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Abstract

A laboratory experiment was carried out at, Jaunpur (25°18’ N, 83°03’ S) to study the kinetics of N 
mineralization in sewage amended soils. Four different agricultural fields viz., A, B, C and D which 
has been receiving sewage for irrigation since last five or more years were selected for study. The three 
replicate of each treatment were incubated at room temperature (25°C) for 7 weeks. The soils were 
brought to field capacity by addition of distilled water. The subsamples (10g) were withdrawn from 
each sample after every week interval and extracted immediately with 100 ml of 2 M KC1 solution 
and N was determined. The fitness of the model for mineralization study was tested by least square 
method and the mineralization rate constant (K) and half-life (t1/2) were calculated from fitted model. 
It was observed that, the highest mineralized N (121.20 mg/kg) was observed in soil receiving sewage 
continuously while lowest in N mineralized 112.80 mg/kg was observed in soil receiving less amount 
of sewage. Estimated mineralization rate content ‘K’ in four soils was 0.44, 0.38, 0.10 and 0.43 and 
correlation coefficient were 0.99, 0.98, 0.99 and 0.99, respectively. The study revealed that, nitrogen 
mineralization was increased with increasing period of incubation with rapid increase during 2-4 
weeks of incubation. First order model of kinetics was best suited for nitrogen mineralization in sewage 
amended soil under study.

Highlights

• Nitrogen mineralization in sewage amended soil increases with increasing period of incubation
• The highest nitrogen mineralization occurs during 2-4 weeks of incubation.
• Nitrogen mineralization in sewage amended soil follows first order model of kinetics.
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Sewage is the liquid by product of domestic and 
industrial wastes. Sludge is the semi – solid part of 
sewage water that has been sedimented or acted 
upon by bacteria thus, it is a residual product from 
the treatment of municipal wastewater (Linden  
et al., 1995) containing 40-60% organic matter (Ross 

et al., 1991). Organic matter is the food source for 
soil microorganisms and serves as a slow-release 
nutrient source for plants. Slowed decomposition 
hinders the release of essential nutrients and results 
in a nutrient sink. Sewage sludge has been used 
frequently as an organic amendment for soils (Clapp 
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et al., 1986; Alabaster and Leblanc, 2008; Rovira et 
al., 2011). The safe disposal of the sewage sludge is 
one of the major environmental concerns throughout 
the world. Disposal alternatives that have been tried 
include soil application, dumping at sea, landfilling 
and incineration (Sanchez Monedero et al., 2004). 
Landfilling and land application of the sewage sludge 
are suggested to be the most economical sludge 
disposal methods (Metcalf and Eddy, 2003; Roig et al., 
2012) as it contains essential plant nutrients, primarily 
Nitrogen and Phosphorus (Carrington et al., 1998a; 
1998b; Marschner et al., 2003; Singh and Agrawal, 
2008; Annabi et al., 2011). The micronutrients i.e. Fe, 
Cu and Zn plays an important role in plant growth 
which get absorbed more in sludge-amended soil 
than those grown in the control soil (Hernandez 
et al., 1991). The organic matter in sludge is a key 
component to its success as an organic amendment 
(Clapp et al., 1986; Marschner et al., 2003) which acts 
as a beneficial soil conditioning agent (Logan and 
Harrison, 1995; Singh and Agrawal, 2008). Besides 
organic matter and macronutrients sewage sludge 
also contains a wide range of micronutrients, non-
essential trace metals, organic micro pollutants 
and microorganisms (Kulling, 2001; Smith, 2009; 
Passuello et al., 2010) whereas the benefits of input of 
sludge on soil properties found to be proportionally 
to the application doses and/or frequency. The 
organic amendments increased the organic matter 
content, the soil nitrogen, and improving carbon and 
nitrogen mineralization processes through microbial 
activities in soil (Roig et al., 2012)

Nitrogen is of particular interest because it is usually 
the most limiting nutrient for plant growth (Pierzynski 
et al., 2000; Benbi and Richter, 2002; Gilmour et al., 
2003). Nitrogen is present in sludge as both organic 
N (N-org) and NH4–N, the amounts depending on 
the method of sewage and sludge treatment (Boyle, 
1990; Smith, 1996; Smith et al., 1992). Nitrogen in 
liquid raw sludge is largely in the organic form, with 
only 5–10% being NH4–N. Mineralization of organic 
N results in the formation of NH4–N, which then is 
converted to nitrate by the process of nitrification. 
Mineralization rates are dependent on three factors 

that will affect microbial activity: temperature, 
moisture content, and substrate quality (Sparrow et 
al., 1993; Crohn, 2004). Assimilation of NH4–N costs 
less metabolic energy than assimilatory reduction of 
NO3- N for plants and microbes (Recous et al., 1990; 
Schlesinger, 1997; Gilmour et al., 2003). Microbial 
consumption of NO3 2–-N can be significant under 
high C availability (Stark and Hart, 1997; Burger 
and Jackson, 2003) and is strongly influenced by 
microbial substrate use efficiency (Saetre and Stark, 
2005). The rate of mineralization is required to 
predict or estimate N availability during the growing 
season and can vary with the source of organic matter 
(Serna and Pomares, 1992; Crohn, 2004) but relatively 
little known about the mineralization of nitrogen in 
sewage amended soil especially ultisols. Therefore, 
laboratory experiment was conducted to study the 
nitrogen mineralization in sewage amended soil.

Materials and Methods

A laboratory experiment was conducted at 
Department of Agriculture Chemistry and Soil 
Science, Purvanchal University, Jaunpur (25°18’ N, 
83°03’ S) to study the kinetics of N mineralization 
in sewage amended soils. Geographically, Jaunpur 
district falls under subtropical belt with MSL 128.93 
meter. The atmospheric temperature varies widely 
ranging from 6°C or even low during winter season 
and 48°C during summer, most of the rainfall is 
received during middle of July to end of August. Four 
different agricultural fields viz. A, B, C and D which 
has been receiving sewage for irrigation since last five 
or more years were selected for study. Representative 
soil samples (0-15 cm) were collected from the field; 
the collected soil samples were air dried, ground 
to pass through a 2 mm sieve and preserved in the 
plastic bags for further study. Initial physical and 
chemical properties of soil viz. bulk density, particle 
density, porosity (Klute et al., 1986), pH (1:2 soil 
water suspension), electrical conductivity (1:2 soil: 
water suspension using digital conductivity meter), 
organic carbon (Walkley and Black, 1934), available 
N (Subbiah and Asija, 1956), available P (Olsen et 
al., 1954) and available K (Hanway and Hiedel, 
1952) were determined using standard methods.
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Table.1. Physico-chemical properties of soil

Sr. No. Soil Properties Values

1 Bulk density (Mg m-3) 1.30

2 Particle density (Mg m-3) 3.01

3 Soil porosity (%) 53.00

4 pH 7.76

5 EC ( dS M-1) 0.57

6 Organic carbon ( g kg-1) 5.20

7 Available nitrogen (kg h-1) 420.00

8 Available potassium (kg h-1) 162.00

9 Available phosphorus (kg h-1) 12.00

Table. 2. Cumulative amount of N mineralized in four soils 
(mg kg-1).

Incubation 
period 
(weeks)

N mineralized in soil (mgkg-1)

A B C D

1 19.30 13.40 19.00 18.00

2 37.30 25.00 43.60 33.60

3 77.60 42.80 71.20 62.90

4 103.35 62.00 102.60 81.90

5 115.60 81.40 109.70 104.10

6 117.50 91.90 111.50 107.00

7 121.20 112.80 115.30 113.00

Incubation

The soil samples from each treatment (replicated 
three times) were brought to field capacity by 
adding distilled water and incubated at 25°C (room 
temperature) for 7 weeks. The N was extracted 
immediately with 100 ml of 2M KCl solution from 
subsamples (withdrawn from each sample after 
regular 7 days interval) and determined by Kjedahl 
method. (Bremner and Mulvaney, 1982).

Kinetics of N mineralization

The values of No and K were estimated using first 
order kinetics equation. First order kinetics for N 
mineralization can be expressed by the equation:

Log (No-Nm) = log No- (K/2.303) x t

Where,

No = Initial amount of mineralized N,

Nm = Amount of N mineralized at t time and

K = Mineralization rate constant.

The fitness of the model for mineralization study was 
tested by least square method (Elhance and Elhance, 
1990). The mineralization rate content (K) and half-
life (t1/2) were calculated from fitted model.

To determine both No and K, it is necessary to estimate 
the initial substrate concentration or potentially 
mineralizable nitrogen (No) by using experimental 
data from an incubation. No was derived from the 
regression analysis of 1/Nm Vs 1/t in which the 
reciprocal of intercept gave value of N mineralization 
potential (No). Using this estimate of No regression 
log (No-Nm) on ‘t’ the value of K was determined. 
The half-life time for time N mineralization (t1/2) was 
derived from the relationship t1/2 = 0.693/k (Stanford 
and Smith, 1972).

Results and Discussion

Initial Physico-chemical properties of experimental 
soil

The experimental soil was neutral, having medium 
organic carbon, medium nitrogen, low potassium 
and phosphorous (Table. 1)

Nitrogen mineralization

The amounts of mineralized N differed significantly 
in all four soils at each incubation period (Table 2). 
The total N mineralized after one week in ‘A’ soil 
was 19.30 mg/kg. It increased to 37.30 mg/kg after 
2 week of incubation period, which is just double 
of N mineralized in first week. N mineralized after 
third week of incubation period was 77.60 mg/kg. 
It was 52% more than N mineralized in previous 
observation. After 4 weeks of incubation experiment 
N mineralized was 103.35 mg/kg, which is 34 more 
than third week of incubation. After 5 weeks of 
incubation only 19% increase in N mineralization was 
observed. It was due to less organic matter available 
for N mineralization. N mineralized after 6 and 7 
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weeks of incubation period was 117.50 and 121.20 
mg/kg, respectively. Very little N mineralization was 
reported in last two weeks. From the above result, it 
was found that large amount of mineralized N were 
observed during 2 to 4 weeks of incubation period. 
Higher mineralization rates during early period of 
incubation and decreasing rate with time have also 
been reported earlier (Lindemann and Cardenas, 
1984). Mohanty et al (2013) reported that the amount 
of N released per unit C mineralization was higher 
in aerobic system that may result in greater loss of N 
from the system.

The flush of mineral N and corresponding high 
mineralization rates during the initial period of 
incubation were attributed due to the decomposition 
of very labile organic N. As the first pool (more labile 
organic N) disappears the second pool of organic N 
predominates which is somewhat resistant to further 
decomposition and contributes a small proportion 
of nitrogen mineralization during a short-term 
incubation (Stanford, 1968). First order decay rates 
assumed in yearly time scale decomposition of 
organic matter for release of C and N in soils Manzoni 
and Porporato, 2009).

The total N mineralization after one week of 
incubation period in B soil 13.40 mg/kg (Table 2). The 
cumulative amount of N mineralized in B soil was 
depicted in Figure 2. It increased to 25 mg/kg after 2 
weeks of incubation period, which is approximate; 
two-time more than N mineralized in first week. N 
mineralized after third week of incubation period 
was 42 mg/kg. It was observed that 40% more than 
N mineralized than pervious observation. After 4 
weeks of incubation experiment N mineralized was 
62 mg/kg, which is 32% more than third observation. 
After 5 week of incubation only 23% increase in 
N mineralized was observed. It was due to lack of 
organic matter of N mineralization. N mineralized 
after 6 and 7 weeks of incubation period was 91.90 
and 112.80 mg/kg respectively. In last two weeks of 
incubation period, very low N mineralization takes 
place compared with 2 to 4 weeks of incubation 
period. 

The total N mineralized after one was 19.00 mg/
kg in C soil (Table 2). The cumulative amount of 
N mineralized in C soil was depicted in Figure 
3. The N mineralized after 2 weeks of incubation 
period was 43.60 mg/kg which was 56% more than 
N mineralized in first week. N mineralized after 
third week of incubation period was 71.20 mg/
kg, which was 40% more than N mineralization in 
second observation. After 4 weeks of incubation, 
N mineralized was 102.60 mg/kg, which is 30% 
more than third incubation. Only 7% increase in N 
mineralization after five weeks of incubation was 
observed. It was due to low organic matter available 
for N mineralization. N mineralized after 6 and 7 
weeks of incubation period was 111.50 and 115.30 
mg/kg respectively.

From the Table 2, it is clear that, the total N 
mineralized after one week in D soil was 18.00 mg/
kg. It increased to 33.60 mg/kg after two weeks 
of incubation period, which is just double of N 
mineralized in first week. N mineralized after third 
weeks, of incubation period was 62.90 mg/kg. It was 
47% more than N mineralized in second. After fourth 
weeks of incubation period N mineralized was 81.90 
mg/kg, which is 23% more than third incubation.

After 5 weeks of incubation period was 104.1 mg/kg 
N mineralized. It is 22% more than fourth incubation. 
N mineralized after 6 and 7 weeks of incubation 
period was 107.0 and 133.0 mg/kg, respectively. It 
was due to less organic matter and microbial activity 
for N mineralization. From the above results of was 
found that large amounts of mineralized N were 
obtained during 2 to 4 weeks of incubation period.

Higher mineralization rates during early period 
of incubation and decreasing rate with time have 
already been reported (Lindemann and cardenas, 
1984). Kamkar et al. (2014) revealed that the maximum 
release of N was significantly correlated with nature 
of organic matter and period of decomposition. 
The flush of mineral N corresponding high 
mineralization rates during the initial period of 
incubation were attributed to decomposition of very 
labile organic N. As first pool (more labile organic N) 
disappears, the second pool organic N predominates 
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which somewhat resistant to further decomposition 
and contributes a small proportion of nitrogen 
mineralization during a short-term incubation 
(Stanford, 1968; Gilmour and Mauromoustakos, 
2011).

The cumulative mineralized N followed the 
sequence: A Soil > C Soil > D Soil > B Soil. The 
maximum nitrogen mineralized during seven weeks 
of incubation was observation in A Soil, while lowest 
N mineralized was observed in B Soil.

Kinetics of nitrogen mineralization

A nonlinear least square (NLLS) regression analysis 
was used to calculate number and rate constant 
from the 7 weeks data. The NLLS method was used 
to reduce the error imposed by the logarithmic 
transformation of low value mineralization data 
(Smith et al., 1980). The correlation coefficient (r2) half-
life (t1/2) and rate constant (K) was presented in Table 3.

Nitrogen mineralization rate constant (K), correlation 
coefficient (r2) and half-life (t1/2) estimated by zero 
order model were 2.02, 0.91 and 0.34 and by first 
order model were 0.44, 0.99 and 1.58, respectively.

Since correlation coefficient of first order model of N 
mineralization is higher than zero models therefore, 
first order model is best suited for N mineralization 
study.

N mineralization rate constant (K), correlation 
coefficient (r2) and half-life (t1/2) in Table 3 estimated 
by zero order model were 2.25, 0.92 and 0.30 and 
estimated by first order model were 0.38, 0.98 and 
1.80, respectively.

Since correlation coefficient (r2) of first order model 
of N mineralization is higher than zero models, 
therefore, first order model is best suited for nitrogen 
mineralization study.

N mineralization rate constant (K), correlation 
coefficient (r2) and half-life (t1/2) in Table 3 estimated 
by zero order model were 2.03, 0.93 and 0.34 and 
estimated by first order model were 0.10, 0.99 and 
0.68, respectively.

Correlation coefficient (r2) of first order model of N 
mineralization is higher than zero models, therefore, 
first order model is best suited for N mineralization 
study.

In the Table 3, it was shown that the N mineralization 
rate constant (K), correlation coefficient (r2) and half-
life (t1/2) estimated by zero order and first order 
model were 2.49, 0.94 and 0.28, respectively, and 
0.43, 0.99 and 1.60 respectively. Higher ‘K’ value 
in all sewage-amended soil could be mainly due to 
large percentage of readily mineralization N present 
in soils treated freshly with sewage.

Since, correlation coefficient (r2) of first order model 
of N mineralization is higher than zero models, 
therefore, first order model is best suited for N 
mineralization study.

The results of Roig et al. (2012) showed that the input 
of sludge enhances soil properties proportionally 
to the application doses and/or frequency. The 
organic amendments increased the organic matter 
content, the soil nitrogen, and improving nitrogen 
mineralization processes Soni et al (1994); Haney et 
al (2008); Cartes et al (2009) and Noe (2011) reported 
similar results.

Table. 3. N-Mineralization rate constant (K), correlation coefficient (r2) and half-life (t1/2) for different soil.

Kinetics 
Equation

Soil ‘A’ Soil ‘B’ Soil ‘C’ Soil ‘D’

K r2 t1/2 K r2 t1/2 K r2 t1/2 K r2 t1/2

Zero order 2.02 0.9 0.34 2.25 0.9 0.3 2.03 0.9 0.34 2.49 0.9 0.28
First 0.44 1 1.58 0.38 1 1.8 0.1 1 0.68 0.43 1 1.6

 K- (week)-1 and t1/2 in weeks
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Conclusion

The study revealed that, the nitrogen mineralization 
in sewage amended soil was increased with 
increasing period of incubation with rapid increase 
during 2-4 weeks of incubation. First order model of 
kinetics was best suited for nitrogen mineralization 
in sewage amended soil.

References
Alabaster, G. P. and Leblanc, R. J. 2008. In: Le Blanc, R.J., 

Matthews, R., Richard, R.P. (Eds.), Global Atlas of Excreta, 
Wastewater, Sludge, and Biosolids Management: Moving 
Forward the Sustainable and Welcome Uses of a Global 
Resource. United Nations Settlement Program, Nairobi, 
Kenya, pp. 344–550.

Annabi, M., Le Bissonnais, Y., Le Villio-Poitrenaud, M. and 
Houot, S. 2011. Improvement of soil aggregate stability 
by repeated applications of organic amendments to 
a cultivated silty loam soil. Agriculture, Ecosystem and 
Environment 144: 382–389.

Benbi, D. K. and Richter, J. 2002. A critical review of some 
approaches to modelling nitrogen mineralization. Biology 
and Fertility of Soils 35: 168-183.

Bremenr, J. M. and C.S. Mulvaney. 1980. Quantities of plant 
nutrients in the microbial of soil analysis soils. Soil Science 
130: 211-216.

Burger, M. and L.E. Jackson. 2003. Microbial immobilization of 
ammonium and nitrate in relation to ammonification and 
nitrification rates in organic and conventional cropping 
systems. Soil Biology and Biochemistry 35: 29–36.

Carrington, E.G., Davies, R.D. and Pike, E.B. 1998a. Review 
of the scientific evidence relating to the controls on the 
agricultural use of sewage sludge (DETR 4415/3), Part 
1––the evidence underlying the 1989 Department of 
the Environment code of practice for agricultural use of 
sludge and the sludge (use in agriculture) regulations. 
WRc, Frankland Road, Swindon. SN5 8YF.

Carrington, E.G., Davies, R.D. and Pike, E.B. 1998b. Review 
of the scientific evidence relating to the controls on the 
agricultural use of sewage sludge (DETR 4415/3), Part 
2––evidence since 1989 relevant to the controls on the 
agricultural use of sewage sludge. WRc, Frankland Road, 
Swindon. SN5 8YF.

Cartes, P., Jara, A., Demanet, R. and Mora. M. 2009. Urease 
Activity and Nitrogen Mineralization Kinetics as Affected 
by Temperature and Urea Input Rate in Southern Chilean 
Andisols. Journal of Soil Science and Plant Nutrition 9(1): 69-
82.

Clapp, C. E., Stark, S. A., Clay, D. E. and Larson, W. E. 
1986. Sewage sludge organic matter and soil properties. 

In Y. Chen and Y. Avnimelech (ed.) The role of organic 
matter in modern agriculture. Developments in plant 
and soil sciences. Martinus Nijhoff Publ., Dordrecht, The 
Netherlands. 209–253.

Crohn, D. 2004. Nitrogen Mineralization and its Importance 
in Organic Waste Recycling. In: Proceedings, National 
Alfalfa Symposium, 13-5 December, 2004, San Diego, CA, 
UC Cooperative Extension, University of California, Davis 
95616.

Elhance, D. N. and Veena Elhance. 1990. Fundamentals of 
Statistics Allahabad: Kitab Mahal. 

Gilmour, J. T. and Mauromoustakos, A. 2011. Nitrogen 
mineralization from soil organic matter: a sequential 
model. Soil Science Society of America Journal 75: 317–323.

Gilmour, J. T., Cogger, C. G., Jacobs, L. W., Evanylo, G. K. and 
Sullivan, D. M. (2003). Decomposition and plant available 
nitrogen in biosolids: laboratory studies, field studies, and 
computer simulation. Journal of Environmental Quality 32: 
1498-1507.

Haney, R., Brinton, W. and Evans, E. 2008. Estimating Soil 
Carbon, Nitrogen, and Phosphorus Mineralization from 
Short-Term Carbon Dioxide Respiration. Communications 
in Soil Science and Plant Analysis 39: 2706–2720.

Hanway, J.J. and Heidal, H. 1952. Soil analysis methods as 
used in Iowa state Hall testing lab. Iowa Agriculture 27: 1-3

Hernandez, T., Moreno, J.I. and Costa, F. 1991. Influence of 
sewage sludge application on crop yields and heavy metal 
availability. Soil Science and Plant Nutrition 37(2): 201–210.

Kamkar, B., Akbari, F., Silva, J. and Naeini, S. 2014. The Effect 
of Crop Residues on Soil Nitrogen Dynamics and Wheat 
Yield. Advances in Plants and Agriculture Research 1(1): 1-7.

Klute, A. 1986. Method of soil analysis, part I, physical and 
mineralization methods, Medison, Visconsin, USA.

Kulling, D., Stadelmann, F. and Herter, U. 2001. Sewage 
Sludge – Fertilizer or Waste? UKWIR Conference, Brussels.

Lindemann, W.C., and M. Cardenas. 1984. Nitrogen 
mineralization potential and nitrogen transformations of 
sludge-amended soil. Soil Science Society of America Journal 
48: 1072-1077.

Linden, D. R., Larson, W. E., Dowdy, R. H. and Clapp, C. E. 
1995. Agricultural utilization of sewage sludge. University 
of Minnesota Agricultural Experiment Station. University 
of MN, St. Paul. USA. Bulletin 606.

Logan, T.J. and Harrison, B.J. 1995. Physical characteristics of 
alkaline stabilized sewage sludge (N-vitro soil) and their 
effects on soil properties. Journal of Environmental Quality 
24: 153–164.

Manzoni, S. and Porporato, A. 2009. Soil carbon and nitrogen 
mineralization: Theory and models across scales. Soil 
Biology and Biochemistry 41: 1355–1379.



Kinetics of nitrogen mineralization in sewage amended soil

803 

Marschner, P., Kandeler, E. and Marschner, B. 2003. Structure 
and function of the soil microbial community in a long-
term fertilizer experiment. Soil Biology and Biochemistry 35: 
453–461.

Metcalf, Eddy, 2003. Wastewater engineering: treatment, 
disposal, and reuse, fourth ed. McGraw-Hill Publishing 
Company Ltd., New York.

Mohanty, S., Nayak, A. K., Kumar, A., Tripathi, R., Shahid, M., 
Bhattacharyya, P., Raja, R. and Panda, B.B. 2013. Carbon 
and nitrogen mineralization kinetics in soil of rice-rice 
system under long term application of chemical fertilizers 
and farmyard manure. European Journal of Soil Biology 58: 
113-121.

Noe, G. B. 2011. Measurement of Net Nitrogen and Phosphorus 
Mineralization in Wetland Soils Using a Modification of 
the Resin-Core Technique. Soil Science Society of America 
Journal 75: 760–770.

Olsen, S.R., Cole, C.V., Watanabe, F.S. and Dean, L.A. 1954. 
Estimation of available phosphorus in soils by extraction 
with sodium bicarbonate. Government Printing Office: 
Washington D.C., U.S., USDA Circular 939: 1–19.

Passuello, A., Mari, M., Nadal, M., Schuhmacher, M. and 
Domingo, J. L. 2010. POP accu-mulation in the food chain: 
integrated risk model for sewage sludge application in 
agricultural soils. Environment International 36: 577–583.

Pierzynski, G.M., J.T. Sims and G.F. Vance. 2000. Soils and 
environmental quality. CRC Press, Boca Raton, FL.

Recous, S., B. Mary and G. Faurie. 1990. Microbial 
immobilization of ammonium and nitrate in cultivated 
soils. Soil Biology and Biochemistry 22:913–922.

Roig, N., Sierra, J., Marti, E., Nadal, M., Schuhmacher, M. 
and Domingo, J. 2012. Long-term amendment of Spanish 
soils with sewage sludge: Effects on soil functioning. 
Agriculture, Ecosystems and Environment 158: 41-48.

Ross, A. D., Lawrie, R. A., Whatmuff, M. S., Keneally, J. P., 
Awad, A. S. 1991. Guidelines for the use of sewage sludge 
on agricultural land. 3rd ed. New South Wales Agriculture, 
Sydney, Australia.

Rovira, J., Mari, M., Nadal, M., Schuhmacher, M. and 
Domingo, J. L. 2011. Use of sewage sludge as secondary 
fuel in a cement plant: human health risks. Environment 
International 37: 105–111.

Saetre, P. and J.M. Stark. 2005. Microbial dynamics and carbon 
and nitrogen cycling following re-wetting of soils beneath 
two semi-arid plant species. Oecologia 142: 247–260.

Sanchez Monedero, M.A., Mondini, C., De Nobili, M., Leita, 
L. and Roig, A. 2004. Land applications of biosolids: Soil 

response to different stabilization degree or treated organic 
matter. Waste Management 24(4): 325–332.

Serna, M. D. and Pomares, F. 1992. Evaluation of chemical 
indices of soil organic nitrogen availability in calcareous 
soils. Soil Science Society of America Journal 56: 1486–1491.

Singh, R. P. and Agrawal, M. 2008. Potential benefits and risks 
of land application of sewage sludge. Waste Management 
28: 347–358.

Smith, J.L., R.R. Schnable, B.L. McNeal, and G.S. Campbell. 
1980. Potential errors in first order model for estimating 
soil nitrogen mineralization potentials. Soil Science Society 
of America Journal 44: 996-1000.

Smith, S. R. 2009. A critical review of the bioavailability and 
impacts of heavy metals in municipal solid waste composts 
compared to sewage sludge. Environment International 35: 
142–156.

Smith, S.R. 1996. Agricultural Recycling of Sewage Sludge 
and the Environment. CAB International, Wallingford, 
UK.

Soni, M. L., Singh, J. P. and Vinod Kumar. 1994. Effect of 
Sewage Sludge Application on the Mineralization of 
Nitrogen in soils. Journal of Indian Society of Soil Science 42: 
17-21.

Sparrow, E. B., Sparrow, S. D. and Cochran, V. L. 1993. 
Phosphorus and nitrogen dynamics during field 
incubations in forest and fallow subarctic soils. Biology and 
Fertility of Soils 16: 243–248.

Stanford, G. 1968. Extractable organic nitrogen and nitrogen 
mineralization in soils. Soil Science 106(5): 345-351

Stanford, G. and Smith S. J. 1972. Nitrogen mineralization 
potentials of soils. Soil Science Society of America Journal 
36(3): 465-472

Stark, J.M. and S.C. Hart. 1997. High rates of nitrification and 
nitrate turnover in undisturbed coniferous forests. Nature 
385: 61–64.

Subbiah, B.V. and Asija, G.L. 1956. A rapid procedure for the 
estimation of available nitrogen in soils. Current Science 25: 
259-260.

Walkley, A. and Black, C.A. 1934. An examination of 
degtjareff method for determining of soil organic matter 
and a proposed modification of the chromic acid titration 
method. Soil Science 37:29-38.

Wood, M., L.Chavez, D.Comis and J. Arnold. 2002. Organic 
grow son America. Agriculture Resarch 50: 4–9.


