that 100% NPK (20–40–40 kg/ha) + ZnSO4 @ 25 kg/ha was superior with maximum mean pod 

yield of 926 kg/ha (variation of 46.6%), while control gave minimum yield of 741 kg/ha 

(variation of 44.6%). However, 100% N (groundnut shells ~ 20 kg N/ha) + 50% NPK (10–20–20 

kg/ha) had minimum variation of 41.5%, while 100% NPK (20–40–40 kg/ha) had maximum 

variation of 47.4%. Highest yield increase of 24.9% was attained by 100% NPK (20–40–40 

kg/ha) + ZnSO4 @ 25 kg/ha, followed by 100% NPK (20–40–40 kg/ha) with 23.5%, 50% N (FYM 

~ 10 kg N/ha) + 50% NPK (10–20–20 kg/ha) with 23.1%, while 100% N (groundnut shells ~ 20 

kg N/ha) gave lowest yield increase of 16.5% over years (Table 4). 

4.2. Relationship between yield, soil nutrients and rainfall over years  

4.2.1. Finger millet experiments at Bangalore 

The estimates of correlation between finger millet yield, soil fertility of nutrients and 

monthly rainfall are given in Table 5. At Bangalore, with application of 100% NPK over 

years, the grain yield had a significant negative correlation with soil P. It had a positive 
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relationship with soil N in control, FYM @ 10 t/ha + 100% NPK and 100% NPK; soil K in all 

treatments except 100% NPK. The crop seasonal rainfall had a negative effect on finger 

millet yield in control and 100% NPK. The crop growing period had a positive correlation 

with grain yield attained by all treatments except FYM @ 10 t/ha and FYM @ 10 t/ha + 50% 

NPK. Among different treatments, the negative correlation of yield (in all treatments), soil N 

and soil K with time period indicated a decrease, while a positive correlation of soil P with 

time period indicated an increase with fertilizer application.  

 

Treat

ment 
Yield (kg/ha) Organic carbon (%) Soil P (kg/ha) Soil K (kg/ha) 

   Min Max Mean CV Min Max Mean CV Min Max Mean CV 

T1 237 1364 741 44.6 0.13 0.32 0.23 28.5 9.7 48.0 34.5 44.6 94 272 163 38.9 

T2 210 1546 916 47.4 0.24 0.33 0.26 12.2 57.0 162.1 97.1 41.1 133 393 234 37.0 

T3 247 1428 879 44.3 0.19 0.38 0.26 24.0 45.5 161.6 84.8 44.9 89 454 233 51.4 

T4 226 1518 863 42.0 0.21 0.45 0.33 21.2 19.4 79.0 55.2 39.5 121 391 241 36.9 

T5 219 1516 876 43.4 0.21 0.54 0.38 33.3 29.1 103.0 61.8 46.5 116 393 263 33.6 

T6 193 1478 889 41.5 0.26 0.49 0.36 19.1 34.3 143.6 89.1 44.1 104 415 253 40.1 

T7 171 1541 912 45.6 0.24 0.61 0.36 36.9 51.0 153.6 100.0 37.8 119 371 297 32.5 

T8 226 1473 926 46.6 0.18 0.38 0.28 23.1 40.0 171.8 100.6 40.1 111 394 258 38.4 

T9 205 1507 833 45.8 0.26 0.69 0.38 38.6 34.0 128.2 65.5 49.5 141 358 269 35.4 

Table 4. Effect of fertilizer treatments on soil test values of organic carbon, P and K nutrients at 

Anantapur 

 

Variable1 Variable2 T1 T2 T3 T4 T5 

Bangalore  

GY SN 0.17 -0.02 -0.02 0.07 0.11 

GY SP 0.13 -0.13 -0.01 -0.03 -0.46* 

GY SK 0.12 0.07 0.15 0.34 -0.02 

GY CGP 0.21 -0.07 -0.01 0.09 0.12 

GY CRF -0.34 0.04 0.09 0.09 -0.22 

GY Years -0.78** -0.34 -0.23 -0.54** -0.67** 

SN Years -0.51** -0.17 -0.02 -0.16 -0.32 

SP Years 0.13 0.65** 0.67** 0.34 0.48* 

SK Years -0.05 -0.35 -0.37 -0.51** -0.47* 

Table 5. Relation between yield, soil nutrients and crop seasonal rainfall at Bangalore  
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4.2.2. Cotton and green gram experiments at Akola 

The estimates of correlation of cotton and green gram yield with soil fertility of nutrients 

and monthly rainfall are given in Table 6. At Akola, June rainfall had a significant positive 

correlation with green gram yield of all treatments except 25 kg N/ha (FYM) compared to 

August rainfall with yield attained by control, 25 kg N + 12.5 kg P/ha, 25 kg N (Leucaena) + 

25 kg N (urea) + 25 kg P/ha and 25 kg N (FYM) + 25 kg N (urea) + 25 kg P/ha. The yield had 

a significant negative correlation with soil N under all treatments except 25 kg N (FYM) + 25 

kg N (urea) + 25 kg P/ha; while a significant positive correlation with soil K under 25 kg N 

(Leucaena) + 25 kg N (urea) + 25 kg P/ha. There was no significant correlation between any 

pair of variables in case of cotton. The analysis indicated that rainfall of June, July, August 

and September, soil P, and soil K had a positive correlation, while soil N have a negative 

correlation with green gram yield over years. Similarly, the monthly rainfall of June to 

October, and soil K have a positive correlation, while November rainfall, soil N and P have a 

negative correlation with cotton yield over years. 

 

Var 1 Var 2 T1 T2 T3 T4 T5 T6 T7 T8 

Green gram 

Yield Jun 0.61** 0.51* 0.55** 0.63** 0.42 0.60** 0.54** 0.62** 

Yield Jul 0.05 0.01 0.02 0.03 0.20 0.16 0.08 0.15 

Yield Aug 0.51* 0.41 0.45* 0.41 0.43 0.47* 0.48* 0.43 

Yield Sep 0.14 0.17 0.17 0.05 0.30 0.14 0.17 0.08 

Yield Soil N -0.64** -0.50* -0.58** -0.55** -0.46* -0.54** -0.38 -0.58** 

Yield Soil P 0.06 0.09 -0.03 0.09 -0.04 0.04 0.10 0.10 

Yield Soil K 0.08 0.05 0.04 0.00 0.37 0.46* 0.30 0.33 

Cotton 

Yield Jun 0.15 0.15 0.10 0.18 0.09 0.10 0.01 0.12 

Yield Jul 0.42 0.42 0.42 0.39 0.40 0.39 0.40 0.39 

Yield Aug 0.25 0.21 0.27 0.23 0.23 0.22 0.24 0.24 

Yield Sep 0.08 0.01 0.08 -0.01 0.08 0.07 0.15 0.05 

Yield Oct -0.02 0.07 0.01 0.02 0.06 0.08 0.06 0.05 

Yield Nov -0.24 -0.23 -0.25 -0.24 -0.27 -0.30 -0.26 -0.29 

Yield Soil N -0.21 -0.21 -0.24 -0.30 -0.18 -0.37 -0.29 -0.31 

Yield Soil P -0.38 -0.20 -0.29 -0.29 -0.26 -0.22 -0.29 -0.18 

Yield Soil K 0.31 0.35 0.33 0.37 0.31 0.30 0.07 0.24 

Soil nutrients 

Soil N Year 0.74** 0.44* 0.59** 0.64** 0.65** 0.53* 0.56** 0.59** 

Soil P Year 0.16 -0.17 0.02 -0.20 -0.25 -0.14 -0.10 -0.27 

Soil K Year -0.11 -0.34 -0.51* -0.18 -0.40 -0.71** -0.71** -0.71** 

* and ** indicate significance at p < 0.05 and p < 0.01 level respectively 

Table 6. Relation between yield, crop seasonal rainfall and soil nutrients at Akola 



 
Resource Management for Sustainable Agriculture 184 

4.2.3. Sorghum and pearl millet experiments at Kovilpatti 

The estimates of correlation of sorghum and pearl millet yield with soil fertility of 

nutrients and monthly rainfall are given in Table 7. At Kovilpatti, sorghum yield had a 

significant positive correlation with years under 20 kg N (crop residue) + 20 kg N 

(urea)/ha, 10 kg N (FYM) + 10 kg N (urea)/ha and FYM @ 5 t/ha and negative correlation 

with soil N under 20 kg N (crop residue) + 20 kg N (urea)/ha. It had positive correlation 

with the crop growing period (CGP) under application of FYM @ 5 t/ha and negative 

correlation with the crop water stress (CWS) under application of 40 kg N (urea) + 20 kg P 

+ 25 kg ZnSO4/ha. The soil N had a negative relation with years under control, 20 kg N 

(crop residue) + 20 kg N (urea)/ha, 10 kg N (FYM) + 10 kg N (urea)/ha and 40 kg N (urea) 

+ 20 kg P + 25 kg ZnSO4/ha, and positive correlation under FYM @ 5 t/ha. The soil P had 

negative correlation with years under control, 20 kg N (urea) + 10 kg P/ha, 20 kg N (crop 

residue)/ha and 20 kg N (FYM)/ha, while soil K was negatively correlated with years only 

under control.  

 

Var1 Var2 T1 T2 T3 T4 T5 T6 T7 T8 T9 

Sorghum (1987-2005) 

GY Year 0.42 0.34 0.40 0.40 0.43 0.60* 0.60* 0.44 0.52* 

 SN -0.28 -0.23 -0.43 -0.37 -0.08 -0.71** -0.55* -0.39 0.02 

 SP -0.06 0.16 0.02 -0.25 -0.14 -0.22 -0.20 -0.14 0.06 

 SK -0.07 0.10 0.08 -0.12 -0.08 -0.12 -0.09 -0.10 0.08 

 CGP 0.29 0.24 0.29 0.38 0.36 0.14 0.23 0.34 0.53* 

 CRF -0.06 0.06 -0.02 0.09 0.05 0.06 0.09 0.06 -0.19 

 CWS -0.26 -0.43 -0.29 -0.33 -0.38 -0.34 -0.41 -0.53* -0.01 

SN Year -0.62* -0.47 -0.46 -0.40 -0.39 -0.89** -0.71** -0.92** 0.53* 

SP Year -0.65** -0.26 -0.60* -0.69** -0.54* -0.47 -0.44 -0.43 -0.44 

SK Year -0.57* -0.40 -0.43 -0.34 -0.35 -0.33 -0.36 -0.44 -0.32 

Pearl millet (1987-2005) 

GY Year 0.77* 0.35 0.01 0.52 0.68* 0.40 0.59 0.19 0.82* 

 SN 0.46 0.17 0.68* 0.60 0.58 0.65* 0.62 0.69* 0.53 

 SP -0.39 0.53 0.29 0.01 0.14 0.56 0.41 0.66* -0.36 

 SK 0.25 0.57 0.20 0.66* 0.68* 0.39 0.39 0.52 0.26 

 CGP 0.11 0.37 0.66* 0.41 0.09 0.65* 0.45 0.52 0.13 

 CRF 0.41 0.50 0.51 0.86** 0.72* 0.70* 0.61 0.65* 0.65* 

 CWS -0.38 0.23 -0.30 -0.65* -0.54 -0.13 0.04 0.03 -0.66* 

SN Year 0.42 0.39 0.45 0.57 0.46 0.76* 0.39 0.56 0.45 

SP Year -0.34 0.65* -0.25 -0.57 -0.33 -0.36 -0.45 -0.19 -0.44 

SK Year 0.52 0.84** 0.65* 0.77* 0.87** 0.76* 0.47 0.52 0.41 

Table 7. Relation between yield, soil nutrients, crop seasonal rainfall, CGP and CWS at Kovilpatti  
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In case of pearl millet at Kovilpatti, the grain yield had significant positive correlation 

with years under control, 20 kg N (FYM)/ha and FYM @ 5 t/ha; soil N under 20 kg N 

(urea) + 10 kg P/ha, 20 kg N (crop residue) + 20 kg N (urea)/ha and 40 kg N (urea) + 20 kg 

P + 25 kg ZnSO4/ha; soil P under 40 kg N (urea) + 20 kg P + 25 kg ZnSO4/ha and soil K 

under 20 kg N (crop residue)/ha and 20 kg N (FYM)/ha. Pearl millet yield had significant 

correlation with CGP under 20 kg N (urea) + 10 kg P/ha and 20 kg N (crop residue) + 20 

kg N (urea)/ha. It had significant positive correlation with crop seasonal rainfall under 20 

kg N (crop residue)/ha, 20 kg N (FYM)/ha, 20 kg N (crop residue) + 20 kg N (urea)/ha, 40 

kg N (urea) + 20 kg P + 25 kg ZnSO4/ha and FYM @ 5 t/ha; and significant negative 

correlation with CWS under 20 kg N (crop residue)/ha and FYM @ 5 t/ha. Soil N had a 

significant positive correlation with years under 20 kg N (crop residue) + 20 kg N 

(urea)/ha compared to soil P under 40 kg N (urea) + 20 kg P/ha; and soil K under 40 kg N 

(urea) + 20 kg P/ha, 20 kg N (crop residue)/ha, 20 kg N (FYM)/ha and 20 kg N (crop 

residue) + 20 kg N (urea)/ha. 

4.2.4. Soybean experiments at Indore 

The estimates of correlation between soybean yield, soil fertility of nutrients and monthly 

rainfall are given in Table 8. The soybean yield had a significant and positive correlation 

with uptake N under all the 9 treatments. It ranged from 0.90** for application of 20 kg N 

(urea) + 13 kg P + FYM @ 6 t/ha to 0.97** under control plot. The soybean yield was found to 

have a significant negative correlation with soil N (-0.56*) observed under FYM @ 6 t/ha over 

years. Similarly, the control yield had a significant negative correlation with crop growing 

period (-0.54*).  

 

Var1 Var2 T1 T2 T3 T4 T5 T6 T7 T8 T9 

GY Jun 0.13 0.06 0.01 -0.01 -0.05 0.03 -0.01 0.01 0.04 

GY Jul -0.27 -0.04 0.02 0.01 0.01 0.06 -0.07 0.01 -0.11 

GY Aug -0.09 0.13 0.14 0.12 0.20 0.25 0.17 0.24 0.07 

GY Sep 0.07 0.28 0.30 0.32 0.34 0.38 0.36 0.36 0.34 

GY Oct 0.18 0.15 0.15 0.16 0.13 0.16 0.05 0.08 0.05 

GY CGP -0.54* -0.40 -0.43 -0.42 -0.37 -0.25 -0.33 -0.28 -0.37 

GY SN 0.40 0.20 -0.01 -0.16 -0.10 -0.48 -0.47 -0.56* -0.49 

GY SP 0.05 0.17 0.21 0.18 0.18 -0.23 0.30 0.17 0.23 

GY SK -0.24 -0.20 -0.25 -0.49 -0.28 -0.11 -0.21 -0.26 -0.09 

GY SS -0.16 -0.11 0.01 0.06 0.01 0.08 -0.02 -0.03 -0.23 

Table 8. Relation between yield, soil nutrients, crop seasonal rainfall, and CGP at Indore  
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4.2.5. Groundnut experiments at Anantapur 

The estimates of correlation between groundnut pod yield, soil fertility of nutrients and 

monthly rainfall are given in Table 9. The groundnut pod yield had a better correlation with 

July rainfall in the range of 0.22 to 0.53 compared to other months in different years. The 

pod yield attained by all the 9 fertilizer treatments was found to decrease over years as 

indicated by the negative correlation. The correlations were found to be non-significant over 

years although they indicated the likely positive or negative trends or effects on the yield. It 

is observed that yield had a better correlation with July and September rainfall in T9; 

August rainfall in T8; November rainfall in T3. Maximum pod yield decrease was observed 

under T4 over years. 

 

Var 1 Var 2 T1 T2 T3 T4 T5 T6 T7 T8 T9 

Yield Jul 0.34 0.42 0.41 0.22 0.48 0.28 0.45 0.43 0.53 

Yield Aug 0.06 0.10 0.08 0.03 0.03 0.10 0.11 0.15 0.07 

Yield Sep 0.17 0.19 0.19 0.18 0.26 0.18 0.21 0.21 0.26 

Yield Oct 0.04 -0.04 -0.03 0.08 -0.09 0.01 -0.04 -0.05 -0.07 

Yield Nov 0.18 0.17 0.21 0.20 0.14 0.17 0.15 0.20 0.16 

Yield CGP 0.04 -0.03 -0.02 -0.03 -0.05 -0.07 -0.07 -0.08 -0.04 

Yield Year -0.53 -0.45 -0.48 -0.54 -0.42 -0.46 -0.40 -0.45 -0.37 

Table 9. Relation between yield, monthly rainfall, and CGP over years at Anantapur  

4.3. Regression model of yield through soil nutrients and rainfall  

Multiple regression models for yield attained by each treatment owing to simultaneous 

influence of crop seasonal rainfall, soil N, P and K nutrients were calibrated and the 

regression coefficients of variables along with coefficient of determination (R2) and 

standard error (SE) are given in Table 10 for Bangalore, Table 11 for Akola and Table 12 

for Kovilpatti.  

4.3.1. Regression model of finger millet yield at Bangalore 

At Bangalore, the yield predictability (R2) was in the range of 11% for FYM @ 10 t/ha to 52% for 

the yield attained with application of 100% NPK over years based on the model. The standard 

error ranged from 435 to 717 kg/ha in the 25 year study. Based on the model, the crop seasonal 

rainfall had a positive effect under application of FYM @ 10 t/ha, FYM @ 10 t/ha + 50% NPK 

and FYM @ 10 t/ha + 100% NPK. The effect of soil N under control, FYM @ 10 t/ha + 50% NPK 

and 100% NPK; soil K under FYM @ 10 t/ha + 50% NPK and FYM @ 10 t/ha + 100% NPK were 

positive. The analysis indicated that soil P had a significant negative effect on finger millet 

yield attained by FYM @ 10 t/ha + 50% NPK. Similarly, soil K had a significant negative effect 

on the yield attained by 100% NPK application as given in Table 10.  
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Treatment Regression model R2 SE (kg/ha) 

T1 
Y = -2579 – 0.48 (CRF) + 65.89 (SN) – 0.19 (SN)2 –  

62.94 (SP) + 4.08 (SP)2 – 78.42 (SK) + 0.69 (SK)2 
0.27 435 

T2 
Y = 13534 + 0.08 (CRF) – 82.60 (SN) + 0.21 (SN)2 –  

3.83 (SP) + 0.02 (SP)2 – 73.68 (SK) + 0.43 (SK)2 
0.11 646 

T3 
Y = 1341 + 0.21 (CRF) + 4.38 (SN) + 0.01 (SN)2 –  

96.25 (SP) + 0.89* (SP)2 + 47.40 (SK) – 0.21 (SK)2 
0.23 660 

T4 
Y = 26227 + 0.04 (CRF) – 213.30 (SN) + 0.53 (SN)2 –  

102.16 (SP) + 0.85 (SP)2 + 12.26 (SK) – 0.01 (SK)2 
0.30 717 

T5 
Y = 12422** – 0.47 (CRF) + 54.92 (SN) – 0.18 (SN)2 –  

101.2 (SP) + 0.74 (SP)2  –  277.05* (SK) + 1.72* (SK)2 
0.52* 679 

Table 10. Regression model of finger millet yield through rainfall and soil nutrients at Bangalore 

4.3.2. Regression models of cotton and green gram yield at Akola 

At Akola, the model of green gram yield through rainfall of June to September, crop 

duration, soil N, P and K gave a predictability in the range of 0.53 for 25 kg N (FYM) + 25 kg 

N (urea) + 25 kg P/ha to 0.73 for control (Table 11). The model gave a standard error of yield 

in the range of 108 kg/ha for control to 161 kg/ha for 25 kg N (FYM) + 25 kg N (urea) + 25 kg 

P/ha. June and September rainfall had a positive effect, while July had a negative effect on 

yield attained by all treatments except 25 kg N (Leucaena) + 25 kg N (urea) + 25 kg P/ha and 

25 kg N (Leucaena) + 25 kg P/ha. August rainfall had a positive effect on yield attained by 

control, 25 kg N/ha (FYM), 25 kg N (Leucaena) + 25 kg N (urea) + 25 kg P/ha and 25 kg N 

(FYM) + 25 kg N (urea) + 25 kg P/ha. Soil N had a negative effect on yield of all treatments, 

while soil P had a positive effect for all treatments except 25 kg N + 12.5 kg P/ha and 25 kg 

N/ha (Leucaena). Soil K had a negative effect on yield of all treatments except 25 kg N/ha 

(FYM), 25 kg N (Leucaena) + 25 kg N (urea) + 25 kg P/ha and 25 kg N (FYM) + 25 kg N (urea) 

+ 25 kg P/ha. The model indicated that effect of June rainfall on yield of all treatments except 

25 kg N/ha (FYM), 25 kg N (Leucaena) + 25 kg N (urea) + 25 kg P/ha and 25 kg N (FYM) + 25 

kg N (urea) + 25 kg P/ha; September rainfall and crop duration on yield of 25 kg N/ha 

(FYM); and soil N for control were significant.  

In case of cotton at Akola (Table 11), the model of yield through rainfall of June to November, 

crop duration, soil N, P and K gave predictability of 0.36 for 25 kg N/ha (FYM) to 0.47 for 25 kg 

N/ha (Leucaena). The standard error ranged from 286 kg/ha for control to 516 kg/ha for 25 kg N 

(FYM) + 25 kg N (urea) + 25 kg P/ha. July rainfall had a positive effect, while November rainfall 

had negative effect on yield of all treatments. June rainfall had a positive effect on yield of 

control, 25 kg N + 12.5 kg P/ha, 25 kg N/ha (Leucaena) and 25 kg N/ha (FYM); August rainfall 

had a positive effect in all treatments except 25 kg N/ha (Leucaena); and October rainfall had a 

positive effect on yield attained by 50 kg N + 25 kg/ha, 25 kg N (Leucaena) + 25 kg N (urea) + 25 

kg P/ha and 25 kg N (FYM) + 25 kg N (urea) + 25 kg P/ha. September rainfall had a negative 

effect on yield of all treatments except control and 25 kg N + 12.5 kg P/ha. Crop duration had a 

positive effect on yield attained by all treatments except control. Soil N had a positive effect on 
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yield attained by all treatments except control, while soil P had a negative effect on yield 

attained by all treatments. Soil K had a positive effect on yield of 50 kg N + 25 kg/ha, 25 kg N + 

12.5 kg P/ha, 25 kg N/ha (Leucaena) and 25 kg N/ha (FYM).  

 

Variable T1 T2 T3 T4 T5 T6 T7 T8 

Green gram  

α 223 321 526 606 -379 -64 -142 256 

β1 (CGP) 1.69 4.02 2.49 2.54 7.39* 3.03 3.81 3.38 

β2 (Jun) 1.07* 1.49* 1.41* 1.68* 1.11 1.30 1.24 1.55* 

β3 (Jul) -0.05 -0.10 -0.13 -0.14 -0.02 0.01 -0.13 0.16 

β4 (Aug) 0.16 -0.09 -0.12 -0.29 0.07 0.05 0.22 -0.12 

β5 (Sep) 0.60 0.92 0.93 0.96 1.25* 0.79 0.90 0.64 

β6 (SN) -1.33* -1.50 -1.50 -1.27 -1.12 -0.96 -0.40 -1.46 

β7 (SP) 3.07 1.52 -0.66 -2.59 1.50 2.71 2.99 2.31 

β8 (SK) -0.13 -0.40 -0.60 -0.84 0.52 0.47 0.19 -0.15 

R2 0.73* 0.62 0.67* 0.65* 0.68* 0.64* 0.53 0.67* 

SE (kg/ha) 108 147 131 142 142 145 161 152 

SYI (%) 27.7 36.6 34.3 32.8 36.0 36.8 40.3 37.3 

Cotton  

α 853 172 38 435 725 1517 2337 1270 

β1 (CGP) -1.58 2.44 0.83 2.40 1.64 2.18 1.35 3.53 

β2 (Jun) 0.63 -0.28 0.42 1.18 0.31 -0.40 -0.57 -0.09 

β3 (Jul) 1.00 1.44 1.10 0.97 1.29 1.55 2.14 1.32 

β4 (Aug) 0.43 0.33 0.54 -0.27 0.34 0.09 0.50 0.003 

β5 (Sep) 0.97 -1.64 0.19 -0.60 -0.71 -1.62 -1.27 -1.63 

β6 (Oct) -0.97 0.13 -1.03 -0.76 -0.68 0.26 0.45 -0.07 

β7 (Nov) -0.50 -1.90 -1.62 -2.95 -2.62 -2.61 -1.16 -3.55 

β8 (SN) 0.03 -2.61 -0.36 -1.19 -0.99 -3.26 -3.17 -2.80 

β9 (SP) -14.40 -3.05 -13.42 -23.58 -18.27 -11.08 -15.63 -15.31 

β10 (SK) -0.29 2.16 1.92 1.75 0.79 -0.19 -2.01 -0.18 

R2 0.42 0.38 0.37 0.47 0.36 0.41 0.38 0.41 

SE (kg/ha) 286 431 403 352 448 459 516 444 

SYI (%) 10.8 14.0 12.4 14.3 12.0 14.6 15.2 13.7 

Table 11. Regression models of yield through rainfall and soil nutrients at Akola  

4.3.3. Regression models of sorghum and pearl millet yield at Kovilpatti 

In sorghum at Kovilpatti, the model of 20 kg N (FYM)/ha had minimum R2 of 0.26 with 

standard error of 573 kg/ha, while model of 20 kg N (crop residue) + 20 kg N (urea)/ha had 

maximum predictability of 0.77 with an error of 464 kg/ha. Soil N significantly influenced 

the yield attained under 20 kg N (crop residue) + 20 kg N (urea)/ha and 10 kg N (FYM) + 10 

kg N (urea)/ha, while both soil N and CGP significantly influenced yield attained with 40 kg 

N (urea) + 20 kg P + 25 kg ZnSO4/ha. The models indicated that CGP had a positive 
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influence on yield of all treatments except control and 40 kg N (urea) + 20 kg P/ha. Both crop 

seasonal rainfall and CWS had negative influence on yield of all treatments except 20 kg N 

(crop residue)/ha. Soil N negatively influenced the yield attained by all treatments except 20 

kg N (crop residue)/ha and FYM @ 5 t/ha, while soil P had positive influence on yield 

attained by all treatments except 20 kg N (crop residue)/ha, 20 kg N (FYM)/ha and 10 kg N 

(FYM) + 10 kg N (urea)/ha. Soil K had a positive influence on yield attained by all treatments 

except control and 40 kg N (urea) + 20 kg P/ha (Table 12).  

 

Treatment Multiple regression model R2 SE (kg/ha) SYI (%) 

Sorghum (1987-2005)

Control 
Y = 3383 – 8.52 (CGP) – 1.90 (CRF) – 2194.27 (CWS) –

16.99 (SN) + 227.71 (SP) – 2.34 (SK) 
0.41 474 0.08 

40 kg N (urea) + 20 kg 

P/ha 

Y = 1499 – 2.62 (CGP) – 1.78 (CRF) – 2317.53 (CWS) –

1.31 (SN) + 108.14 (SP) – 0.05 (SK)
0.28 570 0.25 

20 kg N (urea) + 10 kg 

P/ha 

Y = 1296 + 4.79 (CGP) – 0.61 (CRF) – 985.85 (CWS) –

7.48 (SN) + 18.80 (SP) + 0.07 (SK) 
0.32 506 0.17 

20 kg N (crop residue)/ha 
Y = –1618 + 26.39 (CGP) + 1.36 (CRF) + 530.11 (CWS) 

– 5.52 (SN) – 124.84 (SP) + 1.34 (SK) 
0.37 555 0.15 

20 kg N (FYM)/ha 
Y = 182 + 7.95 (CGP) – 0.81 (CRF) – 1373.72 (CWS) + 

3.0 (SN) – 4.64 (SP) + 0.02 (SK) 
0.26 573 0.15 

20 kg N (crop residue) + 20 

kg N (urea)/ha 

Y = 2767 + 14.52 (CGP) – 0.36 (CRF) –

1606.54 (CWS) – 35.81 ** (SN) + 97.49 (SP) + 0.47 (SK)
0.77* 464 0.21 

10 kg N (FYM) + 10 kg N 

(urea)/ha 

Y = 2753 + 13.83 (CGP) – 0.41 (CRF) –

1430.45 (CWS) – 38.21 ** (SN) – 39.22 (SP) + 2.62 (SK)
0.74* 444 0.27 

40 kg N (urea) + 20 kg P + 

25 kg ZnSO4/ha 

Y = –200 + 29.0 * (CGP) – 0.38 (CRF) –  

1820.54  (CWS) – 28.28 ** (SN) + 83.34 (SP) + 2.22 (SK) 
0.71* 458 0.30 

FYM @ 5 t/ha 
Y = –23 + 9.46 (CGP) – 2.71 (CRF) – 2556.99 (CWS) + 

9.1 (SN) + 14.73 (SP) + 0.7 (SK) 
0.38 757 0.20 

Pearl millet (1987-2005)

Control 
Y = 2723 – 13.15 (CGP) + 0.21 (CRF) – 239.81 (CWS) + 

6.22 (SN) – 212.62 * (SP) – 0.78 (SK)
0.95* 84 0.33 

40 kg N (urea) + 20 kg 

P/ha 

Y = – 4079 + 13.93 (CGP) – 0.78 (CRF) + 1373.54 

(CWS) + 20.09 (SN) + 453.74 (SP) – 8.73 (SK) 
0.81 268 0.53 

20 kg N (urea) + 10 kg 

P/ha 

Y = – 653 + 2.64 (CGP) – 0.60 (CRF) – 580.17 (CWS) + 

3.43 (SN) + 87.74 (SP) + 0.49 (SK) 
0.73 189 0.49 

20 kg N (crop residue)/ha 
Y = – 422 + 6.58 (CGP) + 0.41 (CRF) – 590.53 (CWS) –

6.69 (SN) + 22.39 (SP) + 2.66 * (SK) 
0.98* 52 0.44 

20 kg N (FYM)/ha 
Y = 1787 – 6.26 (CGP) + 0.77 (CRF) + 4.18 (CWS) + 

9.02 (SN) – 162.38 (SP) – 1.72 (SK)
0.77 194 0.42 

20 kg N (crop residue) + 20 

kg N (urea)/ha 

Y = – 2472 + 9.79 (CGP) + 0.74 (CRF) – 36.16 (CWS) –

2.15 (SN) + 140.34 (SP) + 2.14 (SK)
0.97* 101 0.53 

10 kg N (FYM) + 10 kg N 

(urea)/ha 

Y = – 1049 + 1.38 (CGP) + 1.30 (CRF) + 43.84 (CWS) –

4.47 (SN) + 100.62 (SP) + 1.95 (SK) 
0.91* 170 0.63 

40 kg N (urea) + 20 kg P + 

25 kg ZnSO4/ha 

Y = – 869 + 11.16 (CGP) – 0.15 (CRF) + 869.91 (CWS) 

+ 20.78 (SN) – 43.19 (SP) – 5.25 (SK) 
0.90* 157 0.62 

FYM @ 5 t/ha 
Y = 273 + 2.62 (CGP) + 0.07 (CRF) – 17.55 (CWS) + 

6.36 (SN) – 74.04 (SP) – 0.41 (SK)
0.92* 103 0.42 

* and ** indicate significance at p < 0.05 and p < 0.01 level respectively 

Table 12. Regression models of yield through rainfall, CGP, CWS and soil nutrients at Kovilpatti  
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In case of pearl millet at Kovilpatti, the model of 20 kg N (urea) + 10 kg P/ha had minimum 

R2 of 0.73 with an error of 189 kg/ha, while the model of 20 kg N (crop residue)/ha had 

maximum R2 of 0.98 with an error of 52 kg/ha. Soil P had a significant influence on control 

yield, while soil K had significant influence on yield attained by 20 kg N (crop residue)/ha. 

The models indicated that CGP positively influenced the yield of all treatments except 

control and 20 kg N (FYM)/ha. The crop seasonal rainfall had positive influence on yield 

attained by all treatments except 40 kg N (urea) + 20 kg P/ha, 20 kg N (urea) + 10 kg P/ha 

and 40 kg N (urea) + 20 kg P + 25 kg ZnSO4/ha. The CWS negatively influenced the yield of 

all treatments except 40 kg N (urea) + 20 kg P/ha, 20 kg N (FYM)/ha, 10 kg N (FYM) + 10 kg 

N (urea)/ha and 40 kg N (urea) + 20 kg P + 25 kg ZnSO4/ha. Soil N positively influenced the 

yield attained by all treatments except 20 kg N (crop residue)/ha, 20 kg N (crop residue) + 20 

kg N (urea)/ha and 10 kg N (FYM) + 10 kg N (urea)/ha. Soil P positively influenced yield of 

all treatments except control, 20 kg N (FYM)/ha, 40 kg N (urea) + 20 kg P + 25 kg ZnSO4/ha 

and FYM @ 5 t/ha, while soil K negatively influenced yield of all treatments except 20 kg N 

(urea) + 10 kg P/ha, 20 kg N (crop residue)/ha, 20 kg N (crop residue) + 20 kg N (urea)/ha 

and 10 kg N (FYM) + 10 kg N (urea)/ha (Table 12). 

4.3.4. Regression model of soybean yield at Indore 

Based on the regression model of soybean yield as a function of monthly rainfall received 

during June to October, crop growing period, soil N, P, K and S, crop growing period had 

a significant effect on yield attained by all treatments except control and crop residue @ 5 

t/ha. July rainfall had a significant effect on yield attained by 20 kg N (urea) + 13 kg P + 

FYM @ 6 t/ha and 20 kg N (urea) + 13 kg P + FYM @ 5 t/ha, while August rainfall had a 

significant effect on yield attained by all treatments except control and crop residue @ 5 

t/ha. September rainfall had a significant effect on yield attained by all treatments except 

control based on the model. Among soil nutrients, soil N and P had a significant influence 

on yield attained by 20 kg N (urea) + 13 kg P + FYM @ 5 t/ha. The R2 ranged from 0.81 for 

control to 0.98 for 20 kg N (urea) + 13 kg P + FYM @ 5 t/ha, while standard error ranged 

from 130 kg/ha for 20 kg N (urea) + 13 kg P + FYM @ 5 t/ha to 320 kg/ha for control. The 

regression model indicated that maximum rate of change in yield of 31.07 for a unit 

change in soil N and 1.81 for soil K occurred in control compared to a minimum of –21.23 

in 30 kg N (urea) + 20 kg P/ha and –2.16 in 40 kg N (urea) + 26 kg P/ha for the two soil 

nutrients respectively. The yield attained by 20 kg N (urea) + 13 kg P + FYM @ 6 t/ha had a 

minimum rate of change for soil P and maximum rate of change for soil Sulphur, while 20 

kg N (urea) + 13 kg P/ha had maximum rate of change for soil P and control had a 

minimum rate of change for soil S (Table 13).  

4.3.5. Regression model of groundnut pod yield at Anantapur 

The regression models of yield through monthly rainfall gave R2 in the range of 0.18 for 

100% N (groundnut shells ~ 20 kg N/ha) and 100% N (groundnut shells ~ 20 kg N/ha) + 

50% NPK (10–20–20 kg/ha) to 0.43 for Farmers practice (FYM @ 5 t/ha). The estimate of 
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standard error based on regression models was in the range of 315 kg/ha for control and 

Farmers practice (FYM @ 5 t/ha) to 397 kg/ha for 100% NPK (20–40–40 kg/ha). Among the 

effects of rainfall on yield, the rainfall received in July, September, October and November 

had a positive influence, while rainfall received in August had negative influence on the 

yield attained by all treatments. July rainfall had significant influence on yield attained by 

all treatments except 100% N (groundnut shells ~ 20 kg N/ha) and 100% N (groundnut 

shells ~ 20 kg N/ha) + 50% NPK (10–20–20 kg/ha); while November rainfall had significant 

influence on yield attained by 100% NPK (20–40–40 kg/ha), 50% NPK (10–20–20 kg/ha), 

50% N (FYM ~ 10 kg N/ha) + 50% NPK (10–20–20 kg/ha), 100% NPK (20–40–40 kg/ha) + 

ZnSO4 @ 25 kg/ha and Farmers practice (FYM @ 5 t/ha). The rate of change in yield of all 

treatments was positive and maximum for an unit change in November rainfall, followed 

by July, October and September, while it was negative for August. The analysis indicated 

that the model of farmers practice (FYM @ 5 t/ha) had maximum R2 and minimum 

standard error, while the models of 100% NPK (20–40–40 kg/ha) and 100% N (groundnut 

shells ~ 20 kg N/ha) + 50% NPK (10–20–20 kg/ha) had minimum R2 and maximum 

standard error (Table 14). 

 

Variable T1 T2 T3 T4 T5 T6 T7 T8 T9 

α -1926 4065 12409* 9645** 7728 5223* 9248** 8225** 8794** 

β1(CGP) -14.6 -77.9** -77.8** -61.1* -86.5* -77.0** -94.5** -69.9** -53.5 

β2 (Jun) -6.83 3.68 2.04 -0.02 5.24 4.87 2.75 3.54 -2.19 

β3 (Jul) 0.15 -1.63 -2.49 -0.78 -2.98 -3.48* -2.81** -1.47 -0.81 

β4 (Aug) 0.35 4.22* 6.72* 4.02* 7.33* 7.36** 6.71** 5.29* 3.44 

β5 (Sep) 1.65 5.07** 7.01** 5.61** 7.93* 7.68** 8.12** 6.11** 5.34* 

β6 (Oct) 17.90 -1.24 -0.34 4.95 -10.65 -7.30 -3.21 -3.71 7.98 

β7 (SN) 31.07 13.81 -21.23 -2.79 -2.36 4.45 -3.44* -1.54 -3.33 

β8 (SP) -7.17 13.30 -33.95 -27.40 -20.25 -40.98 -28.15* -18.94 -38.17 

β9 (SK) 1.81 1.64 -0.48 -2.16 1.17 1.27 1.64 -0.47 -0.38 

β10 (SS) -125.04 16.54 46.23 -41.05 76.68 87.68 37.85 5.45 -73.22 

R2 0.81 0.94* 0.95* 0.94* 0.96** 0.96** 0.98** 0.95* 0.91 

SE 

(kg/ha) 
320 215 216 238 191 187 130 225 290 

SYI 

(kg/ha) 
29.4 43.3 48.0 50.8 55.5 58.8 51.1 50.4 41.2 

Table 13. Regression model of soybean yield through rainfall, CGP and soil nutrients  
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Treatment Regression model R2 
SE 

(kg/ha) 
SYI (%) 

Control 
Y = 376 + 1.30* (Jul) – 0.09 (Aug) + 0.58 

(Sep) + 1.02 (Oct) + 2.97 (Nov) 
0.24 315 27.6 

100% NPK (20–40–40 kg/ha) 
Y = 433 + 1.95* (Jul) – 0.04 (Aug) + 0.82 

(Sep) + 0.99 (Oct) + 4.01* (Nov) 
0.30 397 33.6 

50% NPK (10–20–20 kg/ha) 
Y = 423 + 1.76* (Jul) – 0.09 (Aug) + 0.80 

(Sep) + 0.96 (Oct) + 4.04* (Nov) 
0.32 351 34.2 

100% N (GS ~ 20 kg N/ha) 
Y = 473 + 1.03 (Jul) – 0.11 (Aug) + 0.80 (Sep) 

+ 1.16 (Oct) + 3.30 (Nov) 
0.18 357 32.7 

50% N (FYM ~ 10 kg N/ha) 
Y = 477* + 1.86* (Jul) – 0.46 (Aug) + 1.13 

(Sep) + 0.54 (Oct) + 3.23 (Nov) 
0.36 330 35.3 

100% N (GS ~ 20 kg N/ha) + 

50% NPK (10–20–20 kg/ha) 

Y = 527* + 1.11 (Jul) + 0.14 (Aug) + 0.73 

(Sep) + 0.72 (Oct) + 3.11 (Nov) 
0.18 363 34.0 

50% N (FYM ~ 10 kg N/ha) + 

50% NPK (10–20–20 kg/ha) 

Y = 432 + 1.97* (Jul) – 0.03 (Aug) + 0.82 

(Sep) + 0.99 (Oct) + 3.75* (Nov) 
0.32 373 34.9 

100% NPK (20–40–40 kg/ha) + 

ZnSO4 @ 25 kg/ha 

Y = 399 + 1.94* (Jul) + 0.24 (Aug) + 0.88 

(Sep) + 0.94 (Oct) + 4.55* (Nov) 
0.34 383 35.1 

Farmers practice (FYM @ 5 t/ha)
Y = 366 + 2.08** (Jul) – 0.32 (Aug) + 1.02 

(Sep) + 0.84 (Oct) + 3.69* (Nov) 
0.43* 315 33.5 

 

 

 

Table 14. Regression models of groundnut pod yield through monthly rainfall at Anantapur 

4.4. Sustainability yield index of treatments under different rainfall situations  

Using the mean yield of treatments over years under different crop seasonal rainfall 

situations, standard error, and maximum mean yield attained by any treatment over years, 

the estimates of sustainability yield index of treatments were derived for different crop 

seasonal rainfall situations and are given in Table 15.  
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Treatment 
Mean yield (kg/ha) under different 

rainfall situations 

SE 

(kg/ha) 
Sustainability Yield Index (%) 

Rainfall 

(mm) 
<500 500-750 

750-

1000 

1000-

1250 
 <500 500-750

750-

1000 

1000-

1250 

Bangalore : Finger millet : 1984 – 2008 

T1 532 706 444 172 435 3.1 8.6 0.3 -8.3 

T2 1883 2567 2572 2283 646 39.1 60.6 60.8 51.7 

T3 2206 2941 3082 2880 660 48.8 72.0 76.5 70.1 

T4 2239 3409 3176 3183 717 48.1 85.0 77.6 77.9 

T5 1415 2197 1662 1315 679 23.2 47.9 31.0 20.1 

Akola : Green gram : 1987-2007 

T1 258 316 392 580 108 16.5 22.8 31.2 51.9 

T2 330 435 558 610 147 20.1 31.6 45.2 50.9 

T3 303 407 500 600 131 18.9 30.3 40.6 51.5 

T4 318 392 488 650 142 19.3 27.4 38.1 55.8 

T5 328 398 553 680 142 20.4 28.1 45.1 59.1 

T6 329 427 539 710 145 20.2 31.0 43.3 62.1 

T7 365 469 623 670 161 22.4 33.8 50.8 55.9 

T8 356 435 534 775 152 22.4 31.0 42.0 68.5 

Akola : Cotton : 1987-2007 

T1 233 524 551 545 286 -2.8 12.5 13.9 13.6 

T2 309 765 760 800 431 -6.4 17.5 17.2 19.3 

T3 268 709 693 725 403 -7.1 16.0 15.2 16.9 

T4 289 681 695 670 352 -3.3 17.2 17.9 16.6 

T5 326 706 785 700 448 -6.4 13.5 17.7 13.2 

T6 349 795 821 800 459 -5.8 17.6 18.9 17.9 

T7 371 851 948 795 516 -7.6 17.5 22.6 14.6 

T8 345 745 795 775 444 -5.2 15.8 18.4 17.3 

Kovilpatti : Sorghum : 1987-2005 

Rainfall 

(mm) 
<250 250-500 500-750   <250 250-500 500-750  

T1 250 785 493  474 -36.4 12.7 1.4  

T2 488 1195 997  570 -13.4 25.5 31.8  

T3 448 965 765  506 -9.5 18.7 19.3  

T4 354 879 870  555 -32.6 13.2 23.4  

T5 290 923 756  573 -45.9 14.3 13.6  

T6 317 1102 944  464 -23.9 26.0 35.7  

T7 394 1246 1072  444 -8.1 32.7 46.8  

T8 480 1339 1168  458 3.5 35.9 52.9  

T9 436 1136 619  757 -52.1 15.4 -10.3  
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Treatment 
Mean yield (kg/ha) under different 

rainfall situations 

SE 

(kg/ha) 
Sustainability Yield Index (%) 

Kovilpatti : Pearl millet : 1987-2005 

T1 290 531 454  84 41.0 51.7 30.3  

T2 408 622 721  268 27.9 41.0 37.1  

T3 463 543 673  189 54.6 40.9 39.7  

T4 253 575 624  52 40.0 60.5 46.9  

T5 358 578 585  194 32.7 44.4 32.1  

T6 265 646 743  101 32.7 63.1 52.6  

T7 419 837 807  170 49.6 77.2 52.2  

T8 502 667 825  157 68.7 59.0 54.7  

T9 336 619 564  103 46.4 59.7 37.8  

Indore : Soybean : 1992-2006 

T1 985 1617 1292 1137 320 39.3 54.8 40.3 25.2 

T2 1181 1835 1600 1708 215 57.2 68.4 57.3 46.0 

T3 1365 1902 1730 1950 216 68.0 71.2 62.7 53.4 

T4 1460 2041 1830 2065 238 72.3 76.1 65.9 56.3 

T5 1573 2175 1889 2225 191 81.8 83.8 70.3 62.6 

T6 1608 2257 1983 2386 187 84.1 87.4 74.4 67.7 

T7 1290 2122 1674 1964 130 68.6 84.1 63.9 56.5 

T8 1379 1980 1787 2133 225 68.3 74.1 64.7 58.8 

T9 1178 1906 1599 1693 290 52.5 68.2 54.2 43.2 

Anantapur : Groundnut : 1985-2006 

T1 726 738 966  315 26.6 27.4 49.0  

T2 879 941 1250  397 31.2 35.3 64.2  

T3 846 910 1112  351 32.0 36.3 57.3  

T4 857 854 1013  357 32.3 32.2 49.4  

T5 833 932 1088  330 32.5 39.1 57.0  

T6 883 848 1256  363 33.6 31.5 67.2  

T7 863 971 1182  373 31.7 38.8 60.9  

T8 879 960 1329  383 32.1 37.5 71.2  

T9 776 912 1087  315 29.8 38.7 58.1  

Table 15. Sustainability of fertilizer treatments under different crop seasonal rainfall situations 

4.4.1. Bangalore 

At Bangalore, the SYI was in a range of 3.1 to 48.8% under < 500 mm; 8.6 to 85.0% under 

500–750 mm; 0.3 to 77.6% under 750–1000 mm; and –8.3 to 77.9% under 1000–1250 mm of 

rainfall based on the standard error. The study indicated the superiority of FYM @ 10 t/ha 

under < 500 mm rainfall; while FYM @ 10 t/ha + 100% NPK was superior under 500–750, 

750–1000 and 1000–1250 mm rainfall situations for attaining maximum mean yield and 

sustainability over years. Thus, based on the long term study, an efficient fertilizer treatment 

having a high sustainability has been identified for attaining maximum productivity. 

Conclusively, the results obtained from this long term study incurring huge expenditure 

provide very good conjunctive nutrient use options with good conformity for different 
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rainfall conditions of rainfed semi-arid Alfisol for ensuring higher finger millet yield, 

maintaining higher SYI, and maintaining improved soil fertility. 

4.4.2. Akola 

At Akola, the SYI of each treatment was determined for green gram and cotton using mean 

yield of a treatment, standard error determined from the treatment-wise regression models 

and maximum yield of 910 kg/ha of green gram and 1910 kg/ha of cotton attained in the study. 

The SYI was determined under each of the 4 rainfall situations of < 500, 500–750, 750–1000 and 

1000–1250 mm. Based on the regression model of green gram yield, 25 kg N (FYM) + 25 kg N 

(urea) + 25 kg P/ha had a maximum SYI of 22.4% under < 500 mm, 33.8% under 500–750 mm, 

50.8% under 750–1000 mm, while 25 kg N (Leucaena) + 25 kg P/ha had a maximum of 68.5% 

under 1000–1250 mm rainfall. An increase in rainfall significantly increased the sustainability 

of treatments in green gram. This is evident from SYI range of 16.5 to 22.4% under < 500 mm; 

22.8 to 33.8% under 500–750 mm; 31.2 to 50.8% under 750–1000 mm for control and 25 kg N 

(FYM) + 25 kg N (urea) + 25 kg P/ha respectively; and 50.9% for 50 kg N + 25 kg/ha to 68.5% for 

25 kg N (Leucaena) + 25 kg P/ha under 1000–1250 mm rainfall situation.  

At Akola, based on regression model of cotton yield through rainfall and soil nutrient 

variables, control had a maximum SYI of –2.8% under < 500 mm; while 25 kg N (Leucaena) + 

25 kg N (urea) + 25 kg P/ha had 17.6% under 500–750; 25 kg N (FYM) + 25 kg N (urea) + 25 

kg P/ha had 22.6% under 750–1000 mm; and 50 kg N + 25 kg/ha had 19.3% under 1000–1250 

mm rainfall situation. In case of cotton also, an increase in rainfall increased the 

sustainability of treatments. This is evident from a SYI range of –7.6 (25 kg N (FYM) + 25 kg 

N (urea) + 25 kg P/ha) to –2.8% (control) under < 500 mm; 12.5 (control) to 17.6% (25 kg N 

(Leucaena) + 25 kg N (urea) + 25 kg P/ha) under 500–750 mm; 13.9 (control) to 22.6% (25 kg N 

(FYM) + 25 kg N (urea) + 25 kg P/ha) under 750–1000 mm; and 13.2% (25 kg N/ha (FYM)) to 

19.3% (50 kg N + 25 kg/ha) under 1000–1250 mm rainfall. Thus fertilizer treatments have a 

better sustainability for green gram compared to cotton. The study indicated that cotton is 

unsustainable under < 500 mm rainfall situation. 

4.4.3. Kovilpatti 

At Kovilpatti, using mean yield of a treatment over 9 years each for sorghum and pearl 

millet; standard error based on the models; and maximum yield potential of sorghum of 

617, 2451 and 1342 kg/ha under < 250, 250-500 and 500-750 mm rainfall situations 

respectively, SYI of each treatment was derived. In sorghum, T8 had SYI of 3.5%; while the 

other treatments had a negative SYI under < 250 mm. The SYI ranged from 12.7% for T1 to 

35.9% for T8 under 250-500 mm rainfall situation. It ranged from 1.4% for T1 to 52.9% for T8 

under 500-750 mm rainfall situation. In pearl millet, the maximum potential yield was 502, 

864 and 1220 under < 250, 250-500 and 500-750 mm rainfall situations respectively. In pearl 

millet, the SYI ranged from 27.9% for T2 to 68.7% for T8 under < 250 mm. The SYI ranged 

from 40.9% for T3 to 77.2% for T7 under 250-500 mm rainfall situation. It ranged from 30.3% 

for T1 to 54.7% for T8 under 500-750 mm rainfall situation. 
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4.4.4. Indore 

At Indore, the sustainable yield index of fertilizer treatments was measured by using the mean 

yield of treatments over years, standard error of the respective treatment under regression 

model; and maximum yield attained by treatments under different rainfall situations. The 

maximum yield attained was 1690 kg/ha under < 500 mm; 2368 kg/ha under 500-750 mm; 2415 

kg/ha under 750-1000 mm; and 3247 kg/ha under 1000-1250 mm rainfall situation. The SYI 

ranged from 39.3 to 84.1% under < 500 mm; 54.8 to 87.4% under 500-750 mm; 40.3 to 74.4% 

under 750-1000 mm; 25.2 to 67.7% under 1000-1250 mm rainfall situations attained by control 

and 20 kg N (urea) + 13 kg P + FYM @ 6 t/ha respectively. 20 kg N (urea) + 13 kg P + FYM @ 6 

t/ha was found to be most efficient treatment for attaining sustainable soybean yield over 

years. The treatment was also superior with a maximum available mean soil N, P, K and S at 

the end of 15 years. Based on the study, 20 kg N (urea) + 13 kg P + FYM @ 6 t/ha could be 

recommended for large scale adoption under farmer’s fields for attaining maximum 

sustainable yields and maintenance of soil fertility of N, P, K and S under semi-arid Vertisols. 

4.4.5. Anantapur 

Using mean yield of each treatment over years; standard error based on regression model of 

yield; and maximum pod yield (Ymax) of 1546 kg/ha attained by 100% NPK (20–40–40 kg/ha) in 

2004, SYI was derived for each treatment. The index ranged from 27.6% for control to 35.3% for 

50% N (FYM~10 kg N/ha) based on the model through monthly rainfall. The SYI indicated that 

50% N (FYM~10 kg N/ha) was superior for attaining sustainable yield based on model of 

monthly rainfall. 100% NPK (20–40–40 kg/ha) + ZnSO4 @ 25 kg/ha was the 2nd best treatment 

based on the study. The maximum pod yield was 1546 kg/ha under < 500 mm; 1541 kg/ha 

under 500-750 mm; 1329 kg/ha under 750-1000 mm rainfall situation. The SYI ranged from 26.6 

for control to 33.6% for T6 under < 500 mm; 27.4% for control to 39.1% for T5 under 500-750 

mm; 49.0 for control to 71.2% for T8 under 750-1000 mm rainfall situation.    
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1. Introduction 

India, predominantly has agrarian economy with an about 83 m ha area without irrigation 

and totally dependent on rainfall. This rainfed area constitutes about 58 % of net cultivated 

area of 142 m ha. The rainfed area supports about 44% of the total food production in the 

country. Most of the essential commodities such as coarse cereals (90%), pulses (87%), and 

oil seeds (74%) are produced from the rainfed lands. These statistics emphasise the role that 

rainfed regions play in ensuring food for the ever-increasing population. Owing to diversity 

in rainfall pattern, temperature, parent material, vegetation and relief or topography, this 

country is bestowed with different soil types predominantly alluvial soils, black soil, red 

soils, laterites, desert soils, mountainous soils etc. Taxonomically, soils in India represent 

Entisols (80.1 m ha), Inceptisols (95.8 m ha), Vertisols (26.3 m ha), Aridisols (14.6), Mollisols 

(8.0 m ha), Ultisols (0.8 m ha), Alfisols (79.7 m ha), Oxisols (0.3 m ha) and non-classified soil 

(23.1 m ha). Based on the rainfall pattern, 15 m ha area falls in a rainfall zone of <500mm, 15 

m ha under 500 to 750 mm, 42 m ha under 750 to 1150 mm and 25 m ha under > 1150 mm 

rainfall. Predominant soil orders which represent semi-arid tropical region are Alfisols, 

Entisols, Vertisols and associated soils. Other soil orders such as Oxisols, Inceptisols and 

Aridisols also form a considerable part of rainfed agriculture. Most of the soils in rainfed 

regions are at the verge of degradation having low cropping intensity, relatively low organic 

matter status, poor soil physical health, low fertility, etc.  

Moisture stress accompanied by other soil related constraints result in low productivity of 

majority of the crops (Sharma et al 1999). Besides natural causes, agricultural use of land is 

causing serious soil losses in many places across the world including India. It is probable 

that human race will not be able to feed the growing population, if this loss of fertile soils 

continues at the existing rate. In many developing countries, hunger is compelling the 

community to cultivate land that is unsuitable for agriculture and which can only be 

© 2012 Sharma et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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converted to agricultural use through enormous efforts and costs, such as those involved in 

the construction of terraces and other surface treatments. India represents wide spectrum of 

climate ranging from arid to semi arid, sub humid and humid with wider variation in 

rainfall amount and pattern. Seasonal temperature fluctuations are also enormous.  

2. Constraints in improving the productivity in rainfed agriculture 

The major constraints in improving the productivity and returns from rainfed farming in 

India are as follows: (i) erratic and uncertain rainfall, leading to moisture scarcity, droughts 

and failure of crops, especially annual crops, (ii) soil degradation and poor soil quality (iii) 

fragmented and low holding size, leading to constraints in mechanization, (iv) poverty 

among growers and constraints in availability and purchase of essential inputs, such as 

seeds and fertilizers, bullock-drawn small seed-cum-fertilizer drills, etc., (v) lack of assured 

credit and financial support and marketing, (vi) inadequate infrastructure for post-harvest 

value-addition and storage of produce, (vi) low procurement prices of agricultural 

commodities, in general, and (vii) inadequate earnings for livelihood from the farming 

profession because of low volume of business due to small holding size, low productivity 

and low produce prices, etc. The consequences of these constraints are likely to lead the 

marginal and small-farming communities towards distraction from agriculture, migration to 

cities to look for alternate assured wages, suicides, etc. To mitigate these constraints and 

transform the rainfed farming to an attractive option, there is a strong need for strategic 

planning and policy changes in a phased manner. 

2.1. Specific causes of land degradation and soil quality deterioration  

Out of the 329 m ha of total geographical area in the country, the total degraded area 

accounts for120.7 m ha, of which 73.3 m ha area is affected by water erosion, 12.4 m ha by 

wind erosion, 6.73 m ha by salinity and alkanity and 25 m ha by soil acidity. The 

predominant reasons which degrade land and deteriorate soil quality could be enumerated 

as : i) washing away of topsoil and organic matter associated with clay size fractions due to 

water erosion resulting in a ‘big robbery in soil fertility’, ii) intensive deep tillage and 

inversion tillage with moldboard and disc plough resulting in a) fast decomposition of 

remnants of crop residues which is catalyzed by high temperature, b) breaking of stable soil 

aggregates and aggravating the process of oxidation of entrapped organic C and, c) 

disturbance to the habitat of soil micro flora and fauna and loss in microbial diversity, iii) 

dismally low levels of fertilizer application and widening of removal-use gap in plant 

nutrients, iv) mining and other commercial activities such as use of top soil for other than 

agricultural purpose, v) mono cropping without following any suitable rotation, vi) nutrient 

imbalance caused due to disproportionate use of primary, secondary and micronutrients, 

vii) no or low use of organic manures such as FYM, compost, vermi-compost and poor 

recycling of farm based crop residues because of competing demand for animal fodder and 

domestic fuel, viii) no or low green manuring as it competes with the regular crop for date 

of sowing and other resources, ix) poor nutrient use efficiency attributing to nutrient losses 
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due to leaching, volatilization and denitrification, x) indiscriminate use of other agricultural 

inputs such as herbicides, pesticides, fungicides, etc., resulting in poor soil and water 

quality, xi) water logging, salinity and alkalinity and acid soils. Among the various causes of 

degradation mentioned here, the first predominant cause of soil degradation in rainfed 

regions undoubtedly is water erosion. In fact, the process of water erosion sweeps away the 

topsoil along with organic matter and exposes the subsurface horizons. The second major 

indirect cause of degradation is loss of organic matter by virtue of temperature mediated 

fast decomposition owing to high temperature prevailing in these regions. Above all, the 

several other farming practices such as reckless tillage methods, harvest of every small 

component of biological produce and virtually no return of any plant residue back to the 

soil, burning of the existing residue in the field itself for preparation of clean seed bed, open 

grazing etc aggravate the process of soil degradation.  

As a result of several above-mentioned reasons, soils encounter diversity of constraints 

broadly on account of physical, chemical and biological soil quality and ultimately end up 

with poor functional capacity (Sharma et al., 2007). In order to restore the quality of 

degraded soils and to prevent them from further degradation, it is of paramount importance 

to focus on restorative practices and conservation agricultural practices on long-term basis.  

There is no doubt that, agricultural management practices such as crop rotations, inclusion 

of legumes in cropping systems, addition of animal based manures, adoption of soil water 

conservation practices, various permutations and combinations of deep and shallow tillage, 

mulching of soils with leafy materials grown in-situ grown and brought externally always 

remained the part and parcel of agriculture in India. Despite all these efforts, the concept of 

conservation farming could not be followed in an integrated manner to expect greater 

impact in terms of protecting the soil resource from degradative processes. In the context of 

likely changes in climate in the years to come , threats to agriculture in general and land and 

soil resources in particular, will be more and more , hence concrete strategies to protect the 

land resource and mange the soil effectively are must.  

2.2. Climatic threat to Agriculture – Indian perspective  

According to Rao et al (2010), the major weather related risks in Agriculture could be as 

follows: Monsoons in India exhibits substantial inter-seasonal variations, associated with a 

variety of phenomena such as passage of monsoon disturbances related with active phase 

and break monsoon periods whose periodicities vary from 3-5 and 10-15 days respectively. 

It is well noticed that summer monsoon rainfall in India varied from 604 to 1020 mm. The 

inter-seasonal variations in rainfall cause floods and droughts, which are the major climate 

risk factors in Indian Agriculture. The main unprecedented floods in India are mainly due to 

movement of cyclonic disturbances from Bay of Bengal and Arabian Sea on to the land 

masses during monsoon and post-monsoon seasons – and during break monsoon conditions 

in some parts of Uttar Pradesh and Bihar States. The thunderstorms due to local weather 

conditions also damages agricultural crops in the form of flash floods. Beside floods, 

drought is a normal, repetitive feature of climate associated with deficiency of rainfall over 
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extended period of time to different dryness levels describing its severity. Rao et al (2010), 

have reported that during the period 1871 to 2009, there were 24 major drought years, 

defined as years with less than one standard deviation below the mean. Another important 

adverse effect of climate change could be unprecedented heat waves. Heat waves generally 

occur during summer season where the cropped land is mostly fallow, and therefore, their 

impact on agricultural crops is limited. However, these heat waves adversely affect 

orchards, livestock, poultry and rice nursery beds. The heat wave conditions during 2003 

May in Andhra Pradesh and 2006 in Orissa are recent examples that have affected the 

economy to a greater extent. Also occurrence of heat waves in the northern parts during 

summer is common every year resulting in quite a good number of human deaths. Further, 

the water requirements of summer crops grown under irrigated conditions increase to a 

greater extent. Another adverse effect of climate change is cold waves which mostly occur in 

northern states. The Northern states of Punjab, Haryana, U.P., Bihar and Rajasthan 

experience cold wave and ground frost like conditions during winter months of December 

and January almost every year. The occurrence of these waves has significantly increased in 

the recent past due to reported climatic changes at local, regional and global scales. Site-

specific short-term fluctuations in lower temperatures and the associated phenomena of 

chilling, frost, fogginess and impaired sunshine may sometimes play havoc in an otherwise 

fairly stable cropping/farming system of a region. All these apprehensions, however, are 

based on the data base generated in India. The reports of the Non-Governmental 

International Panel on Climate Change (NIPCC, 2009), has dispelled many fears about the 

global warming and its consequent adverse effects on climate change an in-turn influence on 

agriculture. 

2.3. Likely climate change effects on soil  

It is anticipated that climate change is likely to have a variety of impacts on soil quality. Soils 

vary depending on the climate and show a strong geographical correlation with climate.  

The key components of climate in soil formation are moisture and temperature. 

Temperature and moisture amounts cause different patterns of weathering and leaching. 

Wind redistributes sand and other particles especially in arid regions. The amount, 

intensity, timing, and kind of precipitation influence soil formation. Seasonal and daily 

changes in temperature affect moisture effectiveness, biological activity, rates of chemical 

reactions, and kinds of vegetation. Soils and climate are intimately linked.  

Climate change scenarios indicate increased rainfall intensity in winter and hotter, drier 

summers. Changing climate with prolonged periods of dry weather followed by intense 

rainfall could be a severe threat to soil resource.  

Climate has a direct influence on soil formation and cool, wet conditions and acidic parent 

material have resulted in the accumulation of organic matter.  

A changing climate could also impact the workability of mineral soils and susceptibility to 

poaching, erosion, compaction and water holding capacity. In areas where winter rainfall 
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becomes heavier, some soils may become more susceptible to erosion. Other changes 

include the washing away of organic matter and leaching of nutrients and in some areas, 

particularly those facing an increase in drought conditions, saltier soils, etc. Not only does 

climate influence soil properties, but also regulates climate via the uptake and release of 

greenhouse gases such as carbon dioxide, methane and nitrous oxide. Soil can act as a 

source and sink for carbon, depending on land use and climatic conditions. Land use change 

can trigger organic matter decomposition, primarily via land drainage and cultivation. 

Restoration and recreation of peat lands can result in increased methane emissions initially 

as soils become anaerobic, whereas in the longer term they become a sink for carbon as 

organic mater accumulates. Climatic factors have an important role in peat formation and it 

is thus highly likely that a changing climate will have significant impacts on this resource. 

No comprehensive study has yet been made of the impact of possible climatic changes on 

soils.  

Higher temperatures could increase the rate of microbial decomposition of organic matter, 

adversely affecting soil fertility in the long run. But increases in root biomass resulting from 

higher rates of photosynthesis could offset these effects.  

Higher temperatures could accelerate the cycling of nutrients in the soil, and more rapid 

root formation could promote more nitrogen fixation. But these benefits could be minor 

compared to the deleterious effects of changes in rainfall.  

For example, increased rainfall in regions that are already moist could lead to increased 

leaching of minerals, especially nitrates. In the Leningrad region of the USSR a one-third 

increase in rainfall (which is consistent with the GISS 2 x CO2 scenario) is estimated to lead 

to falls in soil productivity of more than 20 per cent. Large increases in fertilizer applications 

would be necessary to restore productivity levels.  

Decreases in rainfall, particularly during summer, could have a more dramatic effect, 

through the increased frequency of dry spells leading to increased proneness to wind 

erosion. Susceptibility to wind erosion depends in part on cohesiveness of the soil (which is 

affected by precipitation effectiveness) and wind velocity.  

Nitrogen availability is important to soil fertility and N cycling is altered by human activity. 

Increasing atmospheric CO2 concentrations, global warming and changes in precipitation 

patterns are likely to affect N processes and N pools in forest ecosystems. Temperature, 

precipitation, and inherent soil properties such as parent material may have caused 

differences in N pool size through interaction with biota. Keller et al., 2004 reported that 

climate change will directly affect carbon and nitrogen mineralization through changes in 

temperature and soil moisture, but it may also indirectly affect mineralization rates through 

changes in soil quality.  

Climate change is having a major impact on biodiversity and in turn biodiversity loss (in the 

form of carbon sequestration trees and plants) is a major driver of climate change. Land 

degradation such as soil erosion, deteriorating soil quality and desertification are driven by 

climate variability such as changes in rainfall, drought and floods. Degraded land releases 
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more carbon and greenhouse gases back into the atmosphere and slowly kills off forests and 

other biodiversity that can sequester carbon, creating a feed back loop that intensifies 

climate change.  

Soil is our most fundamental terrestrial asset and natural resource. Along with sunlight and 

water, it provides the basis for all terrestrial life viz., the biodiversity around us, the field 

crops that we harvest to meet our food and fiber demands, animal products, etc. Healthy 

soils provide us with a range of 'ecosystem services' - they support healthy plant growth, 

resist erosion, receive and store water, retain nutrients and act as an environmental buffer in 

the landscape. Soils supply nutrients, water and oxygen to plants, and are inhabited by soil 

biota which are essential for decomposition and recycling processes. According to Arshad 

and Martin (2002), like air and water, the soil is an integral component of our environment 

and constitutes the most important natural resource together with water. The intellectual 

and efficient use of this vital resource is essential for sustainable development and feeding 

the growing world population. In the recent decade, soil is perceived as an important 

environmental component and the need to maintain or improve its ability to perform the 

multitude of functions has been recognized. At the same time, it has also been recognized 

that the soil is not an inexhaustible resource, and if used inappropriately or mismanaged it 

may be deteriorated in a relatively short period of time, with very limited opportunity for 

regeneration or replacement.  

3. Sustainability of agriculture – General concepts and scenario  

Agricultural sustainability is defined as the ability of agricultural systems to remain 

productive, efficiently and indefinitely. Quantitatively, it implies trends in agricultural 

production over time. A non-negative trend in production of a system over time implies that 

the system is sustainable (Lal, 1998). According to Lockeretz (1988) ‘sustainable agriculture’ 

is a loosely defined term that encompasses a range of strategies for addressing many of the 

problems that afflict agriculture worldwide. These problems include loss of soil productivity 

from excessive erosion and associated plant nutrient losses, surface and groundwater 

pollution from pesticides fertilizers and sediment, impending shortages of nonrenewable 

resources and low farm income because of low market price and high production costs. 

Herdt and Steiner (1995) have given three dimensions of assessing the sustainability and it is 

essential to assess the sustainability in relation to all three dimensions. These dimensions 

include biophysical, economic and social. Among these, the biophysical dimension is related 

to the quantity of output per unit area (may be Tonnes or Mg of yield ha-1), the economic 

dimension to the gross or net value of the output, and the social dimension to the capacity of 

the system to support the farming community. The biophysical output (biomass or grain 

yield per ha) may change due to change in soil properties over time (erosion, compaction, 

salinization, waterlogging, etc), introduction of new cultivars, and change in the input used. 

The economic output may change over time independent of the biophysical output, and the 

social carrying capacity may change due to change in food habits, preferences and standard 

of living. Lal (1994) emphasized more specific indicators for measuring sustainability. First 

is the productivity which indicates productivity per unit of resources used. This indicator is 
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influenced by several factors. To cite an example, the unsustainability in rice –wheat system 

could be attributed to decline in organic matter owing to (i) removal of wheat straw for 

feeding the animals, (ii) burning or removal of rice straw for ensuring clean fields and 

trouble free cultivation, (iii) puddling process for transplanting the rice seedlings which 

breaks the soil aggregates and subjects the entrapped organic matter fractions to further loss 

and ultimately lead to poor soil structure. Irrespective of straw removal and burning, wheat 

–rice system can be compared with the analogy of ‘making’ the house in the morning and 

‘demolishing’ it in the evening where wheat season during which soil gets time for 

aggregation can be said as ‘making of the house’ and rice season where puddling of soil 

assumes the shape of colloidal solution is just like demolishing of the house. Another 

important indicator emphasized is the total factor productivity which considers the total 

output in relation to the cost of all the inputs used to get that output. The third indicator 

suggested for assessing agricultural sustainability is total natural resource productivity. This 

indicator of sustainability takes care of the indirect cost incurred on account of quantitative 

depreciation or wear and tear (e.g. decrease in soil depth due to loss of top soil owing to 

erosion, build up of salinity, fall in groundwater table by irrigation, increase of nutrient load 

in water bodies etc.,) of the natural resources for achieving the specific output.  

Campbell et al. (1995), emphasized that a sustainable agricultural system is that which is 

economically viable, provides safe, nutritious food, and conserves or enhances the 

environment. The ultimate goal or the ends of sustainable agriculture is to develop farming 

systems that are productive and profitable, conserve the natural resource base, protect the 

environment, and enhance health and safety, and to do so over the long-term. The means of 

achieving this is low-input methods and skilled management, which seek to optimize the 

management and use of internal production inputs (i.e., on-farm resources) in ways that 

provide acceptable levels of sustainable crop yields and livestock production and result in 

economically profitable returns. This approach emphasizes such cultural and management 

practices as crop rotations, recycling of animal manures, and conservation tillage to control 

soil erosion and nutrient losses and to maintain or enhance soil productivity. Low-input 

farming systems seek to minimize the use of external product inputs (i.e., off-farm 

resources), such as purchased fertilizers and pesticides, wherever and whenever feasible 

and practicable; to lower production costs; to avoid pollution of surface and groundwater: 

to reduce pesticide residues in food; to reduce farmer’s overall risk; and to increase both 

short- and long-term farm profitability (Parr et al., 1989, Parr and Hornick, 1990). According 

to Parr et al., (1990) , another reason for the focus on low-input farming systems is that most 

high- input systems, sooner or later, would probably fail because they are not either 

economically or environmentally sustainable over the long-term. How we achieve 

“Sustainable agriculture” depends on creative and innovative conservation and production 

practices that provide farmers with economically viable and environmentally sound 

alternatives or options in their farming systems. Stewart et al. (1990) emphasized that 

climate and soils are the two most critical factors that will determine the ultimate 

sustainability of agricultural systems. Jodha (1994) opined that despite significant growth 

and refinements in the definitions of the term “sustainability”, its operationalization 

continued to be a major problem that reduces its practical utility. One practical way to 
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handle this problem could be ‘to approach sustainability through unsustainability’ This 

implies identification and analysis of indicators of unsustainability and their underlying 

processes and focused efforts to reverse them to restore sustainability to a system. Based on 

the definitions of the term by ecologists, economists, environmentalists, development 

experts, etc, (Conway 1985, Markande and Pearce, 1988, Lynam and Herdt, 1988, Graham-

Tomasi, 1991) sustainability would mean the ability of a system (say dryland agriculture) to 

maintain or enhance its performance, output, services, (even though linkage with other 

systems), without damaging own long term production potential. Hence, to halt any further 

deterioration of the natural resource base, that is, agricultural land, and the associated loss 

of soil productivity, the key to improving the sustainability of rainfed/dryland farming 

systems could be implementing sound soil and water management practices. In many cases, 

improvements can be achieved by the application of established principles of soil and water 

management to crop and livestock production. In other situations, new concepts and 

methodologies appropriate to the unique aspects of dryland areas will be required (Steiner 

et al., 1988; Parr et al., 1990). 

India has been working hard since 1950 to produce adequate food to feed its increasing 

population and to become self dependent. Unfortunately, the growth in the food production 

is getting neutralized by the growth in the population. If the food production history of the 

country is traced back, country increased it food production from 53.87 Mt during 1950-51 

and jumped to 78.61 Mt during 1960-61 which was followed by 100.64 during 1970-71, 123.7 

Mt during 1980-81 and 172.39 in 1990-91, 206 Mt in 2001 and finally to 230.7 Mt in 2007-08. 

This made the country self sufficient in food production for the time being. But at the same 

time, the population growth demands more growth in food production with shrinking 

availability of land resource and degrading land and water resources. Lal (2008), based on a 

critical perusal of food production data brought out that agronomic production in India 

between 1960 and 2002 increased by a factor of about 2.5 for rice, 6.4 for wheat, and 2.5 for 

all food grains. He cautioned that country must not be satisfied with this increase in food 

production as the country is going to face a big mandate of feeding an expected 1.59 billion 

population by 2050. This rise in population from the existing 1.1 billion during 2007 to 1.59 

billion by 2050 will be approximately 45%. According to some other estimates, there would 

be a need to increase food grain production from 206 million tonnes (Mt) in 2001 to 301 Mt 

with low food demand, 338 Mt with medium food demand and 423 Mt with high food 

demand by 2025 (Sekhon, 1997; USDA, 2004), which is a matter of growing concern for all 

those involved in agricultural research, planning and policy making. Country has to gear up 

to meet these difficult targets among all odds such as (i) stagnating yields levels even under 

irrigated systems, (ii) degrading land and deteriorating soil quality, (iii) increasing cost on 

energy, (iv) extreme climatic variations and uncertainties in rainfall pattern and (iv) frequent 

droughts, non-stretchable irrigation potential and major dependence on rainfed lands, (v) 

distraction of the farmers from agriculture because of marginal size of holdings and non 

remunerative nature of agriculture due to low minimum support prices etc. Lessons learnt 

from the success of green revolution clearly indicate that four pillars of achieving higher 

production were: high yielding input responsive varieties, assured irrigation, adequate 

amount of fertilization and appropriate plant protection measures. Under irrigated 
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agriculture, the response to these inputs has slowed down and yield levels have stagnated 

in some of the crops may be due to land degradation and deterioration of soil quality. On 

the other hand, rainfed regions which constitute 83 m ha comprising of about 58% of net 

cropped area (142.2 m. ha) still do not get adequate inputs like water, fertilizer and good 

seed and continue to depend on ‘Rain-God’ even for seeding the crops. Above all, rainfed 

regions encounter several other productivity related constraints which may or not be 

common to those of irrigated agriculture, and ultimately limit the yield to a miserably low 

levels leading to poverty, migration of the communities to the urban areas in search of 

livelihoods and even suicides under most distressful condition. The situation has become so 

grim that out of the 110 million farm holders in the country, about 40% wish to quit the 

farming, if they get any alternative source of livelihood earnings (Katyal, 2008).  

If we look in the world perspective, crop yields in India are not only low in comparison with 

developed countries viz., U.S.A., Canada, Europe, Australia, Japan, but also with those in 

China, South East Asia, and South America. Similar to food grains, the yields of vegetables 

in India are about 50% lower than those of the world average, and 60-100% lower than those 

of China (Pain, 2007; Lal, 2008). Besides several other factors, low yields of crops and 

cropping systems are also attributed to poor soil fertility and inadequate replenishment of 

the nutrients. The situation is grimmer in rainfed areas where the crops are poorly 

nourished or fertilized owing to low soil fertility, low fertilizer use due to poor economic 

condition of the farmers, monsoon uncertainties, etc., which has resulted in multi-nutrient 

deficiencies in soils. On the other hand, the changing price policies on fertilizers have made 

the resource poor farmers of rainfed areas to feed their crops with only certain type of 

fertilizer, which has resulted in low nutrient use efficiency and profitability due to 

deficiency/antagonistic relationships of certain essential nutrients. It has been estimated that 

only 9% of the districts in India use more than 200 kg of N + P2O5 + K2O per hectare (Tiwari 

et al., 2006). On the other hand, only 32% districts used < 50 kg nutrients (N + P2O5 + K2O) 

per hectare. Most of the rainfed regions fall in this category. The average fertilizer use in the 

country as a whole in the recent years is about 117 kg NPK ha-1 yr-1 (Tiwari, 2008) which is 

very low when compared with the neighboring countries, like China (277.7 kg ha-1), Japan 

(290.6 kg ha-1) and Korea Republic (409.7 kg ha-1) as stated earlier. At the same time, the 

yield levels of some of the crops such as paddy, wheat, maize, etc., in India are significantly 

lower compared to these countries. Hence, apart from many other reasons, low fertilizer use 

in India is definitely one of the important causes of low yields. According to Tiwari (2008), 

the major challenge ahead to the country is that it needs to have about 30-35 Mt of NPK 

from different sources to produce 300 Mt food grains to feed its expected population of 

about 1.4 billion by the end of 2025. Further, he added that, if the nutrient removal by other 

crops like horticulture, vegetables, plantation crops, sugarcane, cotton, oilseeds and potato 

is considered, nutrient demand curve will touch 40-45 Mt. Further, Katyal (2008) has 

emphasized that, because of existence of wider gap between nutrient addition and mining 

by the crops, almost 50% of the Indian soils have reached below the critical limit of plant 

available zinc in soil. The corresponding deficiency in case of iron is about 25%. The severity 

of the deficiency has increased because of negligible or no application of organic sources of 

nutrients. Therefore, to ensure sustainability in production, all possibilities need to be 

explored to narrow down the nutrient removal use gap in future.  



 
Resource Management for Sustainable Agriculture 210 

3.1. Relationship between soil quality and agricultural sustainability 

Beside several other factors influencing crop production, better soil quality is definitely one 

of the key players influencing sustainability. At the same time, sustainable management 

practices are those which do not deteriorate soil quality on long term basis. Soil quality and 

sustainability evaluation is a fundamental concept bridging between the utilization and 

protection aspects of soil. In terms of agricultural production, soil quality refers to its ability 

to sustain productivity. There exists a strong link between soil quality and agricultural 

sustainability. If an agricultural system is unsustainable, it may partly due to the fact that 

soil quality is declining over time. Understanding soil quality means, assessing and 

managing soil so that it functions optimally now and is not degraded for future use. 

Therefore, understanding the whole concept of soil quality including methods of 

assessment, delineation of key indicators and their related soil functions, transformation of 

indicators in to a single value soil quality index etc., assumes importance.  

Soil quality, in short, has been defined as the “capacity of the soil to function” (Doran and 

Parkin, 1994; Karlen et al., 1997). But broadly, soil quality has been defined as ‘the capacity of a 

living soil to function within natural or managed ecosystem boundaries, to sustain plant and 

animal productivity, maintain or enhance water and air quality, and promote plant and animal 

health’ (Doran et al., 1996, 1998). A slightly modified definition of soil quality was given by 

Seybold et al. (1999), in which soil quality was defined as ‘the capacity of a specific kind of soil 

to function, within natural or managed ecosystem boundaries, to sustain plant and animal 

productivity, maintain or enhance water and air quality and support human health and 

habitation’. Soil quality acts as a major linkage between the strategies of conservation 

management practices and achievement of the major goals of sustainable agriculture (Acton 

and Gregorich, 1995). The terms 'soil health' and 'soil quality' are interchangeable. 'Soil quality' 

is generally used more by soil scientists and 'soil health' by others, but they do have different 

emphasis (Doran et al., 1996). Some prefer the term ‘soil health’ as it portrays soil as a living, 

dynamic system whose functions are mediated by a diversity of living organisms that require 

management and conservation. ‘Soil quality’ is the capacity of soils within landscapes to 

sustain biological productivity, maintain environmental quality, and promote plant and 

animal health. ‘Soil health’ is the fitness (or condition) of soil to support specific uses (e.g. crop 

growth) in relation to its potential - as dictated by the inherent soil quality and is more 

sensitive to anthropogenic disturbance and is severely limited in extreme environments 

(Freckman and Virginia, 1997). So, soil health and soil quality are functional concepts that 

describe how fit the soil is to support the multitude of roles that can be defined for it. 

Therefore, soil quality can be regarded as soil health (Doran et al., 1996).  

Quality with respect to soil can be viewed in two ways: (1) as inherent properties of a soil; and 

(2) as the dynamic nature of soils as influenced by climate, and human use and management. 

Inherent soil quality is a soil’s natural ability to function and the inherent soil characteristics 

are those directly linked with the basic soil forming factors and these characteristics determine 

why any two soils will always be different. These generally focus on the entire soil profile (~ 2 

m deep), and is the reason why there can be no single value describing soil quality for all soil 

resources and land uses. Such soils can be compared with regard to inherent differences in 

productivity and with regard to their capacity for a specific land use in the absence of human 
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interventions. (Karlen et al, 2001). Attributes of inherent soil quality usually show little change 

over time. Generally, dynamic soil quality changes in response to soil use and management 

(Larson and Pierce, 1994). Management choices affect the amount of soil organic matter, soil 

structure, soil depth, water and nutrient holding capacity. Soils respond differently to 

management depending on the inherent properties of the soil and the surrounding landscape. 

According to Carter (1996), attributes of dynamic soil quality are subjected to change over a 

period of years to decades, while pH and labile organic matter fractions may change over a 

period of months to years. In comparison, microbial biomass and populations, soil respiration, 

nutrient mineralization rates, and macroporosity can change over a period of hours to days. 

Thus, maintenance and/or improvement of dynamic soil quality deal primarily with those 

attributes or indicators that are most subject to change, loss, depletion, and strongly influenced 

by agronomic practices. The distinction between inherent and dynamic soil quality can be 

characterized by the genetic (or static) pedological processes versus the kinetic (or dynamic) 

processes in soil as proposed by Richter (1987).  

4. Soil quality indicators  

Brejda and Moorman (2001) stated that soil quality can not be measured directly but can be 

measured through some sensitive indicators. Further, they emphasized that the changes in 

these indicators are used to determine whether soil quality is improving, stable, or declining 

with changes in management, land-use, or conservation practices. Indicators of soil quality 

can be defined loosely as those soil properties and processes that have greatest sensitivity to 

changes in soil functions (Andrews et al., 2004). Indicators are a composite set of measurable 

attributes which are derived from functional relationships and can be monitored via field 

observation, field sampling, remote sensing, survey or compilation of existing information 

(Walker and Reuter, 1996). Indicators signal desirable or undesirable changes in land and 

vegetation management that have occurred or may occur in the future. These indicators may 

directly monitor the soil, or monitor the outcomes that are affected by the soil, such as 

increases in biomass, improved water use efficiency, and aeration. Soil quality indicators can 

also be used to evaluate sustainability of land-use and soil management practices in 

agroecosystems (Shukla et al. 2006). The predominant soil quality indicators at micro and 

macro farm scale as suggested by Singer and Ewing (2000) have been listed in Table 1. 

Several researchers have observed different set of key indicators for assessing soil quality 

depending upon the soil types and other variations. Mairura et al. (2007) reported the 

integration of scientific and farmer’s evaluation of soil quality indicators and emphasized 

that the indicators for distinguishing productive and non-productive soils include crop 

yields and performance, soil colour and its texture. Parr et al. (1992) suggested that increased 

infiltration, aeration, macropores, aggregate distribution and their stability and soil organic 

matter and decreased rate of bulk density, soil resistance, erosion and nutrient runoff are 

some of the important indicators for improved soil quality. Further, Chaudhury et al. (2005) 

identified total soil N, available P, dehydrogenase activity and mean weight diameter of the 

aggregates as the key indicators for alluvial soils. While working in rainfed Alfisols in 

semiarid tropical India under sorghum - mungbean system, Sharma et al. (2008) identified 

easily oxidizable N (KMnO4 oxidizable -N) DTPA extractable zinc (Zn) and copper (Cu), 
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microbial biomass carbon (MBC), mean weight diameter (MWD) of soil aggregates and 

hydraulic conductivity (HC) as the key indicators of soil quality. In another study in Alfisols 

under sorghum–castor system, the key soil quality indicators identified were available N, K, 

S, microbial biomass carbon (MBC) and hydraulic conductivity (HC) (Sharma et al., 2005). 

Karlen et al. (1992) suggested biological measurements viz., microbial biomass, respiration, 

and ergosterol concentrations as very effective indicators for assessing long-term soil and 

crop management effects on soil quality. Assessment of soil-test properties from time to time 

has also been emphasized for evaluating the chemical aspects of soil quality (Karlen et al. 

1992; Arshad and Coen 1992). The indicators used or selected by different researchers in 

different regions may not be the same because soil quality assessment is purpose and site 

specific (Wang and Gong 1998; Shukla et al. 2006). However, while selecting the indicators, it 

is important to ensure that the indicators should i) correlate well with natural processes in 

the ecosystem (this also increases their utility in process-oriented modelling, ii) integrate soil 

physical, chemical, and biological properties and processes, and serve as basic inputs 

needed for estimation of soil properties or functions which are more difficult to measure 

directly, iii) be relatively easy to use under field conditions, so that both specialists and 

producers can use them to assess soil quality, iv) be sensitive to variations in management 

and climate and v) be the components of existing soil databases wherever possible (Doran et 

al. 1996; Doran and Parkin 1996; Chen 1998). Interpreting soil quality by merely monitoring 

changes in individual soil quality indicators may not give complete information about soil 

 

Physical indicators Chemical indicators Biological indicators 

Passage of air 

Structural stability 

Bulk density 

Clay mineralogy 

Colour 

Consistence (dry, moist, wet) 

Depth of root limiting layer 

Hydraulic conductivity 

Oxygen diffusion rate  

Particle size distribution 

Penetration resistance 

Pore conductivity 

Pore size distribution 

Soil strength  

Soil tilth  

Structure type 

Temperature 

Total porosity 

Water holding capacity 

BSP 

Cation exchange capacity 

Contaminant availability 

Contaminant concentration 

Contaminant mobility  

Contaminant presence 

Electrical conductivity 

Exchangeable sodium 

percentage 

Nutrient cycling rates 

pH 

Plant nutrient availability 

Plant nutrient content 

Sodium adsorption ratio 

 

 

Organic carbon

Microbial biomass carbon 

C and N/Oxidizable carbon  

Total biomass 

    Bacterial  

    Fungal 

Potentially mineralizable N 

 Soil respiration 

Enzymes 

    Dehydrogenase 

    Phosphatase 

    Arlysulfatase 

Biomass C/total organic 

carbon/ 

Respiration /biomass 

Microbial community 

fingerprinting  

Substrate utilization 

Fatty acid analysis 

Nucleic acid analysis 

Source: Singer and Ewing (2000) 

Table 1. Predominant soil quality indicators at micro and macro farm scale 
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quality. Therefore, combining them in a meaningful way to a single index may assess soil 

quality more precisely (Jaenicke and Lengnick, 1999; Bucher, 2002) which is used to gauge 

the level of an improving or declining soil condition (Wienhold, 2004). 

4.1. Soil quality indicators influences soil functions and sustainability  

Every soil attribute or soil quality indicator has an important role to play in influencing 

various soil processes and functions. Hence, to understand the changes in processes and 

functions, quantitative measurement of attributes or indicators is inevitable. The 

predominant soil physical, chemical and biological attributes or indicators and 

corresponding processes influenced by them as suggested by Lal (1994) are given in Table 2. 

 

Attributes / Indicators Processes and soil functions

Physical attributes

A. Mechanical 

Texture  Crusting, gaseous diffusion, infiltration

Bulk density Compaction, root growth, infiltration

Aggregation Erosion, crusting, infiltration, gaseous diffusion

Pore size distribution and 

continuity 

Water retention, and transmission, root growth and gaseous 

exchange

B. Hydrological 

Available water capacity Drought stress, biomass production, soil organic matter content 

Non-limiting water range Drought, water imbalance, soil structure 

Infiltration rate Runoff, erosion leaching 

C. Rooting zone 

Effective rooting depth Root growth, nutrient and water use efficiencies 

Soil temperature Heat flux, soil warming activity and species diversity of soil fauna 

Chemical Attributes

pH Acidification and soil reaction, nutrient availability

Base saturation Absorption and desorption, solublization 

Cation exchange capacity Ion exchange, leaching 

Total and plant available 

nutrients  

Soil fertility, nutrient reserves 

Biological Attributes

Soil organic matter Structural formation, mineralization, biomass carbon, nutrient 

retention 

Earthworm population 

and other soil, macro 

fauna and activity 

Nutrient cycling, organic matter decomposition, formation of 

soil structure  

Soil biomass carbon Microbial transformations and respiration, formation of soil 

structure and organo-mineral complexes 

Total soil organic carbon Soil nutrient source and sink, bio-mass carbon, soil respiration 

and gaseous fluxes 

Source (Lal, 1994) 

Table 2. Predominant soil physical, chemical and biological indicators and associated functions 
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4.2. Chemical indicators and their soil functions 

Of the various indicators, pH is one of the important indicator, which influence some of the 

soil functions. It can provide trends in change in soil health in terms of soil acidification 

(surface and sub surface) (Moody and Aitken, 1997), soil salinization, electrical conductivity, 

exchangeable sodium (soil structural stability) (Rengasamy and Olsson, 1991), limitations to 

root growth, increased incidence of root disease, biological activity, and nutrient availability 

(e.g. P availability at either high pH > 8.5 or low pH < 5; Zn availability at high pH > 8.5) 

(Doran and Parkin, 1996). Soil pH trends also provide changed capacity of the soil for 

pesticide retention and breakdown as well as the mobility of certain pesticides through soil. 

These processes affect soil health on-farm and have effects beyond farm gate (Karlen et al. 

1997). Electrical conductivity is a measure of salt concentration and therefore, its measure 

can provide trends in salinity for both soil and water, limitations to crop growth and water 

infiltration, and along with pH (indicating soil sodicity), it can be a surrogate measure of soil 

structural decline (eg. high pH > 8.5 and low electrical conductivity, < 0.1 dSm-1) 

(Rengasamy and Olsson, 1991).  

It is a well known fact that, the organic matter is fundamental to the maintenance of soil 

health because it is essential to the optimal functioning of a number of processes important 

to sustainable ecosystems. Soil organic matter is a source and sink of carbon and nitrogen 

and partly of phosphorus and sulphur. It affects micronutrient availability through 

complexation, chelation and production of organic acids, thus altering soil pH. Conversely, 

it ties up metals present in toxic amounts (e.g. Cu, As, Hg) (Doran and Parkin, 1996). 

Organic matter is essential for good soil structure especially in low clay content soils, as it 

contributes towards both formation and stabilization of soil aggregates (Dalal and Mayer, 

1986). Other functions include: contribution to low cation exchange capacity, especially in 

low clay content soil, pesticide retention (Kookana et al., 1998), microbial biodiversity, water 

retention in sandy and sandy-loam soils, and provision of carbon sink and source for 

greenhouse gases. Trends in soil organic matter content provide an integrated measure of 

sustainable ecosystem (Karlen et al., 1997). Status of plant available nutrients, for example, 

N, P, S and K indicate the systems sustainable land use, especially, if the nutrient 

concentration and availability are approaching but remain above the critical or threshold 

values. In the long-term, nutrient balance of the system (e.g. Input efficiency =output) is 

essential to sustainability. Thus, available nutrients are indicators of the capacity to support 

crop growth, potential crop yield, grain protein content (Dalal and Mayer, 1986), and 

conversely, excessive amounts may be a potential environmental hazard (e.g. algal biomass).  

4.3. Physical indicators and their soil functions 

The physical indicators of soil health reflect the capacity to accept, store, transmit and 

supply water, oxygen and nutrients within ecosystem. This includes monitoring of soil 

structure through pore size distribution, aggregate stability, saturated hydraulic 

conductivity, infiltration, bulk density, and surface crust. Rooting depth provides a good 

indicator of buffering against water, air and nutrient stress. Soil surface cover can be used as 
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an indicator of soil surface protection against raindrop impact, and hence enhanced 

infiltration, reduced surface crust, and reduced soil erosion and runoff. Soil water 

infiltration measures the rate at which water enters soil surface, and transmitted through the 

immediate soil depth (Arshad et al. 1996). Rainfall is rapidly absorbed by soil with high 

infiltration rate, but as the soil structure deteriorates, usually with the loss of organic matter, 

increase in exchangeable sodium and low electrolyte concentration, infiltration rate of a soil 

becomes low (Rengasamy and Olsson, 1991). This increases the tendency for soil erosion and 

runoff in sloping soils and water logging in flat soils. Unfortunately, current procedures for 

measuring infiltration rates are cumbersome, and subject to large errors. A modified disc 

permeameter could make infiltration rate and hydraulic conductivity a routine procedure 

(Bridge 1997). Soil aggregate stability is a measure of structural stability and refers to the 

resistance of soil aggregates to breakdown by water and mechanical force. Aggregate 

stability is affected by health and quantity of organic matter, types of clays, wetting and 

drying, freezing and thawing, types and amounts of electrolyte, biological activity, cropping 

systems and tillage practices (Arshad et al. 1996). For monitoring trends in soil health, 

sampling procedures for aggregate stability need to be standardized. Bulk density varies 

with the structural condition of the soil. It is altered by cultivation, loss of organic matter 

(Dalal and Mayer, 1986), and compression by animals and agricultural machinery, resulting 

in compact plough layer. It generally increases with depth in the soil profile. In cracking clay 

soils such as Vertisol, it varies with water content (Bridge and Ross, 1984). In Vertisols, bulk 

density should be corrected for soil water content at the time of sampling, and bulk density 

values adjusted at field capacity moisture content assuming three dimensional matrix 

shrinkage.  

Effective soil depth is a good indicator of plant available water capacity, subsoil salinity and 

other root growth constraints in the soil profile. It is not known whether trends can be 

discerned over relatively long periods (Walker and Reuter, 1996; Doran and Parkin, 1996). 

Surface crust retards seed germination and reduces aeration and water entry. It provides an 

indication of soil structure decline (Aggarwal et al. 1994, Bridge, 1997). However, it needs to 

be quantitatively measured or alternatively photographed over time and the extent of area 

quantified. Surface cover by either crop residues or vegetation protects soil surface from 

raindrop impact, enhances infiltration, reduces soil erosion and may decrease runoff 

(Freebairn and Wockner, 1986). The extent of surface cover therefore provides an integrated 

indicator of soil physical management, organic matter input and the effects beyond farm 

gate. It can be measured by satellite imagery (currently expensive), and by combining with 

the terrain and digital elevation mapping, may provide an indicator of erosion hazard. 

However, correct timing of monitoring in relation to cropping and vegetation cycle and 

erosive rainfall periods is essential.  

4.4. Biological indicators and their soil functions  

In the set of biological soil quality indicators, soil microbial biomass and/or respiration, 

potentially mineralizable N, enzyme activity, fatty acid profile or microbial biodiversity, 

nematode communities and earthworm populations are quite predominant. Soil microbial 
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biomass is a labile source and sink of nutrients. It affects nutrient availability as well as 

nutrient cycling and is a good indicator of potential microbial activity (Dalal and Mayer, 

1987) and capacity to degrade pesticides (Perucci and Scarponi, 1994). Although useful as a 

research tool, its cumbersome measurement and variability with short-term environmental 

conditions makes it difficult as a routine soil quality indicator (Sparling, 1997; Dalal, 1998). 

Respiration measurements are also similarly affected. However, respiration rates can be 

measured in the field using portable CO2 analysers. Easily oxidizable N and potentially 

mineralizable N are measured by alkaline-KMnO4 method and aerobic or anaerobic 

incubation respectively. Anaerobic method is considered to be more effective and is 

recommended as routine procedure. Potentially mineralizable N measures soil N supplying 

capacity and is also a surrogate measure of microbial biomass and a labile fraction of soil 

organic matter (Rice et al. 1996). Soil enzyme activity is often closely related to soil organic 

matter, microbial activity and microbial biomass. It is sensitive to change in management 

practice and can readily be measured. Of numerous soil enzymes, dehydrogenase is a 

potential indicator of active soil microbial biomass. However, it is very sensitive to seasonal 

variability. Potentially useful indicators of soil quality could be beta-glucosidase, urease, 

amidase, phosphatase, and aryl-sulphatase and fluorescein diacetate hydrolyzing enzymes. 

Since enzyme activity is operationally defined, it requires strict protocol (Dick et al. 1996). 

Soil fauna (soil meso and macro fauna), including nematode communities, affect soil 

structure, alter patterns of microbial activity and influence soil organic matter dynamics and 

nutrient cycling (Heal et al., 1996), and are sensitive to soil disturbance and contamination. 

Of the soil invertebrates, earthworms and nematodes are the potential indicators of soil 

quality (Pankhurst, 1994; Blair et al. 1996). It has been understood that some of the soil 

indicators do not change immediately and take some time for getting influenced through 

management practices. Hence, for to be more objective in the approach, these indicators 

need to be monitored after a specific intervals only.  

5. Assessment of soil quality- Recent approaches  

Assessment of soil quality is a sensitive and dynamic way to document soils condition, its 

response to management, or its resistance to stress imposed by natural forces or human uses 

(Larson and Pierce, 1991). It is needed to identify problem production areas, make realistic 

estimates of food production, monitor changes in sustainability and environmental quality 

as related to agricultural management, and to assist government agencies in formulating 

and evaluating sustainable agricultural and land-use policies (Granatstein and Bezdicek, 

1992). As stated earlier, soil quality can be assessed by measuring soil attributes or 

properties that serve as soil quality indicators. The changes in these indicators signal the 

changes in soil quality (Brejda and Moorman, 2001). The first step is selecting the 

appropriate soil quality indicators to efficiently and effectively monitor critical soil functions 

as determined by the specific management goals for which an evaluation is being made. 

These indicators together form a minimum data set (MDS) that can be used to determine the 

performance of the critical soil functions associated with each management goal. In order to 

combine the various chemical, physical and biological measurements with totally different 

units, each indicator is then scored using ranges established by the soil’s inherent capability 



 
Soil Quality and Productivity Improvement Under Rainfed Conditions – Indian Perspectives 217 

to set the boundaries and shape of the scoring function. Indicator scoring can be 

accomplished in a variety of ways (e.g. linear or nonlinear, optimum, more is better, more is 

worse) depending upon the function. These unitless values are combined into an overall 

index of soil quality and can be used to compare effects of different practices on similar soils 

or temporal trends on the same soil. Andrews and Carroll (2001) suggested that dynamic 

soil quality assessment could be viewed as one of the components needed to quantify agro 

ecosystem sustainability.  

In order to quantify the effects of the three tillage systems on soil quality and to test the 

sensitivity of various indexing procedures, Hussain et al. (1999) has adopted the soil quality 

framework developed by Harris et al. (1996). The overall soil quality index was computed 

using the equation, index = f (y nutrient + y water + y rooting) where y = weighting factor for 

each function. To complete the evaluation, they regressed the six overall soil quality indices 

and the individual function ratings against the dependent variable (erosion, yield, and plant 

populations). While, Andrews and Caroll (2001) and Andrews et al. (2002a and b) have 

described comprehensively another approach of soil quality assessment ‘a comparative 

assessment technique’ The three predominant steps adopted under this technique were i) 

selection of a minimum data set (MDS) of indicators that best represent soil function, ii) 

scoring of the MDS indicators based on their performance of soil functions, and iii) 

corroboration of the MDS indicators with functional goals set by the land manager or 

grower and iv) integration of the indicator score into a comparative index of soil quality. 

This method is being used widely in recent soil quality assessment studies (Hazra et al., 

2004; Mandal, 2005; Sharma et al., 2005, 2008, Chaudhury et al., 2005, Masto et al., 2007). 

Sharma et al. (2004) has reviewed and given a brief account of various methods of 

assessment of soil quality such as: i) simple assessment of soil properties using quick soil 

test kits and to observe the changes occurred as a result of management practices, ii) issuing 

of soil health cards to the farmers and to advise them to observe the changes in the visible 

soil and crop indicators and go on recording them periodically, iii) deviation from the 

normal: computation of percent deviations in soil attributes with reference to control 

situation and to assign the score using score functions, iv) key indicator approach: 

identification of key indicators using functional goals and computation of soil quality index, 

and v) use of critical levels of indicators: identification of critical levels of indicators and 

assigning the rank and computation of Cumulative Rating Index (CRI). 

According to Masto et al. (2007), the success and usefulness of a soil quality index mainly 

depends on setting the appropriate critical limits for individual soil properties. They stated 

that the optimum values of soil quality could be obtained from the soils of undisturbed 

ecosystems (Warkentin, 1996; Arshad and Martin, 2002), where soil functioning is at its 

maximum potential to provide critical values. They fixed the thresholds for each soil quality 

indicator based on the range of values measured in natural ecosystems or in best–managed 

systems and on critical values available in the literature. After finalizing the thresholds, they 

transformed the soil property values recorded into unitless scores (between 0 and 1), using 

the equation: 

Non-linear score (Y) = 1/1+e-b(x-A) 
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Where x is the soil property value, A the baseline or value of the soil property where the 

score equals 0.5 and b is the slope. Using the equation, they generated three types of 

standardized scoring functions as i) ‘More is better’, ii) ‘Less is better’ and iii) ‘Optimum’ as 

defined in earlier studies (Karlen and Stott, 1994; Hussian et al., 1999; Glover et al., 2000). For 

positive slopes, the equation defined a ‘More is better’ scoring curve; for negative slopes, a 

‘Less is better’ curve; and for the combination of both, an ‘Optimum’ curve has been 

defined. They converted the numerical values for each soil quality indicator into unitless 

scores ranging from 0 to 1. The score for each indicator was calculated after establishing 

lower threshold limits, baseline values and upper threshold limits. Threshold values are soil 

property values where the score equals one (upper threshold) when the measured soil 

property is at most favorable level; or equals zero (lower threshold) when the soil property 

is at an unacceptable level. Baseline values are soil property values where the scoring 

function equals 0.5 and equal the midpoints between threshold soil property values. 

Baselines are generally regarded as minimum target values. In their study, to determine soil 

quality, they used the model primarily described by Karlen et al. (1994) with some 

modification, which is given as follows: 

Soil quality index (SQI) =qwe(wt) + qwms (wt) + qrsd (wt) + qrbd (wt) + qpns (wt) + qscp(wt) 

Where qwe is the rating for the soil’s ability to accommodate water entry, qwms to facilitate 

water movement and storage, qrsd to resist surface degradation, qrbd to resist biochemical 

degradation, qpns to supply plant nutrients, qscp to sustain crop productivity and wt is a 

numerical weighting for each soil function. These were set according to the function’s 

importance in fulfilling the overall goal of maintaining soil quality.  

With the progressive development in the methodology of soil quality assessment, many new 

tools of soil quality assessment viz., Soil Conditioning Index (SCI), Soil Management 

Assessment Framework (SMAF), the Agroecosystem Performance Assessment Tool 

(AEPAT) and the New Cornell “Soil Health Assessment” have been recently reported. Out 

of these, SMAF and AEPAT were developed as malleable tools for assessing soil response to 

management. Weinhold et al. (2008) brought out that some of these tools can be highly 

useful for assessing soil quality at watershed scale. Hence, these approaches could be of 

importance for assessing soil quality under watershed development programme in India.  

6. Effects of management practices on soil quality, productivity and 

sustainability – Recent reports  

During the past, most of the research studies pertaining to soil quality and sustainability in 

India was centering around soil testing for only essential plant nutrients, crop response to 

fertilizer, manures, conjunctive use of fertilizers and organic sources of nutrient on medium 

and long term basis , computation of optimum levels of fertilizers and manures for 

recommendation, use of soil amendments to correct acidity, alkalinity, water logging and 

drainage, protection of top soil through effective soil and water conservation measures etc . 

Progressively, the research focus shifted with All India Coordinated Projects, where 

researchers started observing the long term influence of soil and nutrient management 
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treatments on soil parameters through systematic analysis. Many useful results emerged 

from these studies. Somehow, the prime research focus remained on soil fertility or chemical 

soil quality indicators except in case of program such as soil structure improvement 

programs, organic waste recycling, biological nitrogen fixation and few others. In the 

process of soil quality monitoring, all the three pillars of soil quality (Physical, Chemical and 

Biological) did not get holistic deal. With advancement in the concept of research on soil 

quality and sustainability across the world, a paradigm shift in the thinking processes and 

research programs has come in India also. There are several reports describing the influence 

of soil and nutrient management treatments such as tillage, residue recycling, application of 

organic manures, green manuring and integrated use of organic and inorganic sources of 

nutrients on soil quality. The salient findings of some of the recently conducted studies on 

soil quality in India and abroad are presented in this section. 

Manna et al. (2005) studied the potential impact of continuous cultivation of crops in 

rotation, and fertilizer and manure application on yield trends and predominant soil quality 

parameters in rice–wheat–jute, soybean–wheat and sorghum–wheat system at Barrackpore 

(Typic Eutrochrept), Ranchi (Typic Haplustalf) and Akola (Typic Haplustert), respectively 

In this study, the negative yield trend was observed in unbalanced use of inorganic N and 

NP application at all the three sites. The positive yield trend was observed in the NPK and 

NPK + FYM treatments at Ranchi and Akola. Results showed that the SOC in the 

unfertilized plot (control) decreased by 41.5, 24.5, and 15.5% compared to initial values at 

Barrackpore, Ranchi and Akola, respectively, wherein the treatment receiving NPK and 

NPK + FYM either maintained or improved it over initial SOC content in these sites 

reported. In a critical study, Mandal et al. (2007) observed that crop species and cropping 

systems that are cultivated may also play an important role in maintaining SOC stock 

because both quantity and quality of their residues that are returned to the soils vary greatly 

affecting their turnover or residence time in soil and thus its quality. Further, they reported 

that conjunctive use of organic and inorganic source of nutrients make significant 

contribution of carbon inputs to soil.  

The impact of land configuration in combination with nutrient management treatments was 

studied by Selvaraju et al. (1999) in rainfed Alfisols. From this study, it was observed that 

tied ridging and application of FYM in combination with inorganic N and P fertilizer can 

increase the soil water storage and yield of crops compared to traditional flat bed 

cultivation. Mohanty et al. (2007) recorded that soil quality in rice-wheat cropping system is 

governed primarily by the tillage practices used to fulfill the contrasting soil physical and 

hydrological requirements of the two crops. and observed that Soil Quality Index (SQI) 

values of 0.84 to 0.92, 0.88 to 0.93 and 0.86 to 0.92 were found optimum for rice, wheat and 

the combined system (rice + wheat), respectively. Kusuma (2008) has established the 

quantitative relationship between Relative Soil Quality Indices (RSQI) and functional goal 

such as long term average yields and Sustainability Yield Indices (SYI) of sorghum and 

mungbean system (Fig 1). The simultaneous contribution of the key indicators towards 

functional goals has also been studied under sorghum - castor system in rainfed Alfisol 

using multiple regression functions (Table 3). These relationships help in predicting the crop 

yield from a given value of RSQI and quantitative contribution of indicators towards long-
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term crop yields and SYI. While working with biological soil health, Ghoshal (2004) proved 

that different biological indicators contributed differently towards explaining biological soil 

health for different cropping systems. 

 

Figure 1. Relationships between functional goals and relative soil quality indices 

 

SNo Parameter Equation R R2 Level of 

significance 

1 Castor average 

yield 

-1527.7 + 5.69 (N)** + 16.25 (S) + 1.83 

(K)** -2.26 (MBC)** + 252.0 (HC)**

0.712 0.507 P= 0.01 

2 Sorghum 

average yield

-1466.62 + 6.69 (N)** +1.20 (K) +22.96 (S) 

+ - 0.330 (MBC) + 209.1 (HC)**

0.648 0.420 P= 0.01 

3 Sustainability 

Yield Index

-0.598 +0.003 (N)** + 0.0006 (K) + 0.0137 

(S)** - 0.0006 (MBC) + 0.096 (HC)**

0.641 0.411 P= 0.01 

4 Organic matter - 0.324 -0.0002 (N) + 0.001(K)** + 0.0052 

(S) +0.00596 (MBC)** + 0.0077 (HC)

0.812 0.659 P= 0.01 

Source: Kusuma (2008) 

Table 3. Relationship of key soil quality indicators with functional goal in sorghum –castor system in 

rainfed Alfisol 

Through a collaborative study with a number of centres and involving a large number of 

long-term experiments under various agro-climatic zones, Mandal (2005) identified a few 

master variables and their relative contributions towards soil quality index calculated for 

different cropping systems and soil types (Table 4). Sharma et al., (2008), in a long term 

study conducted in rainfed Alfisol, on integrated nutrient management under reduced and 
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conventional tillage in sorghum – mungbean system reported that irrespective of 

conventional and reduced tillage, the sole organic treatments out-performed in aggrading 

the soil quality to the extent of 31.8 % over control whereas, the conjunctive nutrient use 

treatments aggraded the soil quality by 24.2 to 27.2 %, and the sole inorganic treatment 

could aggrade only to the extent of 18.2 % over unamended control. The extent of percent 

contribution of the key indicators towards soil quality index (SQI) as presented in Fig 2 was: 

microbial biomass carbon (MBC) (28.5%), available nitrogen (28.6%), DTPA- Zn (25.3%), 

DTPA- Cu (8.6%), HC (6.1%) and MWD (2.9%). Conjunctive use of organic and inorganic 

sources of nutrients also proved effective in realizing significantly higher grain yields and 

sustainability of both sorghum and mungbean crops (Sharma et al., 2009). The predominant 

soil quality indicators identified for Vertisols under cotton + green gram system were: pH, 

electrical conductivity (EC), organic carbon (OC), available K, exchangeable magnesium 

(Mg), dehydrogenase assay (DHA), and microbial biomass carbon (MBC). The soil quality 

indices as influenced by different long-term soil and nutrient-management treatments in 

this study varied from 1.46 to 2.10. Among the treatments, the conjunctive use of 25 kg P2O5 

ha-1 + 50 kg N ha−1 through leuceana green biomass maintained significantly higher soil 

quality index with a value of 2.10 followed by use of 25 kg N +25 kg P2O5 + 25 kg N ha−1 

through FYM (T5) (2.01) (Sharma et al 2011). In a review on effects of tillage, Ishaq et al. 

(2002) reported that tillage affects soils physical, chemical and biological properties. Tillage-

induced changes in these properties depend on antecedent soil properties, type of tillage, 

and climate. A proper tillage can alleviate soil related constraints while improper tillage 

leads to a range of degradative processes, e.g., decline in soil structure, accelerated erosion, 

depletion of soil organic matter (SOM) and fertility and disruption in cycles of water, 

organic carbon and plant nutrients (Lal, 1993).  

 

Location Soil 

classification 

/textural type

Croppin

g 

system 

Indicators 

identified 

Indicator’s contributions towards SQI 

> 25% 15-25% < 15% 

Varanasi Typic 

Haplustept/ 

Sandy loam 

Rice –

Lentil 

Available P and 

organic C 

- Available P Organic C 

Barrack-

pore 

Eutrochrept/ 

Sandy loam 

Jute –

Rice – 

Wheat 

Mean weight 

diameter 

Available P, 

Microbial 

biomass C, and 

organic C 

Mean 

weight 

diameter, 

Available P

Microbial 

biomass C 

Organic C 

Mohanpur Aeric 

Haplaquept/ 

Sandy loam 

Rice –

Wheat 

Alkaline 

phosphatase, 

organic C, 

mineralizable N 

Alkaline 

phosphatas

e 

Organic C Minerali-

zable N 

Source: Mandal, 2005 

Table 4. Soil quality indicators identified for different soil types and cropping systems and their 

contributions towards soil quality index (SQI) 
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Figure 2. Per cent contribution of different soil quality indicators towards relative soil quality index 

(RSQI) in Alfisol 

According to Ghuman and Sur (2001), reduced tillage in conjunction with crop residue 

improves soil properties and subsequent wheat yield on sandy-loam soils in the subtropical 

climate of northwestern Punjab. Roldan et al. (2005) observed that conservation tillage 

systems, in particular no-tillage, increased crop residue accumulation on the soil surface. 

Soil electrical conductivity and pH were not affected by the tillage practices. The no-tilled 

soil had higher values of water soluble C, dehydrogenase, urease, protease, phosphatase 

and β-glucosidase activities and aggregate stability than tilled soils, but had lower values 

than the soil under native vegetation. The enzyme activity and aggregate stability showed 

higher sensitivity to soil management practices than did physical–chemical properties. They 

finally concluded that no tillage system was the most effective for improving soil physical 

and biochemical qualities. 

Beside conservation tillage, positive effect of other soil and nutrient management practices 

such as green manuring, integrated nutrient management practices, manure application, 

crop residue recycling, legume based crop rotations, balanced fertilization etc have been 

observed on predominant soil quality indicator, overall soil quality indices and 

Sustainability Yield Indices of crops. Sharma et al., (2005) reported that organic carbon in the 

soil was significantly influenced by long term application of crop residues such as sorghum 

stover and gliricidia @ 2 tons ha-1 under minimum and conventional tillages in sorghum-

castor rotation in rainfed Alfisols. Further, they reported that increase in nitrogen levels 

from 0 to 90 kg N ha-1 also helped in significantly improving the organic carbon status in 

these soils over a period of 8 years. From these studies, they concluded that continuous 

application of organic residues is inevitable to see the significant effect on organic carbon 

status in soils. Green manuring, which is considered as one of the important practice for 

improving soil fertility and soil health, is the process of turning a crop into the soil, whether 
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originally intended or not, irrespective of its state of maturity, for the purpose of affecting 

some agronomic improvement (Mac Rae and Mehuys, 1985). This practice has been found to 

increase soil N and P availability for the following crop and at the same time, contribute to 

the conservation of soil organic matter and soil biological, physical and chemical properties 

(Astier et al., 2006). While studying the management of residues in cropping systems, Smith 

and Elliot (1990) and Rasmussen and Collins (1991) emphasized the importance of residue 

application in conserving soil and water and thus ensuring sustainable production, 

especially in the semi-arid regions where soil and water conservation are of utmost 

importance. Prasad and Power (1991) emphasized that no one-residue management practice 

is superior under all conditions. It is important, therefore, to establish under local conditions 

the beneficial and detrimental consequences associated with a residue management practice 

before it is propagated among farmers for implementation. It was reported that the 

application of manure as amendment proved quite effective in improving the soil nutrient 

status and increasing soil organic C (SOC) levels (Rochette and Gregorich, 1998). The 

conjunctive use of urea and organics such as loppings of leuceana and gliricidia (1:1 ratios 

on N equivalent basis) had considerable effects on raising the sorghum grain yield to the 

levels of 16.9 and 17.2 q ha-1 respectively and thus revealed that a minimum of 50 % N 

requirement of sorghum can be easily met from farm based organic sources of nutrients 

(Sharma et al., (2002). Based on a long term study conducted in rainfed Alfisol soils prone to 

hardsetting and crusting, it was observed that integrated nutrient management treatments. 

viz. , 2t gliricidia loppings + 20 kg N and 4 t compost + 20 kg N were found to be most 

effective in increasing the sorghum grain yield by 84.62 and 77.7 percent over control. 

However, the highest amount of organic carbon content (0.74%) was recorded in 100 % 

organic treatment (4 t compost + 2 t gliricidia loppings). Some of these options of managing 

nutrients by using farm based organics can save expenditure on fertilizer and help in 

improving organic C in soil (Sharma et al., 2004). 

Chaudhury et al. (2005) in a study of identifying several biological, chemical, and physical 

indicators of soil quality concluded that the highest SQI was found in 100% NPK+FYM 

treatment followed by 100% NPK, 100% NP, 100% N, and control treatment, respectively. A 

collaborative study coordinated by Mandal (2005) indicated that cultivation without any 

fertilization (control) or only with N caused a net degradation of soil quality. Cultivation 

even with application of balanced NPK could hardly maintain such quality at the level 

where no cultivation was practiced. Only integrated use of organic and inorganic sources of 

nutrients could aggrade the system (Table 5). Manna et al. (2007) compared the fertilizer 

treatments in a long-term study for 30 Years in Alfisol (Typic Haplustalf) Ranchi, India. 

They reported that yield increased with time for NPK +FYM and NPK + lime treatments in 

wheat. Biological soil health indicators such as Soil Microbial Biomass Carbon (SMBC), 

nitrogen (SMBN) and acid hydrolysable carbohydrates (HCH) were greater in NPK + FYM 

and NPK + lime as compared to other treatments. Findings of this study suggested that 

continuous use of NPK + FYM or NPK + lime would sustain yield in a soybean – wheat 

system without deteriorating soil quality. Soil degradation occurs due to nutrient depletion, 

soil structure degradation, acidification and sub–optimal addition of organic and inorganic 

fertilizer to soil. Masto et al. (2007) quantified the effects of 10 fertilizer and farm yard 



 
Resource Management for Sustainable Agriculture 224 

manure (FYM) treatments applied for 31 years to a rotation that included maize, pearl 

millet, wheat and cowpea on an Inceptisol in India. A soil quality index (SQI) based on six 

soil functions was derived for each treatment using bulk density, water retention, pH, 

electrical conductivity (EC), plant-available nutrients, soil organic matter (SOM), microbial 

biomass, soil enzymes and crop yield. SQI ratings ranged from 0.552 (unfertilized control) to 

0.838 for the combined NPK fertilizer plus manure treatment.  

 

Treatment / 

Cropping system 

Rice - wheat Rice - Lentil Jute-Rice-

Wheat 

Control - 56.0 - 8.0 - 49.0 

N only - - 11.7 - 35.0 

NPK only -10.8 -9.7 19.0 

NPK+FYM 18.7 8.6 45.1 

Source: Mandal, 2005 

Table 5. Soil quality change (as % over fallow) under different nutrient management practices and 

cropping systems 

Soil quality indices have been used to compare tillage practices, organic and conventional 

vegetable production systems, litter management practices, and spatially large regions 

Plains, Hills, and several other practices (Andrews et al., 2003). These varied uses suggest 

that SQ indices may be applicable not only to different soil types but also to multiple regions 

and management systems. The impact of long term soil and nutrient management 

treatments on soil quality using 19 soil chemical , physical and biological indicators has been 

assessed by Sharma (2009 a, b) at All India Coordinated Research Project Centers spread 

across the country and reported that conjunctive nutrient use as well as sole organic nutrient 

treatments found superior to 100 % inorganic nutrient application. Further, he has also 

suggested the set of key soil quality indicators for each location depending upon the soil 

type and cropping system. Mandal et al. (2001) worked out a crop specific land quality index 

(LQI) for sorghum [Sorghum bicolor (L.) Moench] under semiarid tropics of India. The 

method developed as LQI is a function of climatic quality index (CQI) and soil quality index 

(SQI). The LQI was correlated with the actual sorghum yield obtained from benchmarks 

soils and it was found that LQI bears good agreement with the yield. Doran and Parkin 

(1994) described a performance based index of soil quality that could be used to provide an 

evaluation of soil function with regard to the major issues of (i) sustainable production, (ii) 

environmental quality, and (iii) human and animal health. They proposed a soil quality 

index consisting of six elements: SQ = f (SQE1, SQE2, SQE3, SQE4, SQE5, SQE6); Where 

SQET is the food and fibre production, SQE2 the erosivity, SQE3 the ground water quality, 

SQE4 the surface water quality, SQE5 the air quality, and SQE6 is the food quality. Awasthi 

et al. (2005) computed integrated soil quality indices in four dominant land uses [forest, 

upland maize and millet (Bari), irrigated rice (Khet), and grazed systems). Integrated soil 

quality index (SQI) values varied from 0.17 to 0.69 for different land uses, being highest for 

undisturbed forest and lowest for irrigated rice. The SQI demonstrated the degradation 
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status of land uses in the following ascending order: irrigated rice > grazed system > forest 

with free grazing > upland maize and millet > managed forest > grass land > undisturbed 

forest. The irrigated rice, grazed system, upland maize and millet, and freely grazed 

forestlands need immediate attention to minimize further deterioration of soil quality in 

these land uses. From the information presented in this section, it is evident that (i) effective 

soil and nutrient management practices can help in a long to improve soil quality indicators 

and overall indices of soil quality and crop yield sustainability. Hence soil management 

practices assume great importance in improving soil quality and sustainability. 

7. Effective steps for improving soil quality, productivity and 

sustainability with emphasizes in rainfed areas  

The following steps are suggested for effective land care and soil quality improvement for 

higher productivity and sustainability in rainfed areas.  

7.1. Controlling soil erosion through effective soil and water conservation (SWC) 

measures 

It is well accepted connotation that ‘Prevention is better than cure’. In order to protect the 

top soil, organic mater content contained in it and associated essential nutrients, it is of 

prime importance that there should be no migration of soil and water out of a given field. If 

this is controlled, the biggest robbery of clay-organic matter -nutrients is checked. This can 

be easily achieved, if the existing technology on soil and water conservation is appropriately 

applied on an extensive scale. The cost for in-situ and ex-situ practices of SWC has been the 

biggest concern in the past. There is a need to launch ‘Land and Soil Resource Awareness 

Program’ (LSRAP) at national level to educate the farming community using all possible 

communication techniques. It is desirable to introduce the importance of soil resource and 

its care in the text books at school and college levels. The subject at present is dealt 

apparently along with geography. Farming communities too need to be made aware about 

soil, its erosion, degradation, benefits and losses occurred due to poor soil quality. This can 

be done through various action learning tools which explain the processes of soil 

degradation in a simple and understandable manner  

7.2. Rejuvenation and reorientation of soil testing program in the country 

About more than 600 Soil testing labs situated in the country need to be reoriented, 

restructured and need to be given fresh mandate of assessing the soil quality in its totality 

including chemical, physical, biological soil quality indicators and water quality. The testing 

needs to be on intensive scale and recommendations are required to be made on individual 

farm history basis. Special focus is required on site specific nutrient management (SSNM). 

Soil Health Card (SHC) system needs to be introduced. Soil fertility maps of intensive scale 

need to be prepared. District soil testing labs need to be renamed as ‘District Soil Care Labs’ 

and required to be well equipped with good equipments and qualified manpower for 
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assessing important soil quality indicators including micronutrients. Fertilizer application 

needs to be based on soil tests and nutrient removal pattern of the cropping system in a site 

specific manner. This will help in correcting the deficiency of limiting nutrients. Keeping in 

mind the sluggish and inefficient activities of regional soil testing labs of the states, private 

sector can also be encouraged to take up Soil Care Programs with a reasonable costs using a 

analogy of ‘Soil Clinics for Diagnosis and Recommendation’ (SCDR).  

7.3. Promotion of agricultural management practices which enhance soil organic 

matter 

Enhancing organic matter in soils in semi-arid tropics and tropics is indomitable task. 

However regular additions of organics without hastening their decomposition process can 

provide some relief. Management practices such as application of organic manures 

(composts, FYM, vermi-composts), legume crop based green manuring, tree-leaf based 

green manuring, crop residue recycling, sheep-goat penning, organic farming, conservation 

tillage, inclusion of legumes in crop rotation need to be encouraged (Sharma et al., 2002, 

2004). Similar to inorganic fertilizer, provision for incentives for organic manures including 

green manuring can also be made so that growers should be motivated to take up these 

practices as inbuilt components of integrated nutrient management (INM) system.  

7.4. Development and promotion of other bio-resources for enhancing microbial 

diversity and ensuring their availability 

In addition to organic manures, there is a huge potential to develop and promote bio-

fertilizers and bio-pesticides in large scale. These can play an important role in enhancement 

of soil fertility and soil biological health. Use of toxic plant protection chemical can also be 

reduced. In addition to this, there is a need to focus on advance research for enhancing 

microbial diversity by identifying suitable gene pools.  

7.5. Ensuring availability of balanced multi-nutrient fertilizers 

Fertilizer companies need to produce multi-nutrient fertilizers containing nutrients in a 

balanced proportion so that illiterate farmers can use these fertilizers without much hassle.  

7.6. Enhancing the input use efficiency through precision farming 

The present level of use efficiency of fertilizer nutrients, chemicals, water and other inputs is 

not very satisfactory. Hence, costly inputs go waste to a greater extent and result in 

monetary loss and environmental (soil and water) pollution. More focus is required to 

improve input use efficiency. The components required to be focused could be suitable 

machinery and other precision tools for placement of fertilizers, seeds and other chemicals 

in appropriate soil moisture zone so that losses could be minimized and efficiency could be 

increased. This aspect has a great scope in rainfed agriculture. This will also help in 

increasing water use efficiency (WUE) too.  
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7.7. Amelioration of problematic soils using suitable amendments and 

improving their quality to a desired level 

History has a record that poor soil quality or degraded soils have taken toll of even great 

civilizations. No country can afford to let its soils be remaining degraded by virtue of water 

logging, salinization, alkalinity, erosion etc. Lots of efforts have already gone into the 

research process in relation to soil amendments. There is a need to ameliorate the soils at 

extensive scale on regular basis. No matter, how much it costs. Soil amelioration programs 

should be national programs linked with ‘state agricultural departments’  

7.8. Land cover management 

The concept of land cover management is still ridiculed at some quarters in India may be 

because of lack of understanding. The lessons of United States Department of Agriculture 

(USDA) regarding soil erosion due to wind and water during dusty storms and torrential 

rains are adequate to understand the concept of land cover management. Covering the land 

with cover crops such as legumes , natural and pasture grasses, mulches with separable crop 

residues will help in protecting the land from the direct hits of high energy raindrops, ill 

effects of extreme temperatures during summer and winter, reduction in evaporation, 

enhanced biological activity due to congenial soil habitat conditions, higher C sequestration 

etc. Hence, this concept needs to be propagated extensively among the farming community.  

7.9. Need for organized functional statutory bodies at Centre and in the States on 

Land Care and Soil Resource Health 

State Soil and Water Conservation departments restrict their activities only up to 

construction of small check dams, plugging of gullies etc in common lands. State Soil testing 

labs are almost sluggish in action, poorly equipped and are with under-qualified manpower. 

Mostly, no tests are done except for Organic C, P and K. State agricultural universities (SAU) 

only adopt few villages, and consequently, no extensive testing of soil health is done. ICAR 

institutions also take up few watersheds covering few villages. Then, there will be no one to 

work for Land Care and Soil Health program at large scale. Hence, organized functional 

statutory bodies at Centre and in the States on Land Care and Soil Resource Health are 

necessary to effectively coordinate the Land Care and Soil Health Restoration and 

maintenance programs . It is beyond the capacity of research organizations to take up such 

giant and extensive task in addition to their regular research mandates. Some of the 

activities of land care can be linked with National Rural Employment Guarantee Program.  

7.10. More intensive research on soil quality  

There is a need for developing critical levels of some of the soil quality indicators for which 

this information is not available for Indian condition. Research experiments should be 

planned keeping in view three aspects viz. soil quality restoration, improvement and 

maintenance. The subject of soil resilience is still not explored much world over. Systematic 
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research is needed to study soil resilience for diversity of edaphic, climatic and management 

conditions. Conservation agricultural practices such as conservation tillage, residue 

recycling, land cover management, appropriate crop rotations have shown the proven 

benefit to improve soil quality across the world. The quantum of impact may vary 

depending upon the variations in soil, climate, duration of the practice and level of overall 

management of the farms. It would be relevant to study soil quality, resilience and 

sustainability quantitatively under long term restorative management practices in different 

crop growing environments. There is a need to develop Soil health Cards covering 

important visible and easily understandable indicators so that even illiterate farmers should 

be able to use them periodically  
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1. Introduction 

Soil is a fundamental natural resource on which civilization depends. Agricultural 

production is directly related to quality of soil. In view of the rapidly expanding global 

population and its pressure on the finite amount of land available for agricultural 

production; maintaining soil quality is essential not only for agricultural sustainability, but 

also for environmental protection. Maintenance of soil quality would reduce the problems of 

land degradation, decreasing soil fertility and rapidly declining production levels that occur 

in many parts of the world which lack the basic principles of good farming practices. 

Intensification of agricultural production has been an important factor influencing GHG 

emission and affecting the water balance. Currently, agriculture accounts for approximately 

13% of total global anthropogenic emissions and is responsible for about 47% of total 

anthropogenic emissions of methane (CH4) and 58% nitrous oxide (N2O). 

Soil tillage is one of the very important factors in agriculture that would affect soil physical 

properties and yield (Keshavarzpour and Rashidi, 2008). Among different operations, the 

soil tillage is considered one of the most important practices in agricultural production due 

to its influence on physical, chemical, and biological properties of the soil environment. The 

tillage would aim to create a soil environment favorable to the plant growth (Klute, 1982). 

Among different crop production factors, tillage contributes up to 20% (Khurshid et al., 

2006). According to Lal (1979a, 1983), it is defined as physical, chemical or biological soil 

manipulation to optimize the conditions for germination, seedling establishment and crop 

growth. According to Antapa and Angen (1990), tillage is any operation or practice carried 

out to prepare the soil surface for the purpose of crop production. Ahn and Hintze (1990) 

state that tillage is nothing but physical loosening of the soil by a range of cultivation 

operations which could be either manually or mechanized. In the past, the soil tillage has 

been associated with an increased fertility, which originated from the mineralization of soil 

© 2012 Abrol and Sharma, licensee InTech. This is a paper distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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nutrients as a consequence of tillage operations. In the long term, this process would lead to 

a reduction of soil organic matter. Therefore, most soils degrade under prolonged intensive 

arable agriculture. This structural degradation of the soils would result in the formation of 

crusts and compaction and further would lead to soil erosion. Acharya and Sharma (1994) 

and Pagliai et al., (1995) reported that the structure of Ap horizon is largely influenced by 

the soil tillage system and the implements used for tillage operations. Soil tillage has a major 

influence on the water intake, storage, evaporation and absorption of water from the soil by 

plant roots, biological activity, and organic matter break down, which influence the soil 

aeration, soil moisture and soil temperature (Kathirval et al., 1992). Kovac and Zak (1999) 

found that the changes in soil physical properties were influenced by different tillage 

treatments but the changes were small and insignificant. Some authors pointed out that the 

tillage treatments affected the soil physical properties, especially, when the same tillage 

system has been practiced for a longer time (Jordhal and Karlen, 1993; Mielke Wilhelm, 

1998). The proper use of tillage could improve soil related constrains, while an improper 

tillage would cause destruction of the soil structure, accelerated erosion, depletion of 

organic matter and fertility, and disruption in cycles of water, organic carbon and plant 

nutrients (Lal, 1993). Appropriate tillage practices are those that would avoid the 

degradation of soil properties but would maintain crop productivity as well as ecosystem 

stability (Lal, 1981b, c, 1982, 1984b, 1985a; Greenland, 1981).  

Conventional soil management practices resulted in losses of soil, water and nutrients in the 

field, and degraded the soil with low organic matter content and a fragile physical structure, 

which in turn led to low crop yield, low water and fertilizer use efficiency. Conventional 

tillage overturns the soil layer, which breaks the structure of soil and as a result, decreases 

the permeability of soil (Kribaa et al., 2001). Annual disturbance and pulverizing caused by 

the conventional tillage produced a finer and loose soil structure as compared to 

conservation and no-tillage method which would leave the soil intact (Rashidi and 

Keshavarzpour, 2007). This difference results in a change of number, shape, continuity and 

size distribution of the pores network, which would control the ability of a soil to store and 

transmit air, water and agricultural chemicals. This in turn would control erosion, runoff 

and crop performance (Khan et al., 2001). 

According to the Conservation Technology Information Center in West Lafayette, Indiana, 

USA, conservation tillage could be defined as "any tillage or planting system in which at 

least 30% of the soil surface is covered by plant residue after planting to reduce the erosion 

by water; or where.;p soil erosion by wind is the primary concern, with at least 1120 kg ha-1 

flat small grain residue on the surface during the critical wind erosion period." No tillage, 

minimum tillage, reduced tillage and mulch tillage are terms synonymous with 

conservation tillage as observed by Willis and Amemiya, (1973); Lal (1973, 1974, 1976b); 

Phillips et al., (1980); Greenland (1981); Unger et al., (1988); Antapa and Angen (1990); 

Opara-Nadi (1990); Ahn and Hintze (1990).In recent years, interest in conservation tillage 

systems has increased in response to the need to limit the erosion and promote water 

conservation (Hulugalle et al., 1986; Unger et al., 1988). Conservation tillage provides the 

best opportunity for halting degradation, restoring and improving soil productivity (Lal, 
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1983; Parr et al., 1990). It has the potential to aggrade the soil quality and reduce the soil loss 

by providing protective crop residue on soil surface and improving water conservation by 

decreasing evaporation losses (Carter, 1991).Conservation tillage leads to positive changes 

in the physical, chemical and biological properties of a soil (Bescanca et al., 2006). The effect 

of conservation tillage was to reduce the volume fraction of large pores and to increase the 

volume fraction of small pores relative to the conventional tillage (Bhattacharya et al., 2008). 

Soil organic matter was increased because of straw recycling, which can increase soil 

porosity (Lal et al., 1980 and Blanco et al., 2007). Many soil-surface modifications would 

influence the components in the WUE equation viz. manipulation of the soil surface by 

tillage and surface residue management or mulching, can increase soil water retention 

capacity, improve the ability of roots to extract more water from the soil profile, or decrease 

leaching losses (Hatfield et al., 2001). Soil physical properties that are influenced by 

conservation tillage include bulk density, infiltration and water retention (Osunbitan et al., 

2005). The improved infiltration of rainwater into the soil increases water availability to 

plants reduces surface runoff and improves the groundwater recharge (Lipiec et al., 

2005).Many studies showed that under edapho-climatic conditions, conservation tillage can 

lead to improvements in the water storage in the soil profile (Pelegrín et al., 1990; Moreno et 

al., 1997, 2001). Therefore, currently there is a significant interest and emphasis on the shift 

to the conservation tillage methods for the purpose of controlling erosion process (Iqbal et 

al., 2005). Under these conditions, improvements were also obtained in the crop 

development and yield, especially in dry years (Pelegrín, 1990; Murillo, 1998, 2001; Du 

Preez, 2001). Under arid or semi-arid climatic conditions, high temperatures limit the 

accumulation of organic carbon at the soil surface (Franzluebbers, 2002a, 2002b; Mrabet, 

2002). 

World soils, an important pool of active C, play a major role in the global C cycle and 

contribute to changes in the concentration of GHGs in the atmosphere (Lal et al., 1998). 

Intensive agriculture is believed to cause some environmental problems, especially related 

to water use, water contamination, soil erosion and greenhouse effect (Houghton et al., 1999; 

Schlesinger, 1985; Davidson and Ackerman, 1993). Minimizing the increase in ambient CO2 

concentration through soil C management, reduces the production of GHGs and minimizes 

potential for climate change. In fact, agricultural practices have the potential to store more C 

in the soil than agriculture releases through land use change and fossil fuel combustion (Lal 

et al., 1998). 

Improved soil and crop management practices, such as reduced tillage and increased 

cropping intensity, however, would increase SOC as compared to conventional practices 

(Halvorson et al., 2002a; Sherrod et al., 2003; Sainju et al., 2007). Many studies have reported 

that implementation of minimum tillage has occasionally caused yield losses, especially in 

the no tillage method (Rao, 1996; Kirkegaard et al., 1995; Silgram and Shepherd, 1999). As 

Warkentin (2001) pointed out, the global experience with minimum tillage, or direct drilling, 

results in equal and even slightly smaller, harvests than traditional tillage (by using 

mouldboard plough). Since the late sixties, many studies of the effects of conservation tillage 

systems on soil properties and crop yield have been conducted in many parts of the world. 
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A complete review is beyond the scope of this presentation. The objective of this study is to 

give an overview of the early studies on conservation tillage systems, discuss some results 

from present-day studies and outline research needs and goals for the future aimed at 

enhancing and sustaining the crop production through conservation tillage systems. 

2. Agriculture’s contribution to greenhouse gas emissions 

Agricultural eco-systems represent an estimated 11% of the earth’s land surface and include 

some of the most productive and carbon-rich soils. As a result, they play a significant role in 

the storage and release of C within the terrestrial carbon cycle (Lal et al., 1995). The primary 

sources of greenhouse gases in agriculture are the production of nitrogen based fertilizers; the 

combustion of fossil fuels; and waste management (Fig. 1). Livestock enteric fermentation or 

the fermentation that takes place in the digestive systems of the ruminant animals, results in 

methane emissions. The major considerations of the soil C balance and the emission of 

greenhouse gases from the soil are: potential increase of CO2 emissions from soil contributing 

to the increase of the greenhouse effect, the potential increase in other gas emissions (e.g., N2O 

and CH4) from soil as a consequence of land management practices and fertilizer use, and the 

potential for increasing C (as CO2) storage into soils, which equals 1.3 – 2.4 X 109 metric tons of 

carbon per year, and to help reduce the future increases of CO2 in the atmosphere. 

Carbon dioxide is removed from the atmosphere and converted to organic carbon through the 

process of photosynthesis. As organic carbon decomposes, it is converted back to carbon 

dioxide through the process of respiration. During 2005, agriculture accounted for 10 to 12 

percent of the total global human caused emissions of greenhouse gases, according the Inter-

governmental Panel on Climate Change (IPCC, 2007). In the United States, greenhouse gas 

from agriculture accounts for 8 percent of all emissions and has increased since 1990 

(Congressional Research Service, 2008).Conservation tillage, organic fertilizers, cover cropping 

and crop rotations would drastically increase the amount of carbon stored in the soils.  

 

Figure 1. Agricultural green house gas emission (Average 2001-2006), Source: EPA, 2007 

Soils store a significant amount of carbon. It has been estimated that global soils contain 

approximately 1.5 X 1012 metric tons of carbon. As a component of the carbon cycle (Fig. 2), soils 
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can be either net sources or net sinks of the atmospheric carbon dioxide. Changes in the land 

use and agricultural activities during the past 200 years have made the soils act as net sources of 

atmospheric CO2. Evidence from the long-term experiments suggests that the carbon losses due 

to oxidation and erosion could be reversed with appropriate soil management practices that 

would minimize the soil disturbance and optimize plant yield through fertilization. The soil 

tillage systems would have considerable impact on the environment by influencing the soil 

structure, which would further substantially affect the water quality, nutrients, sediments, 

pesticides and air quality and greenhouse effect (Holland, 2004; Hobbs, 2007). 

 

Figure 2. Carbon cycle aspects (modified from Paul and Clark) 

3. Conservation tillage - the effects on soil properties 

3.1. Organic matter 

The amount of organic matter in a soil is often used as an indicator of the potential 

sustainability of a system. Soil organic matter plays a key role in nutrient cycling and can 

help improve soil structure. The soil organic matter is the second biggest carbon pool of the 

planet after the oceans. The soil organic matter is essential to control erosion, water 

infiltration and conservation of nutrients, and is related with the soil quality. Moist, hot and 

well-aerated conditions favour rapid decay of organic additions. If the rate of organic matter 

addition is greater than the rate of decomposition, the organic fraction in a soil will increase 

(Fig. 3). Reicosky (1997) reported that moldboard plow lost 13.8 times more CO2 as the soil 

not tilled while conservation tillage systems averaged about 4.3 times more CO2 loss. 

Reicosky et al. (2002) found that 30 years of fall moldboard plowing reduced the SOC 

whether the above ground corn biomass was removed for silage or whether the stover was 
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returned and plowed into the soil. Their results suggest that no form of residue 

management will increase SOC content as long as the soil is moldboard plowed. Hooker et 

al. (2005) also found that within a tillage treatment, residue management had little effect on 

SOC in the surface soil layer (0-5 cm). Tillage tended to decrease the SOC content, although 

only no till combined with stover return to the soil resulted in an increase in SOC in the 

surface layer compared with moldboard plowed treatments. Walling (1990) reported that 

over the last 40 years the amount of organic matter being returned to the soil has declined, 

primarily as a consequence of more intensive soil cultivation, the removal of crop residues, 

the replacement of organic manures with inorganic fertilizer, and the loss of grass leys from 

rotations. In addition, organic matter is being eroded from arable land to rivers 

disproportionately to its availability. Over this period losses of soil C were estimated at 30–

50% and a large proportion of arable soils now contain less than 4% C. 

 

Figure 3. Organic carbon levels over time under different management systems 

Murillo et al., (2001) compared the traditional tillage (TT) and conservation tillage (CT) under 

rainfed conditions in south-west Spain. The results indicated that CT improved the soil 

quality by reaching a greater soil resistance ‘SR’ (> 2) than that in TT (< 2). This fact could be 

due to the better water infiltration and storage in the soil profile under CT that would 

facilitate the uptake of water and nutrients by the plant in the periods of most droughts. In 

general, in any edapho-climatic context, a high stratification ratio is a good index of soil 

quality, since ratios above 2 are not common in the degraded systems (Franzluebbers, 2002a, 

2002b; Mrabet, 2002). Application of conservation tillage to sandy loam and loamy soil type 

in the dryland, central rift valley of Ethiopia for five years, markedly improved the organic 

matter content, N concentration and soil moisture content (Worku, B. et al., 2006).  

3.2. Bulk Density (BD) 

Abu-Hamdeh (2004) studied the effect of tillage treatments (moldboard ploughing MB; 

chisel ploughing CS; and disk ploughing DP) for comparison of axle load on a clay loam 

soil. He reported that the dry bulk density from 0 to 20 cm was affected by the tillage 
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treatments and from 20 to 40 cm by axle load. The MB treatment caused the maximum 

percentage increase of dry bulk density at all depths. These results reflect a more compact 

soil layer at the 0-10 cm depth than at the 10-20 cm depth. According to Lhotsky (1991), soil 

BD above 1.50 Mgm-3 in the plough horizon on medium heavy soils has a negative effect on 

the growth and development of agricultural crops and was regarded as the threshold value 

of adverse soil compaction. Sharma et at (2011) observed that intensive tillage condition 

increased the bulk density (4.7 %) of a sandy loam soil as compare to the reduced tillage in 

rainfed condition. Osunbitan et al. ( 2005) observed greater bulk density in no-till system in 

the 5 to 10 cm soil depth. Logsdon et al. (1999) found no differences in bulk density between 

the different tillage systems. Jabro et al., (2009) in a 22 years study on a sandy loam soil 

found that the tillage practices [no-till (NT), spring till (ST), and fall and spring till (FST)] 

apparently had not significantly influenced the soil BD and only slight differences were 

observed in BD (Table 1). These findings are in agreement with those of Anken et al., (2004), 

and Lampurlanes and Cantero-Martinez (2003) but differ from results reported by Hill and 

Cruse (1985) and McVay et al., (2006). Based on 8 years studies Zhang et al., (2003) reported 

that the mean soil bulk density was 0.8-1.5% lower in ST (sub-soiling with retention of all 

surface plant residues) and NT treatments (consisted of zero tillage; planting was through 

the previous plant residues.) than in CT (consisted of manually removing all plant residues 

from the soil surface, followed by mouldboard ploughing). The crop residue retention has 

been reported to increase soil organic carbon and biotic activity (Lal 1989; Karlen et al. 1994, 

Tiarks et al., 1974; Schjonning et al., 1994)., thereby decreasing bulk density, particularly 

near the soil surface in the ST and NT plots under investigation. 

Parameter  BD 

(Mg m-3) 

GWC 

(g g-1) 

Tillage   

NT  1.59 0.141 

ST  1.58 0.139 

FST  1.61 0.135 

Soil depth (cm)   

0 - 5  1.49a 0.144 

5 - 10  1.68b 0.136 

10 – 15  1.60c 0.135 

Tillage (T)  0.439 0.515 

Soil depth (D)  0.0001 0.253 

T × D  0.990 0.161 

Table 1. Effect of tillage and depth on bulk density (BD), and gravimetric water content (GWC)  

3.3. Soil porosity 

Porosity is a measure of the total pore space in the soil. This is measured as a volume or 

percent. The amount of porosity in a soil depends on the minerals that make up the soil and 

the amount of sorting that occurs within the soil-structure. For example, a sandy soil will 
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have larger porosity than silty soil because the silt will fill in the gaps between the sand 

particles. Porosity characteristics differ among tillage systems (Benjamin, 1993). Soil porosity 

characteristics are closely related to the soil physical behavior, root penetration and water 

movement (Pagliai and Vignozzi 2002; Sasal et al. 2006). Previous researches showed that 

the straw returning could increase the total porosity of soil (Lal et al., 1980), while minimal 

and no tillage would decrease the soil porosity for aeration, but increase the capillary 

porosity; as a result, it enhances the water holding capacity of soil along with bad aeration 

of soil (Wang et al., 1994; Glab and Kulig, 2008). However, Børresen (1999) found that the 

effects of tillage and straw treatments on the total porosity and porosity size distribution 

were not significant. Allen et al., (1997) indicated that the minimal tillage could increase the 

quantity of big porosity. Zhang et al., (2003) compared the mean aeration porosity at two 

locations viz, Dazing and Changping in China in the top 0-0.30 m between conservation 

tillage treatments and conventionally tilled soil. The results illustrated an improvement in 

the soil porosity under conservation tillage (ST, sub-soiling with retention of all surface 

plant residues; and NT consisted of zero tillage and planting was through the previous plant 

residues) was most probably related to the beneficial effects of soil organic matter caused by 

minimum tillage and residue cover (Table 2). The increased porosity is especially important 

for the crop development since it may have a direct effect on the soil aeration and enhances 

the root growth (Oliveira and Merwin, 2001). The improved root growth would hence 

increase plant water as well as nutrient uptake. Within the conservation tillage treatments, 

ST produced more aeration porosity than NT, but the effect on capillary porosity appeared 

to be reversed in the 0-0.30 m soil layer. Husnjak and Kosutic (2002) reported that higher BD 

reduced the total porosity and changed the ratio of water holding capacity to air capacity in 

favour of water holding capacity. Total porosity below 45% on medium heavy soils had a 

negative effect on the plant growth (Lhotsky, 1991). 
 

Treatment Total porosity   Aeration porosity  

 (> 60 [micro]m)  

Capillary porosity 

(> 60 [micro]m) 

Dazing 

ST 52.36 a 42.64 a 9.72 a 

NT 51.86 a 41.19 a 10.67a 

CT 45.58 b 37.24 b 8.34 a 

Changping 

ST 54.25 a 46.32 a 7.93 a 

NT 53.01 a 42.99 a 10.02a 

CT 45.74 b 39.59 b 6.15 a 

Table 2. Soil porosity for ST, NT, and CT treatments at 0-0.30 m depth in Dazing and Changping 

(Values within a column followed by the same letter are not significantly different at p < 0.05) 

4. Infiltration rate and gravimetric water content  

Infiltration is the process by which water on the ground surface enters into the soil. 

Infiltration is governed by two forces viz; gravity, and capillary action. Tillage disturbs the 



 
An Appraisal of Conservation Tillage on the Soil Properties and C Sequestration 

 

247 

natural channels that have formed in a soil. The increase in porosity when soil is tilled may 

not result in an increase in the infiltration rate because of disruption of the vertical 

continuity of the pores (Kooistra et al., 1984). The plant roots are important in forming new 

channels (Parker and Jenny, 1945). Tillage plays a vital role in the conservation of soil 

moisture at different depths in the rainfed cultivation. It would also improve the soil 

condition by altering the mechanical impedance to root penetration, hydraulic conductivity 

and water holding capacity (Dexter, 2004). Lal (1978) measured the infiltration rates of 480 

mm h-1 for no-till and 150 mm h-1 for the ploughed treatment after a field had been planted 

with maize (Zea mays L.) for 5 years. They found that surface residues prevented surface seal 

in the no-till treatments. Meek et al., (1989) measured a 17% increase in the infiltration rate 

in the field when soil was packed lightly before the first flood irrigation compared with no 

packing. Compacting loads of 335 kPa at field capacity on a sandy loam soil reduced 

infiltration rates to < 1% of the rate obtained when the soil was compacted air dry (Akram 

and Kemper, 1979). Increases in the bulk density usually result in large decreases in water 

flow through the soil. Antapa and Angen (1990) reported that retaining crop residues on the 

soil surface with conservation tillage would reduce evapo-transpiration, increase infiltration 

rate, and suppress weed growth. Numerous studies shown that the soil moisture and 

efficiency of moisture use tended to be higher under reduced tillage systems than 

conventional tillage system. Abu-Hamdeh (2004) observed that mould board plough caused 

a maximum decrease in the infiltration rate, while with Chiesl plough, CS treatment had the 

lowest effect. Sharma et al. (2011) observed increase in soil moisture content (12.4%, 16.6%) 

in minimum tillage (MT) in maize and wheat rotation respectively,in rainfed farming as 

compared to conventional tillage (Fig 4 & 5).  

 

Figure 4. Effect of tillage and water management practices on soil water content at maize harvesting 

(CT= Conventional tillage,MT= Minimum tillage, NT= No till, RB= Raised bed; NM No mulch nad 

SM=straw mulch) 

Jabro et al. (2009), in a long term study evaluated that tillage, soil depth and their interaction 

had no significant effect on the soil water content (Table 1). Not surprisingly, NT plots 
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resulted in wetter soil to a depth of 10 cm in this study. The NT plots had greater grvimatric 

water content (GWC, 0.141 g g−1), followed by ST having 0.139 g g−1, and followed by FST 

with a mean of 0.135 g g−1. Zhang et al., (2009) showed soil mean GWC values averaged 

across three tillage systems were 0.144, 0.136, and 0.135 g g-1 at 0 to 5 cm, 5 to 10 cm, and 10 

to 15 cm depths, respectively. The soil GWC generally was found to decrease with soil depth 

across the three tillage practices. This could be attributed to greater residues and organic 

matter in the soil surface than the subsurface proportions of the soil. 

 

Figure 5. Effect of tillage and water management practices on soil water content at wheat harvesting 

(CT= Conventional tillage,MT= Minimum tillage, NT= No till, RB= Raised bed; NM No mulch nad 

SM=straw mulch) 

5. Hydraulic conductivity (Ks) 

The hydraulic conductivity of a soil is a measure of the soil's ability to transmit water when 

submitted to a hydraulic gradient. Iqbal et al., (2005) reported that the mean increase in 

saturated hydraulic conductivity observed was 4.5, 9.1 and 34.1% in the minimum, 

conventional and deep tillage treatments, respectively compared to zero tillage indicating 

that deep tillage increases the saturated hydraulic conductivity compared to other tillage 

methods. Kribba et al., (2001) reported that hydraulic conductivity values were significantly 

different between treatments of fallow soil tilled with chisel and disc ploughed fallow, and 

both treatments yielded higher values than untilled fallow. Mahboubi et al., (1993) found 

that no-tillage resulted in higher saturated hydraulic conductivity compared with 

conventional tillage after 28 years of tillage on a silt loam soil in Ohio. Whereas, Chang and 

Landwell (1989) did not observe any changes in the saturated hydraulic conductivity after 

20 years of tillage in a clay loam soil in Alberta. Heard et al., (1988) reported that saturated 

hydraulic conductivity of silt clay loam soil was higher when subjected to 10 years of tillage 

than no-tillage in Indiana. They attributed the higher hydraulic conductivity of tilled soil to 

the greater number of voids and abundant soil macropores caused by the tillage 

implementation. Jabro et al., (2009) reported that the Soil Ks was slightly influenced by 

tillage and varied from 3.295 mm h−1 for intensive tillage (FST) to 5.297 mm h−1 for no tillage 
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(NT), thus, soil Ks decreased with increased intensity of soil manipulation by tillage practices 

(Fig. 6). Furthermore, previous research demonstrated that continuous tillage of 11 years 

had developed a compacted layer that impeded water movement at a depth of 

approximately 10 to 15 cm (Pikul and Aase, 1999; 2003). Soil macropores and aggregations 

under NT formed by decayed roots can be preserved under NT whereas conventional tillage 

breaks up the continuity of these macropores. Macropores generally occupy a small fraction 

of the soil volume but their contribution to water flow in soil is high. Patel and Singh (1981) 

reported that if the bulk density in a course-textured soil was increased from 1.7 to 1.9 Mg 

m- 3, hydraulic conductivity decreased by a factor of 260. 

  

Figure 6. Soil saturated hydraulic conductivity, Ks, as affected by three tillage practices.  

6. Soil structure 

Good soil structure is important in allowing crop plants to yield well and resist erosion 

caused by the action of rainfall, melting snow in the early spring and wind. Conservation 

tillage practices were associated with a greater percentage of macro-aggregates (> 0.25 mm) 

than conventional tillage (Zhang et al., 2009). Mean macro-aggregates in 0-0.30 m soil depth 

at Daxing were 22.1% and 12.0% greater under ST (shallow tillage) and NT (no tillage) than 

CT, and the improvements at Changping were 18.9% under ST and 9.5% under NT (Table 

3). These results were consistent with the increase in aggregation occurring as a result of 

greater biological activity in minimum tilled soils, demonstrated by Tisdall and Oades 

(1982), and with a reduction in the breakdown of surface soil aggregates as a result of 

residue cover of soil surface and the absence of tillage (Oyedele et al., 1999). 

7. C sequestration 

Soil carbon or organic matter in general, is important because it affects all soil quality 

functions (Fenton et al., 1999). The sequestration of atmospheric C in the soil and biomass 

would not only reduce greenhouse effect, but also helps to maintain or restore the capacity 
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of a soil to perform its production and environmental functions on a sustainable basis. Thus, 

there is a great interest in the research on sequestration of atmospheric C into the soils for 

maintaining or restoring soil fertility and mitigating carbon dioxide emissions to the 

atmosphere. 

Location Soil 

depth 

(m) 

Soil 

Treatment 

Aggregate size classes (mm) 

   > 2 2-1 1-0.25 < 0.25 

Daxing 0-0.10 ST 13.11 a 23.14 a 20.09 a 43.66 a 

  NT 11.56 a 18.26 a 19.37 a 50.81 a 

  CT 6.42 b 10.37 b 26.35 b 56.86 b 

 0.10-0.20 ST 20.42 a 13.74 a 19.73 a 46.11 a 

  NT 17.05 a 13.21 a 19.35 a 50.39 a 

  CT 10.03 b 12.36 a 21.72 a 55.89 b 

 0.20-0.30 ST 19.76 a 17.34 a 27.15 a 35.75 a 

  NT 18.52 a 16.35 a 26.35 a 38.78 a 

  CT 12.35 b 17.28 a 26.04 a 44.33 b 

Changping 0-0.10 ST 7.23 a 13.16 a 40.63 a 38.98 a 

  NT 13.11 b 23.14 b 20.09 b 43.66 b 

  CT 11.56 b 18.26 b 19.37 b 50.81 b 

 0.10-0.20 ST 12.53 a 12.30 a 38.96 a 36.21 a 

  NT 8.95 b 11.36 a 38.02 a 41.67 b 

  CT 5.97 b 10.28 a 37.96 a 45.96 b 

 0.20-0.30 ST 9.59 a 11.48 a 38.26 a 40.67 a 

  NT 7.53 b 10.23 a 37.12 a 45.12 b 

  CT 6.85 b 9.55 a 35.23 a 48.38 b 

Table 3. Soil wet stable aggregate size classes for ST, NT, and CT treatments at 0-0.10, 0.10-0.20, and 

0.20-0.30 m depths (%) at Daxing and Changping  

(Values within a column followed by the same letter are not significantly different at p < 0.05) 

Maintaining or increasing SOC under dryland cropping systems remains a challenge in the 

northern Great Plains (Aase and Pikul, 1996). This is because the crop biomass yields and C 

inputs are often lower in drylands than in the humid regions due to limited precipitation 

and a shorter growing season. As a result, it often takes more time to enrich SOC (Halvorson 

et al., 2002a; Sherrod et al., 2003). Many studies have identified the potential of soils 

cultivated with different conservation practices (e.g., no-till) to sequester large amounts of 

carbon (C). It is estimated that conservation tillage practices across the United States may 

drive large-scale sequestration in the order of 24–40 Tg C yr-1 (Tg: teragram; 1 Tg = 1012 g), 

and that additional C sequestration of 25–63 Tg C yr-1 can be achieved through other 

modifications of the traditional agricultural practices. In the northern Great Plains, 

traditional farming systems, such as conventional tillage with wheat -fallow, have resulted 

in a decline in soil organic C (SOC) by 30 to 50% of their original levels in the last 50 to 100 

− −
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years (Haas et al., 1957; Mann, 1985; Peterson et al., 1998). The data in Fig. 7 indicate the 

yield of wheat decreased with reduction in the SOC pool and increased with increase in the 

SOC pool.Intensive tillage increases the oxidation of SOC (Bowman et al., 1999; Schomberg 

and Jones, 1999). Halvorson et al., (2002a) observed that no-till with continuous cropping 

increased C sequestration in the drylands of the northern Great Plains by 233 kg ha−1 yr−1 

compared to a loss of 141 kg ha−1 yr−1 in conventional tillage. The use of no-till has allowed 

producers to increase cropping intensity in the northern Great Plains (Aase and Pikul, 1995; 

Aase and Schaefer, 1996; Peterson et al., 2001) because no-till conserves surface residues and 

retains water in the soil profile more than the conventional tillage (Farhani et al., 1998). The 

reduced tillage and increased cropping intensity could conserve C and N in a dryland soil; 

and crop residues better than the traditional conventional tillage with wheat- fallow system 

in northern Great Plains (Sainju et al., 2007). The no tillage practice on Indiana crop land 

stores five times more carbon than conventional tillage. It is also of particular importance to 

reduce tillage on organic soils. Because of their high carbon content, these soils were found 

to emit more C when disturbed as compared to mineral soils (Table 4). 

Management system Tons of Carbon stored /acre

Cropland 0.107 tons C/acre 

CRP/Grassland conversion 0.397 tons C/acre 

Trees/Wetland conversion 0.209 tons C/acre 

Cultivation of organic soils -3.52 tons C/acre 

By tillage systems

Intensive Tillage 0.042 tons C/acre 

Moderate Tillage 0.169 tons C/acre 

No- Tillage 0.223 tons C/acre 

Table 4. Carbon stored in Indiana Croplands in 1999 (Smith et al 2002). 

 

Figure 7. Effect of changes in soil organic carbon (ΔSOC) pool in the root zone on grain yield of wheat 

in Australia (redrawn and recalculated from Farquharson et al., 2003).  
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There exists a strong relationship between the agronomic production and the SOC pool, 

especially under low-input agriculture (none or low rate of fertilizer input). An optimal level 

of the SOC pool is an essential determinant of soil quality because of its positive impact on 

the soil structure and aggregation, water and nutrient retention, biotic activity including the 

microbial biomass, erosion control, nonpoint-source pollution abatement, C sequestration, 

increase in the use efficiency, and increase in biomass production. The increase in 

aggregation and available water capacity are among important benefits of SOC (Emerson, 

1995; Huntington, 2003). 

8. Conclusion 

In future, soil conservation efforts would need greater focus in the Peninsular and central 

India because of their projected high runoff and soil losses associated with global climate 

change. A decreasing trend of runoff and soil loss is ordered when we move from tropics to 

temperate region. A significant tenet of organic agriculture is to build up soil fertility by 

increasing the levels of organic carbon compounds in a soil. This is primarily achieved by 

using photosynthesis to convert atmospheric carbon dioxide, and by using management 

techniques that convert these plant materials into soil organic matter. ‘Sufficient organic 

material should be regenerated and/or returned to the soil to improve, or at least maintain, 

humus levels. Conservation and recycling of nutrients is a major feature of any organic 

farming system’ (National Standard 2005). Data from the Rodale Institute’s long-term 

comparison of organic and conventional cropping systems (Rodale, 2003) confirms that the 

organic methods are effective at removing CO2 from the atmosphere, and for fixing it as 

beneficial organic matter in the soil.The ambiguous nature of research findings document 

the need for additional studies of the effect of long-term tillage on soil physical properties 

under various tillage practices in order to optimize the productivity and maintain 

sustainability of soils. Moreover, there are a few studies that have examined the changes in 

soil physical properties in response to long term tillage and frequency management (> 20 yr) 

in the northern Great Plains. Global cereal production must be increased by ~50% by 2050. 

The crop yields in sub-Saharan Africa and South Asia have either stagnated or declined 

since the 1990s because of the widespread use of extractive farming practices and problems 

of soil and environmental degradation. Most degraded and depleted soils of agro-

ecosystems contain a lower soil organic carbon (SOC) pool than in those under natural 

ecosystems. Thus, restoring the SOC pool is essential for improving soil quality, eco-

efficiency and numerous ecosystem services. Increasing the SOC pool in the root zone can 

enhance agronomic production. Thus, the concept of eco-efficiency is important to produce 

more and more from less and less. Eco-efficiency is related to both “ecology” and 

“economy,” and denotes both efficient and sustainable use of resources in the farm 

production and land management (Wilkins, 2008). Eco-efficiency is increased by those 

farming systems that would increase agronomic production by using fewer resources 

through reduction in losses of input, apart from sustaining and enhancing the production 

potential of land. Yet it is not enough to develop agricultural practices that would merely 

minimize the adverse environmental impact. Because of the increasing population and 
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rising standards of living, it is essential to develop those agricultural practices that would 

maximize agricultural production and also enhance ecosystem services (Firbank, 2009).  
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1. Introduction 

Soil has an essential part in preserving life on earth. The main function of soil lies in the fact 

that it represents the support for the agriculture practice, aiming to insure the peoples’ 

alimentary security and safety, due to its physical and biological properties, to its fertility, to 

its capacity to provide plants with the water and nutrients needed for their growth.  

Taking into account the intensive development of agriculture, the concept of “sustainable 

development” is a new and complex one, imposed to humanity by the need for the 

preservation of the soil functions and which is connected not only to agriculture but also to 

other knowledge fields. 

Within the frame of this concept, a special place belongs to sustainable agriculture, which 

constitutes a system of technologies and good practices aiming not only towards better 

productions but also to achieve conservative goals. 

The main objectives of sustainable agriculture are: 

• alimentary safety, by providing the human needs with the necessary food and fiber; 

• preservation of the quality of the environment and of the natural resources vital to the 

agriculture; 

• more efficient use of the renewable and non-renewable resources. 

In essence, sustainable agriculture must harmoniously combine the three main dimensions: 

economical, social and ecological. 

In order to achieve the goals of sustainable agriculture, the way in which soil tillage works 

are fulfilled is of an extreme importance, because the induced physical and mechanical 

changes affect the soil’s physical, chemical and biological processes. This is the reason why 

the concept of “conservative agriculture” (CA) was developed, as a part of the sustainable 

© 2012 Tenu et al., licensee InTech. This is a paper distributed under the terms of the Creative Commons

Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.
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agriculture systems, which is based on the use of natural renewable resources, especially 

soil, and on real time soil regeneration; some complementary agricultural practices are 

included herein [9, 17]: 

• minimum soil disturbance (through reduced soil tillage works and stubble seeding), in 

order to preserve the soil’s structure, fauna and organic matter; 

• permanent soil coating (covering crops, residue, mulch), in order to protect it and 

contribute to the weeds removal; 

• different crops rotation and combination schemes, in order to stimulate soil 

microorganisms and to remove weeds, diseases and pests. 

Hence, conservative agriculture is based on an unconventional soil tillage system, named 

“Soil conservation tillage system” (SCTS). Within this system, moldboard plowing is 

deferred (completely or partially), the number of agricultural operations is limited and at 

least 15...30% of the vegetable debris is kept on the soil surface. Worldwide, this system 

is used on nearly 45% of the farmland, and an increase to 60% is appraised for the next 

twenty years [9, 17]. The unconventional soil tillage system consists of very different 

methods, starting with the seeding in the untilled soil and ending with the deep 

loosening without furrow overturning. Between these two extreme methods, many other 

variants are possible: reduced tillage, minimum tillage (when up to 30% of the vegetable 

debris is left on the soil surface), minimum tillage with vegetable mulch (more than 30% 

of the vegetable debris is left on the soil surface), ridge seeding, partial or strip tillage 

etc. [9] 

As a result, three directions were outlined in order to define the unconventional soil tillage 

systems: 

• direct sowing, when seeds are inserted into the practically non-tilled soil. In this case, 

soil is tilled only in order to create very small gutter, using small knives mounted on the 

seeding machine. 

• minimum tillage or reduced tillage. In this case, the fact that different types of soil must 

be differently loosened, in order to favor the normal plant growth, is taken into account. 

The minimum tillage system includes either the base soil loosening, without furrow 

overturn, or the superficial tillage, followed by seeding. Sometimes, a minimum of 

mechanical works is required in order to destroy the weeds, to favor some biologic 

processes and to support the development of the roots. This system allows the 

reduction of the energy consumption and working time. 

• “rotation” tillage represents another possibility to diminish the intensity of soil 

loosening. In this case, tillage should be very well correlated with crop rotation. This 

system is characterized by some peculiarities: the different plants, which are grown in a 

crop rotation system, have different requirements regarding the soil tillage system; soil 

requirements towards the tillage system are different from one crop to another; soil 

characteristics are gradually changing (in a favorable or unfavorable way). It is 

important to notice that the soil tillage system should be modified according to 

requirements of the respective crop. 
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2. Aggressiveness of wheels and active parts of the agricultural units 

towards soil 

Soil degradation is one of the most important problems to be faced nowadays. It is appraised 

that 5-7 mha of soil are degrading worldwide each year, with a tendency to attend 10 mil. ha 

per year in the near future [8]. Soil degradation may be physical, chemical and biological. In 

the case of the physical soil degradation, two important features are affected: bulk density and 

structure. This means that bulk density increases (the soil is compacted) and the structural 

elements are damaged (deformed, crushed, sheared, broken, fragmented) [4, 12, 15]. 

2.1. Effect of agricultural traffic over soil 

Mechanization of the agricultural processes and the use of heavy productive units, with 

high working width, resulted, over time, in soil compaction and reduction of harvest. The 

use of the organic fertilizers and deep tillage finally results in the diminishing of the content 

of organic matter and in an increased sensibility to compaction [20]. 

Soil compaction processes. Soil compaction may be defined as “the compaction of soil mass 

in a smaller volume”. The increase of the bulk density is accompanied by structural changes, 

changes in the thermal and hydraulic conductivity and in the gas transfer characteristics, all 

of them affecting the chemical and biological equilibrium of soil. 

The artificial (anthropic) soil compaction is the result of exaggerated traffic imposed by 

agricultural operations, transport operations etc. The intensity of anthropic compaction 

depends on different factors. Some of them belong to soil, namely to its susceptibility to 

compaction: uneven grain size distribution, unstable structure, reduced humus content etc. 

Other factors are influenced by the characteristics of the agricultural equipment; this 

compaction is favored by the heavy machineries exerting high pressure over soil, by the 

increased number of passings, by the increased tire air pressure, by the agricultural traffic 

performed over wet soil etc. 

The effects of soil compaction. Soil compaction leads to the reduction of harvest by 50%, 

compared to the non-compacted soil, while fuel consumption is expected to be increased by 

35% [2]. Soil compaction is one of the main causes of surface flow and erosion. In the 

meantime, compacted soils require higher costs of the irrigation arrangements and 

exploitation, due to the poor infiltration of water and to the intensified evapotranspiration. 

Soil compaction also causes the reduction of the water holding capacity and of the 

permeability, reduces soil aeration, significantly increases the penetration resistance and 

plowing resistance, inhibits the development of the plant roots and the quality of the 

ploughland deteriorates. It was established that not only the active parts of the tillage 

equipment deteriorate the soil structure, but also the tractors’ wheels and the tracking 

wheels of the agricultural machinery; the use of heavier equipments leads to contact 

pressures of 0.2...1.8 MPa, while the specific resistance of the soil’s structure elements is 

lower than 0.1 MPa (usually 0.02...0.006 MPa); as a result, soil compaction occurs up to 30-50 

cm under  the tracking wheel and on an area with a width four times the wheel width [6]. 
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Plant and response to compaction. In compacted soils or compacted layers the penetration 

depth of the roots and their density are restricted, the effect being a slow development of the 

root system. As a result, the plant’s access to water and nutrients is limited, while the 

capacity of the root system to counteract the noxious effect of pathogenic agents is 

diminished. This is why plant species with deep roots are less sensible to compaction. 

Compaction induces changes in the soil’s water and air regime, also affecting the activity of 

microorganisms. Soil compaction also favors the ammonia nitrogen in the detriment of nitric 

nitrogen, with unfavorable effects over the harvest [10].  

Effect of soil tillage over compaction. The agricultural operations related to soil are: 

ploughing, land preparation, seeding and some of the maintenance operations. In most of 

the cases, the aim of these operations is to loosen the compacted soil layers. Where soil 

compaction is a problem, tillage has an ameliorative effect. Soils are usually subjected to two 

types of traffic: one that produces compaction (wheel traffic) and another one that produces 

loosening (tillage traffic). Soil reaction to compaction depends on traffic characteristics, soil 

properties and humidity when the traffic takes place; soil compaction is usually expressed 

by the means of bulk density, porosity or penetration resistance. Because of wheeled traffic 

the bulk density of soil increases; the magnitude of the density change depends on the soil 

texture, its humidity, the wheel-soil contact pressure and the number of passages. The 

maximum compaction effect is reached when wheel slip reaches 15...25%, due to the 

fragmentation of the structure elements under the effect of shear stress [18]. 

2.2. Aggressiveness of the tillage active parts towards soil 

Unlike the wheels (tracking wheels, driving wheels etc.), which compact the soil, the active 

parts of the tillage equipment (rotary cultivator tines, plow shares, cultivator tines etc.) 

loosen the soil; the rollers, the combined seedbed preparation devices and the combined 

cultivator are exceptions [6]. 

In the case of the active parts used for seedbed preparation, their destructive action over the 

soil structure elements is of an utmost importance. The active parts destroy, to a greater or a 

lesser extent, the structure elements through deformation, crumbling, cutting, breaking-up. 

The destruction of the soil’s structure is a general phenomenon, occurring at any tillage 

operation, but it gets large proportions in soils with a rough texture or average-rough 

texture (sandy soils, sand-loamy soils, clay-loamy soils) for which the mechanical stability of 

the structure elements is lower, due to the lower clay content. The recently tilled soils, the 

humid soils or the dry clay soils on which loosening is obtained by the means of rotating 

active parts (disc harrows, rotary cultivators) are also vulnerable [4].  

It should be emphasized that not only the active parts of the tillage equipments destroy the 

soil’s structure, but also the wheels of the tractors or the tracking wheels of the agricultural 

machinery. In this case, the wheel-soil contact pressure produces compaction as a result of 

the deformation and breaking-up of the structure elements. The division of the structure 

elements into fragments results in the increase of the bulk density because of a more stuffed 
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settlement. Consequently, the soil’s capacity to drain and store water is diminished, the 

thermal regime worsens, the accessibility of plants to nutrients is diminished and the 

activity of the anaerobic microorganisms is reduced; on sloping lands, the erosion due to 

water is intensified, and the plants have difficulties in developing the root system, loose 

their stability and harvest is diminished [14]. 

Effect of the moldboard plough over soil. In the working process, the plough’s share cuts the 

furrow horizontally and begins its detachment, overturning and lateral displacement, the 

process being finalized by the moldboard. These actions cause complex deformations of the 

soil slice, resulting in it’s the fragmentation and crumbling. It should be emphasized that, 

under the action of the share’s cutting edge, a number of soil’s structural elements are also cut. 

In the meantime, the twisting of the furrow, both vertically and horizontally, as well as the 

friction between soil and the parts of the plough body results in the destruction of a number of 

the structural elements through deformation, crumbling, breaking, fragmentation. The process 

of destruction of the structure elements is strengthened by the working speed and by the use 

of worn shares or aggressive moldboards (cylindrical or helical moldboards). 

Effect of the rotary cultivators over soil. In the working process, due to the advance 

movement of the equipment and the rotation movement of the rotor, the active parts 

penetrate into the soil and cut slices with a particular shape. Under the action of centrifugal 

force, the soil slices are thrown over the inner surface of the housing and louver. As a result, 

a supplementary crumbling is achieved, the soil being left behind the rotary harrow in a 

loosened and fine layer. 

The cutting edges of the tines of the rotary harrow cut some of the soil’s structural elements, 

which are also destroyed through deformation, breaking, fragmentation, crumbling, due to 

the peripheral speed of the tines, to the friction between tines and soil and to the impact 

between the slices and the housing of the rotary harrow. Pulverization of the structural 

elements may also occur, when some of them are fragmented to the maximum extent, 

resulting in particles of clay, silt and sand [19]. 

When using rotary harrows for the seedbed preparation care should be taken so that the 

width of the soil slices should not be less than 25 mm. In the working process, the number of 

destroyed structural elements increases when the slices get thinner. Therefore, the 

peripheral speed of the tines should no exceed 6 m/s, while the speed of the advance 

movement should not exceed 1 m/s. 

Effect of the disc harrows over soil. The active parts of these agricultural equipments are 

spherical discs. In the tillage process, the disc is displaced forward, following the movement 

of the equipment; in the same time, the disc is rotating, due to the contact with the soil. Over 

the effect of weight, the disc penetrates into the soil and cuts a soil layer, which is raised 

over the interior concave surface of the disc, is crumbled, displaced laterally and partially 

overturned. The aggressiveness of the discs depends on their shape, as well as on the cutting 

angle (disk angle), which can be adjusted between 15 and 30 degrees; crumbling increases 

when the cutting angle increases. 
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During the working process, the cutting edge of the disc cuts some of the soil’s structural 

elements; the number of cut structural elements is higher when the disk’s cutting edge is 

indented. In the meantime, the bending of the soil layer, vertically and horizontally, its 

twisting, as well as the friction between soil and disk, cause the destruction of some 

structural elements, through deformation, breaking, fragmentation. The proportion of 

damaged structural elements increases with speed [22]. 

Effect of the cultivators over soil. Depending on their destination, cultivators are equipped 

with different types of active parts, the more important being the ones used for weed cutting 

and for soil loosening. 

The weed cutting active parts are aimed to cut the weeds and loosen the soil. During the 

working process of the arrow type tines, soil is cut horizontally, at a certain depth; in the 

meantime, the weeds are cut and soil is loosened and crumbled.  

The straight, chisel, diamond pointed and narrow arrow type loosening active parts are 

mounted on rigid or elastic holders. When elastic holders are used, the active part vibrates, 

exerting an energetic action over soil. As a result of the displacement of these active parts, 

the superficial soil layer is crumbled and loosened. 

The weed cutting type active parts cut some of the soil’s structural elements. All the types of 

active parts (for both weed cutting and soil loosening) destroy the structural elements due to 

the advance movement, friction, breaking of soil layers, vibration; the structural elements 

are destroyed through deformation, crumbling, breaking, fragmentation. In order to 

diminish these adverse effects, speed should be limited to 10-12 km/h. 

3. Simulation of the tire wheel-soil and active parts-soil interaction,  

in laboratory conditions 

3.1. Design and testing of a laboratory soil channel test rig 

Physical degradation of the soil, caused by the interaction with the active parts and support 

wheels of the agricultural equipment, refers especially to structural deterioration and its 

compaction. In order to quantify these issues studies must be performed in order to 

establish the critical values of the working parameters (of the active parts and wheels) 

leading to the physical degradation of the soil. In the meantime, correlations should be 

established between the above-mentioned parameters and the ones characterizing soil 

structure and compaction. 

With the purpose to perform these studies a laboratory test rig for the study of the 

interaction between the active parts and wheels of agricultural equipment, on one hand, and 

soil, on the other hand, was designed and built. The designing process has taken into 

account the similarity laws, in order to reproduce in laboratory conditions the complex 

processes occurring at the contact interface between the working parts and soil and between 

the wheels of the agricultural equipments and soil. 
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The test rig (Figure 1) consists of a rigid frame (1), the soil bin (2), the carriage (3), on which 

the active part (plough body) for soil working is mounted (6), the wheel with tire (7) and the 

drum for leveling - settling (8); at the end of laboratory test rig a winch is fixed, which is for 

trolley carriage with the cable (5). Due to its length (10240 mm), the soil bin is composed of 

five sections, joined together with screws. The bin was coated, at the inside, with a plastic 

sheet.  

An electric motor (9) and a cylindrical gear (10) are used to drive the drum (11); the drum 

drives the cable (5), thus towing the cart (3). The ends of the traction cable are attached to 

the carriage by the means of the load cells (4). 

The carriage is also fitted with an electric motor (12) and a gear transmission in order to 

drive the tire wheel (7). The working depth of the active body can be adjusted by the means 

of the screw mechanism (13). The screw mechanism (14) is used to adjust the vertical 

position of the tire wheel; the screw mechanism (15) is used to change the vertical position 

of the soil leveling and compaction drum. The soil leveling and compaction roller (8), 

mounted on the carriage, is used to achieve a certain soil compaction, before it is processed 

by the active body or performing various experiments with the tire wheel. 

Four upper trundles – two in the front and two in the back – and four lower trundles -  also 

two in the front and two in the back - are mounted on the carriage frame; the trundles are 

rolling on rails, mounted on each side of the soil channel frame.  

When the carriage is towed by the means of the cable, the wheel (7) rotates due to the 

interaction with the soil and thus the conditions for a driven tractor wheel are simulated. 

When the carriage is not towed, the wheel (7) becomes a driving one, being driven by the 

electrical motor (12) by the means of a cylindrical gear drive and of a trapezoidal belt drive. 

Thus, the driving wheel of the tractor is simulated. 

The towing cable is connected to the carriage by the means of two 1000 daN strain gauge 

load cells, allowing the measurement of the traction force needed to displace the carriage; 

the transducers are fitted with spherical joints at both ends and are connected to a 

programmable weighing controller, which displays the mean values of the corresponding 

sampling signal and eliminates the load spikes that could occur due to vibrations and soil 

unevenness. 

A control panel (18) is used for the power supply of the two electric motors; the electric 

cables are guided by the steel cable (16), fixed between the pillars (17). The electrical motors 

are controlled by the means of a frequency converter, allowing the adjustment of the 

rotation speed when the frequency is modified between 3 and 50 Hz. The dynamic braking 

principle is used in order to stop the carriage at the end of travel. Switches on the control 

panel allow the selection of the electric motor (the carriage towing motor or the tire wheel 

driving motor), as well as its forward or reverse motion. 

A bill chernozem type of soil was used to fill the soil channel bin, having a loam-clay 

texture, the aggregate size of 0.02 ... 50 mm and 17-19% humidity. 
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3.2. Laboratory tests concerning some active parts and tire wheels 

The test rig was tested in two phases. In the first phase, the laboratory test rig (soil channel) 

was tested to see if the prescribed constructive-functional parameters are attained. It was 

found that the test rig has the following constructive-functional parameters: depth of active 

enforcement machinery of working the soil: 0 ... 300 mm; adjustment of working angle of the 

active part relative to the soil surface: (-) 250 ... (+) 250; the speed of the carriage when it is 

hauled by the 5,5 kW electric motor: 0,5 ... 1,55 m/s (1,8 ... 5,58 km/h); the maximum pull-

down force for the with tire wheel and the soil leveling and settlement drum: 500 daN; 

maximum traction force of the cable (of the carriage), at a speed of the trolley of 0,55 m/s: 

800 daN; maximum traction force of the cable (of the carriage) at a speed of the carriage of 

1,55 m/s: 280 daN; cable breakdown point: 40,83 kN. It was concluded that there were no 

significant differences between the design parameters and the achieved ones. 

In the second phase, the laboratory test rig was used in order to study the soil - moldboard 

plough body interaction and the tire wheel-soil interaction (Figure 2).  

The studies concerning the active part-soil interaction were performed over a semi helical 

moldboard plough body, with a working width of 200 mm. The plough body was mounted 

on the carriage of the test rig. The influence of working depth, soil resistance to penetration 

and travel speed on the traction resistance and specific power consumption were evaluated. 

The results presented in the Table 1 show that increasing the traveling speed of the plough 

body results in an increased traction resistance. In the meantime, as the plough body speed 

increases, the specific power consumption significantly increases. 

When soil penetration resistance increases, the traction force and specific power 

consumption also increase. 

As far as the working depth is concerned, it was concluded that the increase of the 

penetration depth of the plough body resulted in a significant increase of traction 

resistance. 

It was also noticed that increasing the working depth of the plough body resulted in an 

uneven change of the specific power consumption: increasing the working depth from 100 

mm to 150 mm caused a slight decrease of the specific power consumption; when the 

working depth was further increased from 150 mm to 200 mm, the specific power 

consumption increased. These variations of the power specific consumption could be 

explained as follows: for small working depths (below 15 cm) the soil slice was not yet 

deployed as furrow and was not overturned, so that the specific power consumption was 

low; for depths over 15 cm the conditions to overturn the furrow were better, so that 

supplementary power was consumed in order to overturn it. 

In the series of experiments regarding the driving wheel mounted on the test rig, the tire 

wheel was used to drive the carriage along the soil channel, the wheel being driven by the 3 

kW electric motor. The wheel was equipped with a 5.00-12/4PR TA60 traction tire (with 

angled lugs). 
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a – side view; b – top view; 1 – laboratory test rig frame; 2 – soil bin; 3 – carriage 4 – load cell; 5 – carriage cable trolley;  

6 – active part (plow body); 7 – wheel with tire; 8 – drum for soil leveling and compaction; 9 – electric motor winch;  

10 – cylindrical gear of the winch; 11 – traction cord reel; 12 – electric motor (and cylindrical gear) to drive the wheel 

with tire; 13 – screw mechanism for adjusting the working depth of the active body; 14 – screw mechanism for 

adjusting the vertical position of the wheel with tire; 15 – screw mechanism for adjusting the vertical position of the 

drum for soil leveling and compaction; 16 – steel cable to support the electric conductors; 17 – supporting pillars for 

the steel cable; 18 – electric power and control panel; 19 – controller to measure the traction force. 

Figure 1. Laboratory test rig with soil channel for the study of the interaction between the active parts 

or agricultural wheels and the soil 

The tests were aimed to evaluate the main operating parameters of the driving wheel test 

rig. The effects of the wheel speed, soil penetration resistance and wheel pushdown force 

over the carriage speed, wheel slip and wheel traction force were studied. The results 

obtained in these experiments are presented in Table 2. 

Based on the experimental results it was concluded that wheel slip decreased when its 

speed was increased; in the meantime, the traction force decreased when its speed was 

increased. 

As far as the soil resistance to penetration was concerned, it was concluded that its increase 

led to the increase of the wheel speed, because a more compact soil increases the adherence 

of the driving wheel; the increased adherence diminishes wheel slip, increases the carriage 

travel speed and also increases the traction force of the wheel.  
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a – study of wheel – soil interaction; b –study of plough body – soil interaction. 

Figure 2. Laboratory experiments in order to study of the interaction of tire wheel and active part with 

the soil 

 

Working depth 

of plough body 

(mm) 

Soil resistance to 

penetration 

(MPa) 

Speed of 

plough body 

(m/s) 

Traction force 

(N) 

Specific power 

consumption  

(W/cm2) 

100 

0,2 

0,75 705 2,65 

1,00 720 3,60 

1,25 735 4,59 

0,4 

0,75 925 3,47 

1,00 940 4,70 

1,25 960 6,00 

150 

0,2 

0,75 1055 2,64 

1,00 1070 3,57 

1,25 1080 4,50 

0,4 

0,75 1380 3,45 

1,00 1400 4,67 

1,25 1420 5,92 

200 

0,2 

0,75 1450 2,72 

1,00 1470 3,67 

1,25 1485 4,64 

0,4 

0,75 1859 3,47 

1,00 1890 4,72 

1,25 1930 6,03 

Table 1. Operating parameters of the laboratory test rig by modeling the plough body –soil interaction 

(a) (b) 
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Wheel speed 

(rot/min) 

Soil resistance 

to penetration 

(MPa) 

Down force over 

the wheel (N) 

Speed of 

the trolley 

(m/s) 

Driving 

wheel slip 

(%) 

Traction 

force of the 

driving 

wheel (N) 

20 

0,2 

500 0,50 17 230 

750 0,51 15 360 

1000 0,53 14 580 

0,4 

500 0,51 15 290 

750 0,52 15 442 

1000 0,54 13 610 

30 

0,2 

500 0,75 16 220 

750 0,76 15 350 

1000 0,79 12 570 

0,4 

500 0,76 15 285 

750 0,77 14 438 

1000 0,79 12 600 

40 

0,2 

500 0,99 15 220 

750 1,01 14 340 

1000 1,02 11 560 

0,4 

500 1,01 14 280 

750 1,01 13 410 

1000 1,04 10 580 

Table 2. Evaluation of the test rig’s key operating parameters with motored wheel 

Regarding the effect of the wheel down force, it was established that an increased force 

resulted in an increased wheel speed and, consequently, an increased travel speed of the 

carriage, due to the diminished wheel slip. The explanation is that an increased down force 

leads to a lower wheel slip, due to the higher wheel adherence; for the same reason, traction 

force increased when the wheel down force was increased. 

Based on the experimental results precise correlations could be established between soil 

compaction and wheel slip, for a given vertical force acting over the wheel. In the same 

manner, the relationship between the vertical force and the traction force of the wheel was 

established, for a certain state of the soil. 

4. Physical and mathematical modeling of the interaction between the 

active parts and soil  

4.1. Introduction to numerical simulation  

The finite volumes method (FVM) was used in order to model the interaction between the 

active parts of the agricultural equipment and soil. The equations specific to fluid flow are 
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partial derivatives equations. Moreover, these equations are non-linear and interconnected. 

Under these circumstances, solving the equations is possible only by the means of numerical 

methods [1, 5]. 

There are several types of numerical methods for solving the flow equations; the finite 

volumes method was preferred because it was considered the most appropriate for the 

simulation of flow and other soil related phenomena, for the particular case of soil- 

agricultural active part interaction. Within this method, the main stages for solving a 

problem regarding the soil-active part interaction are as follows: 

• division of the soil model into control volumes (finite volumes), based on a 

computational mesh; 

• integration of the equations for each control volume in order to obtain the algebraic 

equations which are characteristic to the unknowns of the problem;  

• solving of the algebraic equations. 

Regarding the first stage, the computational mesh may be “structured” (the geometrical 

elements are 2D triangles or 3D parallelepipeds) or "unstructured” (the geometrical 

elements are 2D quadrilaterals or 3D tetrahedrons). 

The numerical simulation of the physical phenomena characteristic to fluid flow by the 

means of the CFD (computer fluid dynamics) method is entirely based on the fundamental 

laws that describe the flow of a fluid: mass conservation, momentum conservation, energy 

conservation [11]. 

Five methods may be used in order to solve the problems regarding the interaction between 

soil and the active parts: empirical and semi empirical methods, dimensional analysis, finite 

elements method (FEM), discrete elements method (DEM) and the neuronal networks 

method – ANN (Figure 3) [13]. 

 

Figure 3.  Methods for the numerical simulation of the active part-soil interaction 
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The mechanism of the active part-soil interaction may also be described using the 

rheological behavior of soil, taking into account its dynamic characteristics. The use of CFD 

method should take into account the dynamics of the active part-soil interaction, 

considering the irreversible deformations of the soil (see Figure 3) [21]. 

4.2. Case study regarding the CFD numerical simulation of the active part-soil 

interaction 

The design criteria taken into account when building a tillage active part are traction 

resistance, the volume of the tilled soil and the overall energy requirements. The traction 

force depends on the pressure exerted by soil over the surface of the active part; soil 

pressure and its distribution are important items that should be considered when designing 

the size and shape of the active part. 

The condition of the tilled soil depends on the soil’s mechanical behavior and initial 

condition and on the characteristics of the active part. Soil is a complex material and its 

behavior is not yet fully understood. The complexity increases even further when taking 

into account different locations, with different climate conditions and different bulk 

densities. Several models for predicting the mechanical behavior of soil were considered 

over time, combining springs, dampers, slide-blocks, and from an elastic, plastic or viscous 

perspective. The behavior of most soils is non-linear and they can be considered as non-

linear plastic or viscous-plastic materials. Thus, soil deformation may be described by a 

simple viscous-plastic model, the Bingham rheologic model. 

The suggested shape of the winged share is a typical one (Figure 4a), but was adapted in 

order to increase its tillage performances. In the numerical simulation, the active part is 

mounted on a vertical holder (Figure 4b). 

 

 

 a – existent; b - 3D model 

Figure 4. Winged share 

The numerical simulation assumes that the active part is stationary, while the viscous-elastic 

soil is flowing around the tillage tool (Figure 5). 

(a) (b) 
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Figure 5. Schematics of the simulated domain (soil bin) and position of the active part 

The active part acts as a resistance in the flow field and has the following dimensions: length 

T=140 mm, width W = 200 mm and height (equal to the working depth) H = 100 mm. The 

flow field is considered a parallelepiped with a length (8H+T) of 940 mm and a height (3H) 

of 300 mm. The sidewalls and the lower wall represent boundary conditions for the 

simulation field and their flow characteristics were neglected. 

The CFD simulation showed that, for a soil bin seven times wider than the width of the 

active part, the wall effect of the bin disappears and an idealized flow pattern around the 

active part may be considered. 

A mixed mesh was used in order to cover the computing domain, structured at the 

beginning and at the end of the bin and unstructured near the active part. At the tillage 

body level, the computational mesh was unstructured in the front and in the holder area, 

with a high density of the mesh, and structured behind the active part, with a lower mesh 

density (fig. 6). In order to cover the entire model 658000 elements were defined. 

General and boundary conditions. The 3D CFD simulations were performed in isothermal 

conditions, for a loam-clay soil (38% clay, 32% silt and 30% sand – Figure 7), characteristic 

for the northeast area of Moldavia; these conditions imposed the use of the finite volumes 

method (FVM) for the CFD simulation. 
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a – view in the horizontal plane; b – view from behind in the vertical plane 

Figure 6. Computational mesh and elements for the arrow type tillage body:  

 

Figure 7. Soil classification according to sand, silt and clay content (texture triangle) and models for 

numerical simulation (O – present case study for soil with 38% clay, 32% silt and 30% sand) [15] 

The viscous-plastic parameters of soil, such as the dynamic viscosity η and the shear yield 

stress τ0, were evaluated at a constant speed, with a rheometer. Within the simulation the 

soil was considered at a humidity of 19% and a resistance to penetration of 400 kPa; other 

parameters taken into account were as follows: bulk density ρ = 1250 kg/m3, dynamic 

viscosity η = 900 Pa⋅s and shear yield stress τ0 = 12 kPa. The soil flow speed was w = 3 m/s, 

this being the traveling speed of the active part. 

The following hypothesis were considered in the numerical simulation: a constant working 

depth of the tillage body; the active part was considered to be rigid; the soil flow was 

considered laminar and axisymetrical relative to the vertical section; 3D soil crumbling; the 

soil was considered an continuous, homogenous and anisotropic medium; soil behaves like 

a viscous-plastic Bingham material; the movement of the active part is considered with a 

(a) (b)
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finite yield tension and the displacement of the active part is considered as interaction 

between the submerged body and the fluid; the interspace between the clods of soil is 

neglected and soil is considered to be incompressible; cracking of soil occurs when the shear 

yield for the soil in front of the active part is exceeded. 

Generation of the model. The Navier-Stokes equations are the basic equations for solving 

any problem related to fluid flow, by taking into account the momentum conservation 

equations, applied to an element of volume. The assumption that soil is flowing as a fluid 

allows the analysis of different types of interactions between soil and the active part, like the 

soil pressure over the surface of the active part, the traction resistance etc. 

According to the second law of Newton, the acceleration of the volume of fluid (elementary 

volume) is directly related to the force acting upon it by the means of the momentum 

conservation equation: 
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where d/dt is the full derivative, g is the acceleration of the gravity field (m/s2), p is the 

hydrostatic pressure  (Pa), τij is the tensor of the shear stress (Pa), ρ is the density (kg/m3), ui 

is the travel speed (m/s) and x is the distance (m). 

The full derivative of the fluid volume variation is a time and space dependent function: 
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Equation (2) shows that the gravitational force, the hydrostatic pressure and the viscous 

stress (hydrodynamic stress) balance the acceleration of the fluid element. According to this 

equation soil flowing may be processed taking into account several types of dynamic 

interactions between the active part and soil: 

• forces produced by the speed and acceleration of the active part; 

• soil pressure over the surface of the active part, taking into account the weight of soil; 

• soil cracking due to the viscous-plastic deformations. 

For the Bingham type of plastic fluids, the strain-stress relationship may be written as: 
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where τy = τ0 is the yield stress (Pa), µ=η is the plastic or dynamic viscosity ((Pa⋅s), γ is the 

shearing speed (u/h being the flowing speed gradient) (s-1) and h is the thickness of the 

sheared layer (m). 

In a cartesian system of coordinates (x, y, z) the x component of the equation (1) may be 

expressed, based on the equations (2 - 4), in the form: 

 x xy xz

pu u u u
u v w

t x y z x x y z
ρ σ τ τ
  ∂∂ ∂ ∂ ∂ ∂ ∂ ∂

⋅ + ⋅ + ⋅ + ⋅ = − + + + 
∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ 

 (6) 

where τxy  is the shear stress in the xy plane (Pa), τxz is the shear stress in the xz plane (Pa), σx 

is the normal stress (Pa) and u, v, w are characteristic coefficients of the x, y, z axes. 

In order to satisfy the assumption that the viscous-plastic fluid is homogenous and isotropic, 

the simulation assumes that the yield stress is not dependent on the position or the 

orientation of the fluid particles. 

In the tillage process, the active body has to overcome soil rigidity and cracking appears 

only when the tangential stress exceeds the yield stress. When the applied force exceeds the 

yield stress limit, soil flows as a viscous-plastic fluid, due to shear cracking. 

The traction force is equal to or higher than the drag force; in the present simulation the 

active part is considered to be submerged into soil; hence, the drag force F is given by the 

relation: 

 21

2 D zF C u Aρ= ⋅ ⋅ ⋅ ⋅  (7) 

where CD is the drag coefficient, ρ is the density of soil, (kg/m3); uz is the speed along the z 

axis (m/s), A is the characteristic area of the active part (m2). 

The drag coefficient has two components: the drag coefficient due to pressure CDp and the 

drag coefficient due to friction, CDf : 

 CD = CDp + CDf  (8) 

The weight of each drag component (pressure and friction) depends on the geometrical 

shape of the active part. The aim of the simulation is to obtain the geometrical shape leading 

to a minimum drag of the active part with. 

A value of 10-4 was considered as the convergence criterion for each iteration and for each of 

the equations of the flowing process. A relaxation coefficient of 0.3 was chosen in order to 

maintain a stable convergence (a higher relaxation coefficient increases the convergence 

time). The results of the simulations were than interpreted considering that the active part is 

traveling at a constant speed. 

Simulations were performed over three types of active parts, with the same geometrical 

shape, but with different angles between the cutting edges: 2γ = 600; 2γ = 660; 2γ = 700. 
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Pressure distribution over the surface of the arrow type active body depends on the position 

of the cutting surfaces and on the characteristics of the soil. The simulations show that the 

maximum pressure is recorded on the cutting edges. 

Table 3 presents the effect of the 2γ angle over the variation of the average normal pressure, 

for the same type of soil. The distribution of the normal pressure on the surface of the active 

part is shown in Figure 8. 

 

2γ (degrees) 60 66 70 

Average pressure (kPa) 4.4 ... 45.2 4.5 ... 53.5 4.45 ... 53.35 

Table 3. Variation of the average normal pressure along the cutting edges 

 

Figure 8. Distribution of the normal pressure (Pa) on the surface of the active part 

As previously mentioned, drag has two components, one due to pressure and the other due 

to friction; therefore, the same two components (pressure and viscosity) are present within 

the traction force (Table 4). 

The tangential stress distribution over the surface of the active part (the viscosity or friction 

component) reaches a maximum on the cutting edges and diminishes towards the inner part 

of the active body (Figure 9). 

Figure 10 presents the variation of the soil speed; the soil is disturbed in front of the active 

body and the distribution pattern of the flowing speed clearly indicates the region where the 

cracks appear. Speed variation along the longitudinal (z) axis presents two distinct flowing 

regions (Figure 10b): one corresponds to the viscous-plastic flow, in the vicinity of the active 

part, when the tangent stress exceeds the yield point, and the second one corresponds to the 

area where the tangent stress does not exceed the yield point, while the second implies a 

flowing resistance (“solid flow”), when the tangent stress does not exceed the yield point; 

the soil is an elastic state. 
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Because the simulation assumes that soil flows while the active part is considered stationary, 

the soil speed on its surface is zero; speed is also zero in the contact area with the soil bin 

walls. Moving away from the surface of the active part, the speed increases; as a result, near 

the active part, the tangent stress records very high levels and the yield point is exceeded, 

leading to the formation of cracks and to a viscous-plastic strain. 

 

Region 

Force due to static 

pressure (N) 

Force due to viscosity 

(N) 

Overall force 

(N) 

2γ = 600 2γ = 660 2γ = 700 2γ = 600 2γ = 660 2γ = 700 2γ = 600 2γ = 660 2γ = 700 

Surface of 

the active 

part 

86.1 95.6 102.4 415.6 520.4 642.3 501.7 616.0 744.7 

Surface of 

the active 

part holder 

40.07 36.3 39.1 46.2 42.5 32.8 86.27 78.8 71.9 

TOTAL 126.17 131.9 141.5 461.8 562.9 675.1 587.97 694.8 816.6 

Table 4. Traction force for the winged share type active part 

 

Figure 9. Distribution of the tangential stress (Pa)  

5. Physical and mathematical modeling of the tire wheel-soil interaction 

5.1. Simulation principles applied within the finite elements method (FEM) 

The finite elements method (FEM) is used in order to study the bodies with a complex 

shape, providing numerical solutions for different physical characteristics when analytical 

solutions are impossible or very difficult to obtain. The finite element analysis (FEA) is used 

within this method [6]. 
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Figure 10. Soil speed profile (m/s) in the longitudinal vertical plane XOZ (a) and horizontal plane YOZ 

(b), for 2γ=660. 

(a) 

(b)



 
Impact of Agricultural Traffic and Tillage Technologies on the Properties of Soil 281 

The finite elements method is based on the principle of the overall potential energy, which 

states that a structure or a body is deformed or displaced in a position that minimizes the 

potential energy (overall potential). This is in correspondence with the second law of 

thermodynamics, which states that the entropy of an isolated system can only increase 

towards a maximum value, meaning that the capacity to produce mechanical work can only 

decrease. 

The principle of the minimum potential energy has many applications in the mechanics of 

the solid bodies and in the analysis of structures. In these cases, the principle of the 

minimum overall potential is a special case of the principle of virtual mechanical work 

applied to systems being under the action of conservative forces. The principle of the virtual 

mechanical work states that the virtual mechanical work of the exterior forces is equal and 

opposed to the virtual mechanical work of the interior forces (normal stress, shear stress, 

torsion and bending stress). It is assumed that forces and stresses remain constant and only 

the variations of strains are taken into account; only the strains that satisfy the internal 

compatibility of the body and the boundary conditions (resulting from the connections to 

other bodies) are accepted. 

The finite elements method was imposed by the need to solve complex problems regarding 

the mechanics of deformable bodies. The method may be also applied to the problems 

referring to the flow of fluids, heat transfer, magnetic fields etc. [16]. 

5.2. Numerical simulation of the wheel-soil interaction 

The first applications of the finite elements method – FEM – were aimed to simulate the 

linear elastic materials, but now this method is also used for non-linear, non –elastic 

materials like soil. Unlike metals, soil has a very low tensile strength; when compressed, the 

deformation reaches the plastic domain and soil has the tendency to remain in the deformed 

state. The wheel-soil interaction takes place in the non-linear domain, which means that a 

greater number of finite elements should be used in the simulation; the computation time 

increases accordingly. 

In agriculture, the 3D simulations of the wheel-soil interaction aim to produce solutions 

leading to the limitation of soil compaction. A certain number of tests must be performed, 

with different types of soils and the results of the tests are than used in the numerical 

simulation in order to obtain a realistic prediction. These results allow the reduction of the 

design costs and the design time of the agricultural equipment according to the principles of 

sustainable agriculture. 

The 3D numerical simulation based on FEM assumes some simplification hypothesis: the 

wheel is considered to be under the action of a dynamic vertical load; the wheel is assumed 

rigid; the number of vertices is limited by the computing power available; the soil 

characteristics are estimated ones, due to its heterogeneous characteristics. 
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Description of the model. The FEM software ABAQUS was used in order to build the 3D 

model for the analysis of soil compaction. Taking into account the complexity of the model 

the “explicit” version of the software was used, instead of the “standard” one; this approach 

allows the further development of the model by considering a deformable wheel instead of a 

rigid one. 

The model is composed of two distinct 3D elements: a portion of the soil bin and the rigid 

wheel. In order to diminish the computation time, a vertical plane of symmetry, parallel to 

the direction of travel, was considered,  dividing the contact patch into two symmetrical 

portions; simulation was therefore performed on only one half of the 3D soil-wheel model. 

The cartesian  reference system was defined as follows (Figure 11): the negative z axis was 

considered to be along the travel direction, the positive x axis was perpendicular to the soil 

surface and the y axis was perpendicular to the travel direction and parallel to the wheel 

axis. 

Static soil model. The 3D model of the soil was divided into five sections (Figure 11), each 

with a different density of the dicretization mesh; the contact surfaces between the sections 

were considered to be bound to each other. A higher density of the mesh was used for the 

wheel-soil contact area, on a depth of 0.05 m; a lower mesh density was used for the rest of 

the model. 

The finite soil elements are 3D solid parallelepipeds, with 8 vertices and only three degrees 

of freedom, corresponding to the translations along the directions x, y and z. The 

computation time is thus significantly reduced and the stability of the model is increased. 

 

Figure 11. The 3D wheel-soil model 

In order to extend the length and width of the simulation model to infinity, infinite solid 

elements were attached; they were considered 3D parallelepipeds, with eight vertices and 

one infinite face. These elements were used for the elastic linear deformation domain and 

were attached to the boundaries of the solid element. 
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The strain-stress curve was considered to be composed of linear portions, as shown in Table 

5. The physical and mechanical properties of soil were those presented by Block [3]. The 

density of soil was ρ = 1255.2 kg/m3, the modulus of elasticity was E = 0.3262 MPa and the 

initial Poisson’s ratio was assumed to be ν = 0.3. 

 

Yield strength (MPa) Volumetric strain 
Yield strength 

(MPa) 
Volumetric strain 

0 0 0.08 0.149679 

0.005 0.014661 0.09 0.160028 

0.01 0.028334 0.10 0.169280 

0.02 0.053024 0.12 0.185036 

0.03 0.074619 0.16 0.208422 

0.04 0.093572 0.21 0.228045 

0.05 0.110262 0.29 0.248232 

0.06 0.125006 0.40 0.266976 

0.07 0.138069 0.50 0.280999 

Table 5. The strain/stress curve 

The infinite elements use the same material properties; the initial elasticity modulus 

increases with compaction, due to the increase of the rigidity. The Poisson’s ratio is 

modified during the simulation. The soil was modeled with ABAQUS/Explicit as “cap 

plasticity” and optionally as rigid “cap hardening”. These options allow the plastic strain to 

start from a prescribed level, which is included in the Drucker-Prager rigidity model. Each 

layer of soil has an initial volumetric strain corresponding to the hydrostatic pressure 

induced by the weight of the above layers. An initial compaction of the soil was taken into 

account. The “cap plasticity” option imposes the definition of three supplementary 

parameters (for the sandy clay soil): the cohesion coefficient c = 350 Pa, the friction angle β = 

57.80 and the “cap eccentricity” parameter R = 0.0005. The values “cap plasticity” and “cap 

eccentricity” were evaluated in the process of optimizing the Block model. 

The yield strength due to the hydrostatic pressure was limited to values between 0.005 and 

0.5 MPa. 

Dynamic model of the rigid wheel. The rigid wheel was considered a cylinder, composed 

of 3D discrete rigid elements. The simulation in ABAQUS/Explicit was performed for two 

types of loads: concentrated load, applied in the center of the wheel, and distributed load, 

applied on the circumference of the wheel. 

Boundary conditions. Specific boundary and loading conditions were considered within the 

simulation. The boundary conditions were defined for the soil model, for the rigid wheel 

model and for the wheel-soil interaction. The base of the soil model was restrained from 

moving along the x, y and z axis; the initial condition was defined considering an untilled 

soil with a certain degree of compaction. No constraint was defined for the soil-wheel 

interface.  
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Two constraints were defined for the wheel, referring to the acceleration of gravity and 

wheel rotation. 

The interaction between wheel and soil was simulated by the means of two surfaces, 

corresponding to the cylindrical surface of the wheel and exterior soil surface. Thus, the 

wheel gradually loaded the soil. No slip was assumed during wheel rolling.  

Loading conditions. The maximum wheel load of 5.8 kNa was reached in 12 time steps. The 

duration of each of the first five steps was set to one second; during these steps, each 

element was progressively loaded from zero to 9.81 m/s2. After the first five seconds, the 

wheel acceleration was constant. During the following seven time steps (each with a 

duration of two seconds), the rotation speed of the wheel was increased from zero to 0.244 

rad/s (16.74 cm/s travel speed). 

Simulation results. The simulation was aimed to evaluate soil compaction, the 

indentation depth of the wheel and the normal stress. The 3D simulation emphasized the 

residual soil stress, leading to soil compaction and destruction of the structure in the 

contact area. 

Three locations were chosen for the evaluation of the normal stress. The first one was placed 

at a depth of 0.3 m under the center of the wheel-soil contact patch, the second one was 

placed at a depth of 0.3 m under the outer edge of the wheel (y = 0,16 m) and the third one 

was placed at 0.15 m beneath the center of the contact patch. Table 6 presents the values of 

the normal stress, after 12 seconds, in the above-mentioned locations. 

 

Wheel load (kN) Indentation depth (m) Location Normal stress (kPa) 

5.8 0.101 

1 14.5 

2 7.0 

3 17.0 

Table 6. Simulation results 

6. The effect of tillage operations and of the agricultural traffic over soil 

6.1. Materials and methods 

The task of tillage is to prepare soils for productive use; it is performed in order to bring the 

seedlings into the soil and procure for them a good environment for further development. 

Tillage operations may have negative effects over the physical and mechanical properties of 

soil, over plant development and agricultural yield. 

The experiments were aimed to investigate the effect of soil tillage technologies and soil 

compaction over the penetration resistance, apparent soil density, weighted average 

diameter of the soil’s structural elements and water stability of the aggregates. 

The experiments were performed on a mezocalcaric cambic chernozem, with a clay-loam 

texture and eastern exposure.  
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Experimental variants. The experimental variants are summarized in table 7.  Soil 

compaction was achieved before tillage, by running the Valtra T190 tractor once over the 

field (compacted once) or twice (compacted twice), at a travel speed of 2.5 km/h. 

The experimental field was seeded with the Glosa variety of autumn wheat (approved in 

Hungary, in 2005); the row spacing was 125 mm, and the seeding depth was 5 cm. 

 

Agricultural equipments and operations Soil compaction 
Experimental 

variants 

- Plowing with T1901 + Opal 140 

- Secondary tillage with U-6502 + GD-3,2 

- Sowing with U-650 + SUP-29 

non-compacted V1 - control 

compacted once V2 

compacted twice V3 

- Plowing with T190 + Opal 140 

- Secondary tillage with T190 – BS 400 A 

- Sowing with U-650 + SUP-29 

non-compacted V4 

compacted once V5 

compacted twice V6 

- Direct sowing, in untilled soil, with T190 +   

MCR-2,5 

non-compacted V7 

compacted once V8 

compacted twice V9 

- Loosening of the unplough soil (14 cm), seedbed 

preparation and sowing with T190+OA+AGPS-

24DR3 

non-compacted V10 

compacted once V11 

compacted twice V12 

- Plowing with T190 + Opal 140 

- Seedbed preparation and sowing with T190+ 

AGPS-24DR4 

non-compacted V13 

compacted once V14 

compacted twice V15 

Table 7. Experimental variants 

Evaluated soil degradation indices 

The specific resistance to penetration was evaluated ten days after sowing, using the 

Eijelkamp (Holland) static penetrometer. The specific penetration resistance is ranked as: 

• very low (lower than 1.08 MPa); 

• low (1.08 – 2.45 MPa); 

• average (2.45 – 4.9 MPa); 

• high (4.9 – 9.81 MPa). 

A specific penetration resistance lower than 2.45 MPa allows the normal development of 

plant roots; for values between 2.45 and 9.81 MPa the development of roots is partially 

limited; for values higher that 9.81 MPa, the roots development is stalled. 

                                                                 
1 T190 – Valtra tractor, 190 HP. 
2 U650 – Romanian tractor, 65 HP. 
3 OA+AGPS-24DR is composed of a rotary harrow and a seeder; OA are winged type shares mounted in the front of 

the rotary harrow. 
4 AGPS-24DR is composed of a rotary harrow and a seeder. 
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Bulk density of soil 

In order to evaluate this index untilled soil samples were taken ten days after sowing, from 

the following depths: 0 – 10 cm, 10 – 20 cm, 20 – 30 cm and 30 – 40 cm. 

For the clay-loam soil, the bulk density is ranked as: 

• extremely low (loosened soil) – under 1.05 g/cm3; 

• very low (moderately loosened soil) - 1.05 – 1.18 g/cm3; 

• low (slightly loosened soil) - 1.19 – 1.31 g/cm3; 

• average (slightly compacted soil) - 1.32 – 1.45 g/cm3; 

• high (moderately compacted soil) - 1.46 – 1.58 g/cm3; 

• very high (very compacted soil) – over 1.58 g/cm3. 

The weighted average diameter of the structural elements. The structure of the arable layer 

is characterized by the grain size distribution. A device with sieves of different sizes (10; 5; 3; 

2; 1; 0,5 and 0.25 mm) is used to evaluate this index, by sieving the soil samples. 

The weighted average diameter is calculated with the formula: 

( )
,mm

100
i ip d

WAD
⋅
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where pi is the share of each size fraction [%] and di is the mean diameter of each size 

fraction [mm]. 

The Tiulin- Erikson method ranks the weighted average diameter as: 

• very good (WAD = 2 – 5 mm); 

• good (WAD = 1 -2 mm and 5 – 7 mm); 

• acceptable (WAD = 0.25 – 1 and 7 – 10 mm); 

• poor (WAD under 0.25 and over 10 mm). 

Water stability of the aggregates. Represents the property of soil aggregates to withstand 

the dispersion action of water. The soil sample (20 g) is dispersed, entrained and sieved in a 

flow of water; in the Tiulin-Erikson apparatus, the sieves have apertures of  0.25; 0.5; 1; 2; 3; 

5 mm. 

The aggregates retained on each sieve are weighted and the I1 water stability index is 

calculated with the formula: 

1

I II III
I

IV V

+ +
=

+

 

where I is the percent of aggregates bigger than 5 mm, II is the percent of aggregates of 3 – 5 

mm, III is the percent of aggregates of 2 – 3 mm, IV is the percent of aggregates with 1 – 2 

mm and V is the percent of aggregates of 0.5 - 1 mm. According to I1, the water stability of 

aggregates is ranked as follows: 
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• 3.00 – 5.00 – very good structure; 

• 0.61 – 3.00 – good structure; 

• 0.30 – 0.61 – medium structure; 

• 0.18 – 0.30 – poor structure; 

• lower than 0.18 – bad structure. 

6.2. Results and discussions regarding the effect of soil tillage technologies and 

soil compaction over the physical and mechanical properties of soil 

The experiments were aimed to investigate the effect of soil tillage technologies and soil 

compaction on the penetration resistance, apparent soil density, weighted average diameter 

of the soil’s structural elements and water stability of the aggregates. 

Resistance to penetration.  The experiments were performed over three agricultural years 

(2008/2009, 2009/2010, 2010/2011) and the penetration resistance was evaluated for four 

depths (0 – 10 cm, 10 – 20 cm, 20 – 30 cm, 30 – 40 cm); the averaged values for the 

agricultural years and 0 – 40 cm depth are presented in table 8.  

The results show very low values of the penetration resistance (0.438); according to the agro 

technical requirements, values lower than 1.08 MPa are considered “very low” and roots 

may develop normally. 

Based on the penetration resistance, the five variants referring to the non-compacted soil 

were ranked as follows: V13 (the best), V4, V1, V10 and V7 (the worst).  Because soil was not 

compacted, these values were considered as reference in order to establish the effect of the 

tillage equipments. 

 

Compaction Penetration resistance [MPa] 

Non-compacted 
V1 V4 V7 V10 V13 

0.247 0.236 0.286 0.260 0.215 

Compacted 

once 

V2 V5 V8 V11 V14, 

0.326 0.315 0.356 0.347 0.306 

Compacted 

twice 

V3 V6 V9 V12 V15 

0.406 0.390 0.438 0.410 0.387 

Table 8. The effect of the tillage technologies over the resistance to penetration 

The experimental data show that the compaction of the soil (once and respectively twice) 

has significantly increased the penetration resistance.  

The lowest values of the penetration resistance were recorded for the variants V13 (non-

compacted soil), V14 (compacted once) and V15 (compacted twice), when plowing was 

performed with the T190 + Opal 140 unit and the seedbed preparation and sowing were 

performed with the T190+ AGPS-24DR equipment.  
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Low values of the penetration resistance were also recorded for the variants V4 (non-

compacted), V5 (compacted once) and V6 (compacted twice), when the same equipment was 

used for plowing (T190 + Opal 140) and the BS 400 combined equipment was used for 

seedbed preparation. 

The increase of the penetration resistance (compared to variants V13, V14 and V15) was due to 

the presence of cage rollers and cross kill roller (mounted in the back of the equipment).  

For the following variants (V10, V11 and V12), classical plowing was replaced by a tillage 

operation performed with the OA + AGPS-24DR complex equipment; the soil was loosened 

over a depth of 15 cm by the OA winged type shares, mounted in front of the rotary harrow. 

As a result, the penetration resistance increased significantly. 

Strip tillage was performed for the variants V7, V8 and V9, by the means of the MCR 2.5 

combined equipment; in this case, isolated bands of soil were tilled (only one third of the 

equipment’s working width), to a depth of 8 cm. This solution led to the higher values of the 

penetration resistance. 

Soil bulk density. Table 9 presents the experimental results referring to the bulk density of 

soil. The values are averaged ones, for three agricultural years and four depths. 

 

Compaction Bulk density [g/cm3] 

Non-compacted 
V1 V4 V7 V10 V13 

1.31 1.28 1.33 1.32 1.26 

Compacted 

once 

V2 V5 V8 V11 V14, 

1.42 1.40 1.45 1.43 1.39 

Compacted 

twice 

V3 V6 V9 V12 V15 

1.51 1.49 1.58 1.54 1.46 

Table 9. Effect of tillage technologies over the bulk density of soil 

For variants V13, V4 and V1 (non-compacted soil) the bulk density was low (poorly loosened 

soil), while average values were recorded for variants V10 and V7 (slightly compacted soil). 

Average values were also recorded for all the “compacted once” variants (slightly 

compacted soil); the high values of the bulk density reported for the “compacted twice” 

variants ranked them as “moderately compacted”. 

Taking into account that lower values of the bulk density are desirable, the “non-

compacted” variants were ranked as follows: V13 (the best), V4, V1, V10 and V7 (the worst). 

The experimental results showed that bulk density increases when soil compaction increases. 

The “compacted once” and “compacted twice” variants were ranked exactly in the same order 

as the “non-compacted” variants, in terms of bulk density, because their ranking is only due to 

the type of tillage equipment. Moreover, the same ranking was recorded in terms of 

penetration resistance, because the both indices are characterizing the compaction state of soil 

and the increase of one index implies the increase of the other one, too. 
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Average weighted diameter (WAD) of the structure elements. Table 10 presents the 

experimental results referring to the average weighted diameter of the soil’s structure 

elements. The values are averaged ones, for three agricultural years and three depths. 

 

Compaction Weighted average diameter [mm] 

Non-compacted 
V1 V4 V7 V10 V13 

3,70 3,68 3,56 3,40 3,35 

Compacted once 
V2 V5 V8 V11 V14, 

3,05 3,09 3,34 3,20 3,19 

Compacted twice 
V3 V6 V9 V12 V15 

2,84 2,88 3,29 2,97 2,90 

Table 10. Effect of tillage technologies over the weighted average diameter. 

WAD varied between narrow limits – 2.845 mm to 3.702 mm. The results include the 

weighted average diameter in the 2 – 5 mm class (very good), for all the variants. Within this 

class, the best weighted average diameter is the one that is closest to 3.5 mm. 

According to this index, the “non-compacted” variants were ranked as follows: V7 (the best), 

V10, V13, V4 and V1 (the worst). 

The “compacted once” and “compacted twice” variants were ranked exactly in the same 

order as the “non-compacted” variants, in terms of weighted average diameter, due to the 

facts previously mentioned. 

Increasing the compaction of soil resulted in a marked destruction process, the weighted 

average diameter being diminished. 

Variant V7 was ranked the first due to the limited tillage process, during which the soil 

aggregates were less affected; when using the MCR-2.5 equipment, only  isolated bands of 

soil were tilled (on one third of the equipment’s working width), to a lower depth of 8 cm 

and thus the structural elements are preserved. 

Variant V10 was ranked second because soil plowing was replaced by loosening to a depth of 

15 cm. The fact that seedbed preparation and sowing were performed simultaneously also 

contributed to the preservation of the soil’s structure. In the same time, the more intense 

tillage (performed by the OA winged type shares and the rotary harrow) applied within this 

variant led to lower weighted average diameters of the aggregates. 

In the case of variant V13, which was ranked the third, classic moldboard plowing led to the 

destruction of the structure elements; seedbed preparation by the means of the FRB-3 rotary 

harrow (part of the AGPS-24DR complex equipment) also contributed to the diminishing of 

the aggregates’ diameter. 
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Variant V4 was ranked the fourth due to conventional plowing, followed by the secondary 

tillage performed with the BS 400A combined equipment. The great number of tillage 

equipments within its structure, of which three are rollers, had an unfavorable effect over 

the soil structure. 

Water stability of the aggregates. Table 11 presents the experimental results referring to the 

water stability of the soil’s aggregates. The values are averaged ones, for three agricultural 

years and three depths. 

 

Compaction I1 index 

Non-compacted 
V1 V4 V7 V10 V13 

3.60 3.61 4.18 3.70 3.68 

Compacted once 
V2 V5 V8 V11 V14, 

2.84 2.96 3.43 3.18 3.02 

Compacted twice
V3 V6 V9 V12 V15 

2.64 2.68 2.93 2.77 2.78 

Table 11. Effect of tillage technologies over the water stability of aggregates (I1 index) 

The values of the I1 index were comprised between 2.64 and 4.18, which means that two 

classes were included: very good structure (3.00 – 5.00) and good structure (0.61 – 3.00). The 

higher the I1 index, the better the soil structure. Within the 3.00 – 5.00 class, the best soil 

structure is the one that is closest to 4.00. 

For the “non-compacted” variants, their ranking was as follows: V7 (first place), V10, V13, V4 

and V1 (last place). 

The “compacted once” and “compacted twice” variants were ranked exactly in the same 

order as the “non-compacted” variants in terms of weighted average diameter, due to the 

previously mentioned facts regarding soil compaction. 

The ranking of the variants respected the same order as in the case of the weighted average 

diameter. 

It should be mentioned that an increased soil compaction results in a lower I1 index; this 

tendency becomes more important when passing from the “non-compacted” variants to the 

“compacted once” variants. 

6.3. Results regarding the effect of tillage technologies and soil compaction over 

the yield of seed for the autumn wheat crop. 

The experimental variants are the ones already presented in the discussion referring to the 

effect of soil tillage and compaction over the physical and mechanical properties of soil. 

The results regarding the seed yield are presented in table 12, being the averaged values for 

three agricultural years. 
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The experimental variants on the first five places (“non-compacted” soil) are ranked as 

follows: V10 (best), V7, V13, V4 and V1 (5th place). 

The next five places belong to the “compacted once” variants, in the following order: V11 (6th 

place), V8, V14, V5 and V2 (10th place).  

The last five places were taken by the “compacted twice” variants: V12 (11th place), V9, V15, V6 

and V3 (15th place). 

As far as the tillage and sowing technology are concerned, the order is similar for the “non-

compacted”, “compacted once” and “compacted twice” variants, as only the type of tillage 

and sowing equipment affected ranking. 

It should be noticed that yield decreases when soil compaction increases; this tendency is 

more significant when passing from the “non-compacted” variants to the “compacted once” 

variants. 

 

Tillage and sowing equipments Compaction 
Experimental 

variants 

Seed yield, 

kg/ha 

Valtra T190 + Opal 140; 

U-650 + GD-3,2; 

U-650 + SUP-29 

non-compacted V1 - witness 5765 

compacted once V2 4453 

compacted twice V3 4025 

Valtra T190 + Opal 140; 

Valtra T190 + BS 400 A; 

U-650 + SUP-29 

non-compacted V4 5800 

compacted once V5 4518 

compacted twice V6 4104 

Valtra T190 + MCR-2,5 

non-compacted V7 6016 

compacted once V8 4789 

compacted twice V9 4258 

Valtra T190 + OA + AGPS-24DR

non-compacted V10 6268 

compacted once V11 5461 

compacted twice V12 4297 

Valtra T190 + Opal 140 

Valtra T190 + AGPS-24DR 

non-compacted V13 5834 

compacted once V14 4557 

compacted twice V15 4182 

Table 12. Seed yield for the autumn wheat crop 

7. Conclusions and recomendations 

Soil has an essential part in maintaining life on earth because it represents the support for 

the agriculture practice, creating the necessary conditions for obtaining the food products, 

due to its physical and biological properties, to its fertility, to its capacity to provide plants 

with the water and nutrients needed for their growth. 
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The intensification of the agricultural processes - mechanization, fertilization - led to a 

continuous degradation of soil, affecting five to seven million hectares each year. 

Sustainable agriculture could be a solution to this problem. 

Sustainable agriculture is based on the soil conservation tillage system (SCTS). Within the 

unconventional soil tillage system moldboard plowing is deferred (completely or partially), 

the tillage works are limited and at least 15...30% of the vegetable debris is kept on the soil 

surface. The unconventional soil tillage system consists of very different methods: seeding 

in the untilled soil, reduced soil tillage, minimum soil tillage (when up to 30% of the 

vegetable debris is left on the soil surface), minimum tillage with vegetable mulch (more 

than 30% of the vegetable debris is left on the soil surface), ridge seeding, partial or strip 

tillage, deep loosening without furrow overturning etc. 

The intensity of the anthropic soil compaction is affected by the type of agricultural 

machinery; compaction is promoted by the use of heavy machinery, with high wheel-soil 

contact pressures, by the increased number of passings, by the increased tire air pressure, by 

the agricultural traffic performed over wet soil. As far as the active parts for seedbed 

preparation are concerned, their destructive action over the structure elements of soil is of 

an utmost importance. The structure elements are destroyed through deformation, breaking, 

fragmentation, and cutting; in order to preserve soil structure one should comply with the 

technical recommendations of the equipment’s manufacturer regarding the working speed 

and peripheral speed of the active parts. 

In order to reproduce, in laboratory conditions, the working process of the active parts of 

the tillage equipment, a test rig was designed and built. The rig was used in order to study 

the soil - moldboard plough body interaction and the tire wheel-soil interaction; the results 

were then used to simulate the respective processes. The mathematical and physical  

simulations were performed by the means of CFD method. It was concluded that, in the case 

of the winged share type of active part, the maximum pressure would be recorded on the 

cutting edges. Based on the results of the simulations and on further field tests, new types of 

active parts will be developed; within the frame of conservative agriculture, this method 

allows the reduction of the time needed to produce new types of active parts. 

The results of the mathematical and physical simulation were focused on soil, aiming to 

evaluate the compaction depth, the wheel indentation depth and the normal soil stress. The 

dynamic 3D simulation of a wheel rolling over an isotropic and non-linear soil produced 

truthful results regarding soil deformation and stresses at different depths, emphasizing the 

remanent soil stresses which lead to soil compaction and to the deterioration of its structure. 

The laboratory results were validated by the field experiments, in which the effects of 

different agricultural equipments and of soil compaction over the penetration resistance, soil 

structure and yield were investigated.  

Based on the results regarding the penetration resistance and bulk density, the variants (as 

presented in Table 7) were ranked as follows: V13 (1st place), V4 (2nd place) and V1-witness (3rd 

place). 

ş
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The analysis of the weighted average diameter and water stability of the aggregates led to 

the following rating: V7 (1st place), V10 (2nd place) and V13 (3rd place). 

The analysis of the seed yield led to the following rating: V10 (1st place), V7 (2nd place) and V13 

(3rd place). 

When the indices referring to soil structure were considered, the best results were obtained 

by the variant V7 (non compacted soil; tillage and sowing performed with the T190 + MCR-

2.5 equipment); the second place was taken by variant V10 (non-compacted soil; tillage and 

sowing performed with the T190 + OA + AGPS-24DR equipment); variant V13 (plowing 

performed with the T190 + Opal 140 equipment, sowing performed with the T190 + AGPS-

24DR equipment) was ranked the third. 

Taking into account all the facts we consider that all decision makers, who are connected in 

anyway with soil (farmers, equipment producers, chemical products manufacturers, 

researchers), should be focused on the degradation of the arable layer and encourage 

agricultural technologies aiming to its preservation. 
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Edited by Vikas Abrol and Peeyush Sharma

In this book, papers pertaining to resource management for sustainable agricultural 

development are presented in four parts divided into ten chapters. Part I discusses 

the usage of water and waste management for sustainable agricultural development 

including aspects like irrigation management to prevent soil and ground water 

salinization, production of solid fuel from oil palm waste, sustainable ecomaterials 

and biorefinery from agroindustrial waste, nonpoint pollution from agriculture and 

livestock activities on surface water. Part II discusses sustainable management of 

dryland resources especially carbon sequestration under changing climate scenario. 

Part III deals with e�cient nutrient management for sustainable crop productivity in 

di�erent agro-climatic conditions, soil quality and productivity improvement under 

rainfed conditions. Part IV throws light upon e�ect of conservation tillage on soil 

properties and impact of agricultural tra�c and tillage on soil properties.
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