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1. INTRODUCTION
Agriculture is both a source and sink for greenhouse gases (GHGs) and intensification of 

land use has increased the exchange of carbon (C) and nitrogen (N) between the land and the 
atmosphere.  Concentrations  of  atmospheric  GHGs,  such  as  carbon  dioxide  (CO2),  methane 
(CH4),  and  nitrous  oxide  (N2O),  and  etc.  which  can  alter  the  earth’s  climate  have  risen 
dramatically  during  the  past  century.  This  has  resulted  in  an  urgent  need  for  process-based 
understanding of the main factors influencing the exchange of these gases between the land and 
atmosphere at a range of scales, as a route to developing effective mitigation technologies. Most 
of the nitrogen oxides (NOx) are generated from mineral N originating from animal dung and 
urine, biologically fixed N2, and mineralization of soil organic N.

The exchange of N containing gases between the atmosphere and terrestrial surfaces has 
been an important issue in agricultural and soil research for a long time. Prominent examples are 
the N2-fixation by plants and microorganisms, denitrification loss of soil N in form of N2, N2O, 
and the emission of gaseous ammonia (NH3) from fertilized soils. Unlike these processes, the 
exchange of nitric oxide (NO) between biosphere and atmosphere contributes only a minor part 
to the N budget of most terrestrial ecosystems. However, emissions from the soil–plant system 
are of enormous concern for the NO concentration in the troposphere.

A wide range of inorganic and organic compounds cause contamination, these include 
heavy  metals,  combustible  and  putriscible  substances,  hazardous  wastes,  explosives  and 
petroleum products. Major component of inorganic contaminates are heavy metals they present a 
different problem than organic contaminants. Thus, metals render the land unsuitable for plant 
growth and destroy the soil biodiversity. There are three primary reasons for lack of knowledge 
about  N2 production:  (1)  it  is  difficult  to  measure  due to  the  high  atmospheric  background 
concentrations; (2) N2 production rates are very heterogeneous in space and time; and (3) there is 
a lack of synergy between the scientific communities that determine N2 production rates.

In order to meet the necessity of reducing environmental impacts by excess N, political 
and technological measures have been taking at regional and country levels. Implementation of 
environmentally  friendly  technology  and  management,  such  as  use  of  controlled  release 
fertilizers  and pellets  of  animal  wastes,  is  investigated and extended.  Increasing attention is 
being paid to  environmentally friendly N fertilization techniques/systems due to demands to 
maintain a cleaner environment and focus on sustainable agriculture. The effectiveness of such 
techniques strongly depends on their ability to synchronize nutrient demand by plants with its 
supply and the possibility to apply favored or optimal nutrient compositions.

During the last few decades, the introduction of reactive N into the biosphere by food and 
energy production has exceeded rates of N2-fixation in native terrestrial ecosystems. Among the 
largest uncertainties about the human-dominated N cycle on all scales is the amount of reactive 
N that is converted back to N2 during the last step of denitrification. Without this knowledge, it 
is  impossible  to  determine  the  rate  of  accumulation  of  reactive  N  in  most  environmental 
reservoirs, and thus impossible to assess its long-term consequences. N interacts with C and 
other nutrient cycles and has numerous cascading effects on water and air quality and climate.

The bioavailability of Pb, Cd and Co and associated toxicity to soil biota vary with time, 
soil type, speciation, ageing, Pb, Cd and Co sources, organisms, and the other environmental 
factors. There appear to be no comparable reports in which the effects of heavy metals, singly or 
in combination, on soil microorganisms  in vivo have been compared. Similarly, there is little 
information on the suppression of growth or tolerance developed by individual microorganism 
in  vivo with  respect  to  different  combinations  of  metals.  Soil  microorganisms  have  various 
physical  environmental  requirements  to  grow  and  function.  Soil  porosity,  aeration,  water 
availability,  substrate  availability,  temperature,  and  soil  pH,  influence  the  activity  of  soil 
microorganisms (TROEH & THOMPSON, 1993, SINGER & MUNNS, 1996). Soil porosity or the volume 
of soil that is not “earthen material” can be shared between soil moisture and air. Soil water 
content and air content can influence the rates of diffusion of various gasses and solute and 
substrate  transport.  Organic  carbon  (OC)  and  N  substrate  availability  influences  microbial 
activity. OC content significantly influences microbial growth by providing an energy source to 



the microbes. Certain levels of organic N are required to maintain basic levels of biological 
activity. Soil microbial activity generally increases as soil temperature increases.

Soil temperature and atmospheric temperature can influence the rates of gaseous transfer 
and solute transport of N gases. Freeze thaw cycles affect annual N2O emissions. NYBORG et al. 
(1997) established that in a normally well drained soil the spring thaw impeded drainage, and 
correspondingly the N2O flux was higher during the spring thaw, compared to the rest of the 
year.

The pH of the soil environment can affect the type of organisms that are biologically active 
and  the  availability  of  nutrients  in  the  soil.  Management  practices  that  influence  the 
aforementioned variables  will  influence  N2O emissions from the soil  microbial  processes of 
nitrification and denitrification. It is possible that, upon soil drying, nitrification ceases and some 
microbes may die (KIEFT et  al.,  1987). Upon rewetting, surviving microbes may utilize dead 
microbial biomass or released organic solutes as substrate for their own growth and activity. In 
support  of  this  idea,  some  authors  have  shown  that  NOx emissions  are  correlated  with  an 
increase in soil concentrations of inorganic N after the first wetting of dry soil (ANDERSON & 
LEVINE, 1987,  JOHANSSON &  SANHUEZA, 1988). The microbial processes are essentially the same 
whether they take place in soils, wastewater treatment plants, sediments or water bodies. More 
than 35 years ago, it was proposed that some nitrifiers could not only nitrify, but denitrify as 
well (RITCHIE & NICHOLAS, 1972).

On a global scale, the primary source of tropospheric NO is anthropogenic emissions from 
combustion-related  processes  in  industry  and  transport.  According  to  present  knowledge, 
however, NO is produced in soils nearly ubiquitously; and therefore soil emissions constitute a 
continuous (but not constant) background flux of NO to the atmosphere. Despite considerable 
uncertainties, there is substantial evidence that soil emissions make a significant contribution to 
the tropospheric NO burden even in industrialized regions of the globe (VALENTE & THORNTON, 
1993;  HALL et al., 1996;  DAVIDSON &  KINGERLEE, 1997). If current and future efforts to reduce 
NOx emissions from vehicles and fossil fuel burning are successful, the importance of biogenic 
emissions will grow considerably in the near future. Many reports have shown that N2O and NO 
are quickly emitted from the soil after N fertilizers is applied (MCTAGGART et al., 1994; AKIYAMA 
et al., 2000; HOU et al., 2000; CHENG et al., 2002; 2004). The importance of other soil processes 
in  the  production  of  N2O,  including  any  role  of  dissimilatory  nitrate  (NO3

−) reduction  to 
ammonium (NH4

+), heterotrophic nitrification by fungi and anaerobic oxidation of NH4
+, remains 

poorly known (WOLF & BRUMME, 2002; DALSGAARD et al., 2003). CHENG et al. (2004) suggested 
that pH is the most important factor in determining the kinetics of soil nitrification from NH4

+.
LUDWIG et  al.  (2001)  mentioned  that  the  net  exchange  between  ecosystems  and  the 

atmosphere, however, is globally dominated by biogenic emissions of NO from soils. It is shown 
that  interactions  of  environmental  factors  (e.g.,  N  availability,  soil  water  content,  soil 
temperature, ambient NO concentration, etc.) are a major reasons for the broad range that exists 
in published data on NO fluxes. This variability makes it difficult to predict the magnitude of 
NO fluxes on relevant spatial and temporal scales.

Being  a  highly  reactive  trace  gas,  NO plays  a  crucial  role  in  tropospheric  chemistry 
(CRUTZEN, 1979; LOGAN et al., 1981; WARNECK, 1988). For the fast chemical interconversion with 
nitrogen  dioxide  (NO2),  which  typically  occurs  within  seconds  to  minutes,  both  species  are 
commonly  referred  to  as  the  single  quantity  NOx  (NO + NO2).  NOx are  precursors  in  the 
photochemical formation of gaseous nitric acid (HNO3) and thus contribute to the acidity of 
clouds and precipitation (LIU et al., 1987;  WARNECK, 1988). Probably even more severe is the 
impact of NOx on the oxidative capacity of the troposphere. NOx mediates the production and 
destruction of ozone (O3) and influences the formation of the hydroxyl radical (OH), which in 
turn  regulates  the  lifetime  of  numerous  compounds  in  the  atmosphere  (LIU et  al.,  1987; 
CHAMEIDES et  al.,  1992).  Sources  and  sinks  of  NOx  as  well  as  their  temporal  and  spatial 
distribution  are  therefore  an  essential  prerequisite  to  understand  and  model  atmospheric 
chemistry.



The N loss from agriculture through emissions is insignificant in terms of agronomy or 
economy, the emissions of N2O has an enormous environmental impact. N2O is a GHG, as well 
as  CO2,  CH4,  halogenated  fluorocarbon,  and  perfluorocarbon  and  sulfur  hexafluoride. 
Investigations  of  the  Intergovernmental  Panel  Climate  Change  (IPCC)  have  shown that  the 
atmospheric concentration of GHGs, like CO2, CH4 and N2O have increased by 31%, 151% and 
17%,  respectively  (BOUWMANN et  al.,  2000)  within  less  than  150  years  (IPCC,  2001).  The 
atmospheric concentration of N2O has increased from 270 ppb at the preindustrial time to 314 
ppb (IPCC, 2001), thus it causes between 5–6% of the global warming (LÆGREID, et al., 1999a; 
IPCC, 2001). Today, there is no doubt that the change in atmospheric composition is mainly 
caused  by  human  activities  (HOUGHTON,  1997).  The  increase  of  N2O  and  other  trace  gases 
emissions is attributed to the increased N input in the biosphere (MOSIER et al., 1998; IFA & 
FAO, 2001).

It is widely known that the intense N fertilization in agriculture led to increased N leaching 
and to increased N emissions (HAAG & KAUPENJOHANN, 2001;  LÆGREID et al., 1999b). Thus, the 
United Nation Framework Convention on Climate Change (UNFCCC) has called the attention to 
the effect of global warming, which is the result of human activities (UNFCCC, 2004b). At the 
conference  in  Kyoto,  Japan  (1997),  185  parties  acknowledged  the  existence  of  the  global 
warming (UNFCCC, 2004b). The Kyoto protocol, which was adopted at this conference, set the 
stage to reduce the emissions of GHGs worldwide (UNFCCC, 2004a).

N2O and NO are both environmentally significant trace gases produced in soils by the 
processes of nitrification and denitrification (BREMNER & BLACKMER, 1978; FIRESTONE et al., 1980; 
ROBERTSON & TIEDJE, 1987;  HOOPER et al., 1990; TORTOSO & HUTCHINSON, 1990;  ROBERTSON et al., 
1997).

Fertilization provides N substrates utilized in nitrification and denitrification and therefore 
can lead to increased N2O and NO production in soils (HUTCHINSON & DAVIDSON, 1993; THORNTON 
&  VALENTE, 1996). It is expected that the worldwide use of N-fertilizers will increase by 2.7 
times  to  over  2.36x108 metric  tons  yr−1 over  the  next  50 years  and  therefore  N2O and NO 
emissions from soils  will  likely increase with time.  However,  as  with fertilizers,  the use of 
pesticides is expected to increase globally during the next 50 years by 2.7 times to 10.1x106 

metric tons yr−1 (TILMAN et al.,  2001). NO is an important pollutant involved in tropospheric 
photochemistry such as O3 production and destruction (THOMPSON, 1992). The main sources of 
NO in  the troposphere  are  fossil  fuel  combustion,  biomass  burning,  lightning,  soil  biogenic 
emissions,  and tropospheric oxidation of NH3 by OH, stratospheric  injection, and photolytic 
processes in oceans (DELMAS et al.,  1997;  VELDKAMP &  KELLER, 1997). Modeling efforts  have 
shown that soil NO emissions may have impacts on O3 levels at the regional scale (STOHL et al., 
1996) and in rural areas. Their contribution to the global NOx budget is about 40%, ranging 
from 1.6 to 21 Tg N yr−1 (YIENGER & LEVY, 1995; DAVIDSON & KINGERLEE, 1997; GALLOWAY et al. 
2004;  STEHFEST & BOUWMAN, 2006). More specifically, under cultivated conditions, agricultural 
soils are subject to heavy disturbances including tillage, fertilization, or irrigation; the use of 
synthetic N fertilizers is estimated to result in a 50% increase in NO emissions from terrestrial 
ecosystems (YIENGER & LEVY, 1995). Current inventories of NO emissions from agricultural soils 
have been primarily based on mean emission factors that express NO flux in terms of a fixed 
proportion of applied N fertilizer.

Reduced  emissions  could  be  accomplished  through  optimal  application,  timing  and 
placement of fertilizer and through improved handling and storage of manure (AGRICULTURE & 
AGRI-FOOD CANADA, 2000). The production of GHGs is associated with various environmental 
concerns such as a general warming of the earth, the melting of the polar ice cap, changes in 
ocean currents  and extreme weather  events  (IPCC, 2001).  N2O emissions have high Global 
Warming Potential (GWP) and contribute to O3  depletion.  AGRICULTURE & AGRI-FOOD CANADA 
(1998) report that N2O emissions have 170 to 280 times more GWP than does CO2 depending 
upon the time horizon, and N2O released into the atmosphere breaks down O3. N2O can come 
from anthropogenic and non-anthropogenic sources.  N2O emissions from natural  sources are 
about twice those from anthropogenic sources (KULSHRESHTHLA et al., 1999). Anthropogenic N2O 



sources include N-based fertilizers, soils, crop residues, industrial processes, biomass burning 
and  animal  production.  Natural  N2O  sources  include  oceans  and  tropical  forest  soils. 
AGRICULTURE & AGRI-FOOD CANADA (2002) reports primary agriculture is responsible for about 
10%  of  Canada's  GHGs  which,  does  not  include  transportation  input  costs,  or  agri-food 
processing. Primary agriculture in Canada is responsible for 61% of the Nation’s N2O emissions, 
and  less  than  1% of  the  Nation’s  CO2 emissions.  The  meeting  in  Kyoto  Japan  in  1997 is 
important to Canada. “Canada has committed to reduce its average annual emissions of GHGs 
for  the 2008–2012 period to  a  level  6% below its  GHG emissions in  1990.  Identifying  the 
sources of GHG emissions are important when developing policies to meet the GHG reduction 
commitments.  On  a  national  scale,  N2O  contributions  are  a  small  portion  of  total  GHG 
emissions, but agriculture is a significant source of Canadian N2O emission.

Policies must be developed that economically and efficiently reduce GHG emissions. N2O 
is  a  trace  gas,  which  plays  a  central  role  in  atmospheric  chemistry.  It  is  involved  in  O3 

decomposition in the stratosphere and exerts a significant GH effect with a GWP of 320 relative 
to CO2 (KESTER et al., 1996). N2O is mainly produced by nitrification, denitrification and nitrifier 
denitrification (WRAGE et al., 2001). Other biological processes contributing to N2O production 
are dissimilatory reduction of NO3

− to NH4
+ (BLEAKLY &  TIEDJE,  1982),  fungal denitrification 

(SCHOUN et  al.,  1992),  NO3
− assimilation (SATOH et  al.,  1981) and production by green algae 

(Weathers, 1984). Each of these processes, and thus N2O production, might be affected by heavy 
metals.

1.1. THE PURPOSE OF THE PRESENT STUDY

According to the above mentioned reasons, the main aim of the dissertation is to determine 
the  effects  of  some  environmental  factors  in  a  complex  design  on  soil  respiration,  soil 
heterotrophic bacterial population and the emissions of trace gases such as NO, N2O, and CO2 

which play an important role in global warming. The objectives of my PhD research were:
1. Determination the effects  of heavy metals (Cd, Co and Pb) on soil respiration (CO2-
release)  using  the  classical  titration  method and  also,  enumerate  the  bacterial  population  in 
cultivated and uncultivated soil samples activated by substrate induced respiration at different 
intervals. The study was carried out as following:

 To  measure  soil  respiration  (CO2 evolution)  as  bioindicator  parameter  of  soil 
contamination.

 To study the effect of heavy metal on microbial survival and activity in heavy metal 
amended soil under laboratory incubations.

 To detect the bioavailability of investigated metal in assayed soil.
2. Using the microcosms models to determine the impacts of various heavy metals (Cd and 

Pb) at different concentrations on the emission rates of trace gases (NO, N2O and CO2) 
from Ramann-type and clay loam brown forest soil types originated from Keszthely and 
Gödöllő, respectively, using chemiluminescent detector for measures the concentration of 
NO and  gas chromatography to detect the amounts of  N2O and CO2 emitted during 35 
days.

The effects were detected under the interactions between different parameters of soil conditions 
such as:

(1) Soil type and pH.
(2) Soil incubation temperature (15, 37°C) and
(3) Soil moisture (30, 60% WFPS)

The dissertation summarizes the modest knowledge in the field of emission of trace gases 
from different  agricultural  soils  responses to  cadmium and lead, as  important  environmental 
pollutants under different soil conditions.



2. LITERATURE SURVEY
2.1. NITROGEN USE IN AGRICULTURE

There are numerous sources available that discuss the N cycle and agriculture including 
e.g.,  TROEH & THOMPSON (1993), and SINGER & MUNNS (1996). Additions of N to the agriculture 
system come from four sources: electrical fixation, symbiotic  N2-fixation, non-symbiotic N2-
fixation, and industrial fixation. Electrical fixation occurs when lightning reacts with N2 in the 
air. Free living bacteria in the soil carry out non-symbiotic fixation. Electrical and non-symbiotic 
fixation contribute relatively little N to agricultural systems. Symbiotic N2-fixation and industrial 
fixation are significant N contributors to the soil system. Symbiotic N2-fixation occurs when 
legume crops have been inoculated with the appropriate Rhizobium bacterial species. Industrial 
fixation is the application of commercial fertilizer, which requires significant amounts of energy 
to convert atmospheric N to NH3. Losses of N from an agriculture system include harvesting of 
plant  material,  burning  of  straw,  denitrification,  volatile  losses,  and  erosion  and  leaching. 
Harvesting of plant material involves the transport of N embodied in the plant tissue as protein 
to the market place. The burning of straw releases the N in straw to the atmosphere. Volatile loss 
occurs  when  NH4

+ based  fertilizers  are  applied  and  the  NH3 embodied  in  the  fertilizer 
evaporates. The type of fertilizer used, method and timing of application can influence Nitrogen 
Use Efficiency (NUE) and the profitability of the farm operation. NUE is a ratio of the amount 
of N taken up by the crop to the amount of N applied (GAUER et al. 1992). A high NUE value 
means the N applied is used for the growth of the crop. In general, spring fertilizer application 
results  in  higher  NUE  than  fall  application,  and  banding  results  in  a  higher  NUE  than 
broadcasting. Controlling, the rates of N transformations and the control over N supply offer 
solutions for increasing NUE and reducing environmental pollution by N fertilizer.  This is a 
result of reducing excess mineral N in the rhizosphere, thus diminishing N gaseous and leaching 
losses. In addition, plant exposure to NH4

+ rich nutrition results in higher NUE and a reduction 
of rhizosphere pH, which in turn can increase availability of pH sensitive nutrients in arid and 
semi-arid soils. Control over NH4

+ and NO3
− formation/consumption and release in soil can be 

achieved via several main application techniques or sophisticated fertilizers by: a. applying NH4
+ 

rich sources in nests, bands or super-granules thus inducing conditions that reduce the rate of 
nitrification;  b.  using bioamendments  (nitrification  inhibitors  (NI),  or  urease inhibitors  (UI)) 
incorporated in N fertilizers and by combining their application with the localized application; 
and, c. controlling the supply of N via fertigation or by applying controlled release N fertilizers. 
Denitrification is a biological process carried out under anaerobic conditions where nitrate is 
converted to N2 gas. Leaching is the process of NO3

− being washed below the plant rooting zone. 
The internal transformations of soil N include immobilization, mineralization and NH4

+ fixation. 
Immobilization describes the process during which, soil microbes feeding on N poor organic 
materials tie up the N, making it unavailable to plants. Mineralization is the biological process of 
converting  organic  N  into  inorganic  N  (ammonification,  nitrification)  for  plant  use.  NH4

+ 

fixation  involves  the  adsorption  reactions  between  negatively  charged  clay  particles  and 
positively charged NH4

+ ions where the NH4
+ becomes fixed to the clay surface.  The negative 

impact of overdose causes agricultural problems e.g. overturning the balance between pests and 
their parasites in soil ecosystem (NÁDASY & NÁDASY, 2006).

2.2. ENVIRONMENTAL POLLUTION BY NITROGEN FROM AGRICULTURAL LAND USE

It is well known that the current intense agricultural land use in the developed countries 
leads to environmental pollution. This is mainly caused the by increased input of N fertilizer into 
farming systems (LÆGREID et  al.,  1999a).  The input of nutrients and energy into the farming 
system  is  large  compared  to  internal  fluxes  and  cycling  within  the  system  (HAAG & 
KAUPENJOHANN,  2001).  However,  the  nutrient  balances  in  the  developing  countries  are  still 
negative (STOORVOGEL &  SMALING,  1998), resulting in an imbalanced nutrient distribution on a 
global scale. N2, which is essential for all life processes in plants and increases the plant growth 
and productivity,  has been overused.  In  the developed countries  where high crop yields are 



achievable and commercial sources of N are readily available, fertilizer  application rates per 
year reach levels of up to 200 kg N ha−1 for cereals crops. Up to 400 kg N ha−1 is used for fodder 
grass  and  for  silage  (HATCH et  al.,  2002).  Studies  of  International  Fertilization  Industry 
Association (IFA) and Food and Agriculture Organization of the United Nations (IFA & FAO, 
2001) showed that during the growing season plants often take up only 50% of the applied N, 
with the remaining N likely lost by emission or leaching. In 1985, the N surplus in Germany was 
calculated  to  be  about  100 kg  N ha−1 (BACH,  1987),  and  in  animal  farms,  the  surplus  was 
computed to be up to 253 kg N ha−1. On a global scale, the surplus of N still continues to be high 
(BEHRENDT et al., 2002; KRAUSS, 1999). Any remaining N in the soil, which is not immobilized by 
microorganisms or utilized by the plants,  is  a  potential  source of N pollution (HATCH et  al., 
2002). Publications of the FAO (1996) showed that in parts of Europe, NO3

− contamination of 
groundwater has grown to an extent that more than 10% of the population is exposed to levels 
that exceed the World Health Organization (WHO) guidelines for drinking water. To combat 
this problem, the European Union (EU) passed a law in 1991 designed to improve groundwater 
quality by providing incentives for producers to reduce N applications (EC-Council Directive, 
1991).

2.3. NITROGEN CYCLE

Nitrogen is an incredibly versatile element, existing in both inorganic and organic forms, 
as well as many different oxidation states (MARSCHNER, 1986). The principal forms of N in soil 
are ammonium (NH4

+), nitrate (NO3
−) and organic substances. The movement of N between the 

atmosphere, biosphere, and geosphere in different forms is described by the N cycle as shown in 
Figure 1. N enters a farming system, which is defined as an integrated set of farm management 
practices used for crop and livestock production, by atmospheric deposition, as fertilizer,  by 
irrigation water, livestock production, feed, and manures and by N2-fixation. Current rates of 
atmospheric N decomposition achieve a level of 25–100 kg N ha−1 yr−1 in Europe and the USA, 
which is 5–20 times more than in the pre-industrial times (HATCH et al., 2002). KANWAR (1972) 
pointed out six basic reactions, which occur to N in soil. N could be utilized by crops in the form 
of ammonium (NH4

+) or NO3
−,  incorporated into OM and thus be subject to immobilization, 

released from an unusable organic form into an inorganic form via mineralization, transformed 
into  inert  gas  and  lost  through  volatilization,  lost  out  of  the  rooting  zone  of  the  plants  by 
leaching or lost in surface runoff and soil erosion.

Figure 1. N cycle: Created by Michael Pidwirny, University of British Columbia Okanagan.

N2O as well as NOx are facultative by-products of the major microbiological N cycling 
processes  in  soils  such  as  nitrification  and  denitrification  (BUTTERBACH-BAHL et  al.,  1997; 
KNOWLES, 2000). Most plants are limited in their growth by the availability of N despite the fact 
that the atmosphere is 78% N2 gas. The conversion of organic N to inorganic N within the soil is 



a complex process that involves a number of organisms and chemical processes. Humans have 
also severely altered the nature of this nutrient cycle by generally making solid forms N more 
available.  N is often the most limiting nutrient for plant growth. This problem occurs because 
most plants can only take up N in two solid forms: NH4

+ and NO3
−. Most plants obtain the N 

they need as  inorganic NO3
− from the  soil  solution.  NH4

+ is  used less  by plants  for  uptake 
because in large concentrations it is extremely toxic. In most ecosystems N is primarily stored in 
living and dead  OM. This organic N is converted into inorganic forms when it re-enters the 
biogeochemical  cycle via decomposition.  Decomposers,  found  in  the  upper  soil  layer, 
chemically  modify  the  N found in  OM from NH3 to  NH4

+ salts.  This  process  is  known as 
mineralization and it is carried out by a variety of bacteria, actinomycetes, and fungi.

Nitrogen in the form of NH4
+ can be absorbed onto the surfaces of clay particles in the soil. 

The ion of NH4
+ has a positive molecular charge is normally held by soil colloids. This process 

is  sometimes  called  micelle  fixation.  NH4
+ is  released  from  the  colloids  by  way  of  cation 

exchange. When released, most of the NH4
+ is often chemically altered by a specific type of 

autotrophic bacteria (belong to  the genus  Nitrosomonas)  into NO2
−.  Further  modification by 

another type of bacteria (belonging to the genus Nitrobacter) converts the NO2
− to NO3

−. Both of 
these processes involve chemical  oxidation and are known as  nitrification. However, NO3

− is 
very soluble and it is easily lost from the soil system by leaching. Denitrification is also common 
in  anaerobic soils and is carried out by  heterotrophic bacteria. The process of denitrification 
involves the metabolic reduction of NO3

− into N2 or N2O gas. Both of these gases then diffuse 
into the atmosphere.

Almost  the  entire  N  found  in  any  terrestrial  ecosystem  originally  came  from  the 
atmosphere. Significant amounts enter the soil in rainfall or through the effects of lightning. The 
majority,  however,  is  biochemical  fixed within  the  soil  by  specialized  microorganisms  like 
bacteria,  actinomycetes, and  cyanobacteria. Members of the legumes and some other kinds of 
plants form mutuality symbiotic relationships with N2-fixing bacteria. In exchange for some N, 
the bacteria receive from the plants carbohydrates and root nodules where they can exist in a 
moist environment. Scientists estimate that biological fixation globally adds approximately 140 
million  metric  tons  of N to  ecosystems every year.  The activities  of  humans have severely 
altered the N cycle. AMBUS et al. (2006) investigated the quantitative and qualitative relationships 
between N cycling and N2O production in European forests in order to evaluate the importance 
of  nitrification  and  denitrification  for  N2O production.  Increased  nitrification  in  response  to 
accelerated  N inputs  predicted  for  forest  ecosystems  in  Europe  may  thus  lead  to  increased 
greenhouse gas emissions from forest ecosystems.

2.4. PROCESSES OF N TRANSFORMATIONS

The emission of NO and N2O from forest  soils is  mainly the result  of  simultaneously 
occurring  production  and  consumption  processes,  most  of  which  are  directly  linked  to  the 
microbial N turnover processes of nitrification and denitrification (CONRAD, 1996a,b, 2002). With 
regard  to  NO  also  the  abiotic  process  of  chemodenitrification,  during  which  biologically 
produced NO2

− is chemically decomposed to NO, has been shown to be an important production 
process in soils at pH values lower than 4.0 (VAN CLEEMPUT &  BAERT, 1984). Like most other 
biological processes, microbial turnover processes vary largely on spatial and temporal scales, 
since they are significantly influenced by a number of environmental factors such as climate and 
meteorological  conditions,  soil  and  vegetation  properties  or  human management  of the  land 
surface. Due to this also the emission of N trace gases from forest soils have been observed to 
vary over several  orders  of magnitudes between seasons,  years  or measuring sites  (PAPEN & 
BUTTERBACH-BAHL, 1999; BRUMME et al., 1999; BUTTERBACH-BAHL et al., 2002). Furthermore gross 
and net rates  of microbiological N turnover processes (N mineralization, nitrification) either 
directly  or  indirectly  involved  in  N  trace  gas  production  were  determined,  and  trace  gas 
concentrations in different soil depths were measured.  Microbial C and N turnover processes, 
including mineralization, nitrification, denitrification, and microbial immobilization are the main 
reason for  N2O production  and consumption  in  soils  (CONRAD,  2002).  These processes is  of 
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fundamental importance to understand the microbial mediated biosphere, atmosphere exchange 
of trace gases, and to build, parameterize and further improve process-oriented models. Such 
models constitute crucial tools in the up scaling of plot measurements in view of the large spatial 
and temporal variability of environmental conditions in forest ecosystems across Europe, and as 
tools to predict future N trace gas emissions from forest soils (BUTTERBACH-BAHL et al., 2004a). 
The  exchange  of  N2O  between  soils  and  the  atmosphere  depends  specifically  on  the 
simultaneous,  opposing  processes  of  nitrification  and  denitrification  (WRAGE et  al.,  2001). 
Nevertheless, both processes can take place simultaneously in the soil (ABBASI & ADAMS, 1998), 
since aerobic and anaerobic micro-sites can exist  within the same soil  aggregate (KUENEN & 
ROBERTSON, 1994). Nitrification is an oxidative process that requires the availability of molecular 
O2 and  during  which  NH4

+ is  oxidised  to  NO2
− and  NO3

−.  In  contrast,  denitrification  is  a 
reductive process, which mainly occurs in  O2-depleted soil zones. Under anaerobic conditions, 
some  microbes  use  NO3

− and  NO2
− as  alternative  electron  acceptors,  thereby  reducing 

NO3
−/NO2

− sequentially to NO, N2O and finally to N2 (CONRAD, 2002). Although nitrification and 
denitrification  are  characterised  by  different  environmental  controls  and  have  optima  under 
different  environmental  conditions,  it  is  well  known  that  both  processes  may  occur 
simultaneously in the soil, thus giving rise to duplicate sources for N2O (DAVIDSON et al., 2000). 
Chemical  reactions  seem  to  be  important  only  for  the  production of  NO,  but  not  of  N2O 
(BREMNER et al., 1980; 1981a;b; NELSON, 1982), and NO production by chemodenitrification may 
only  be  significant under  acidic  conditions  (VAN CLEEMPUT & BAERT,  1984).  In  both  the 
nitrification and denitrification processes, NO is an intermediate which is not always emitted, 
since it can be further metabolized in soil. Although both nitrification  (DUNFIELD &  KNOWLES, 
1999; GÖDDE & CONRAD, 2000) and denitrification (REMDE & CONRAD, 1991a; SCHAFER & CONRAD, 
1993) processes can consume NO, relative consumption by denitrification seems to be higher 
(SKIBA et al., 1993).  NO in soil is produced predominantly by nitrification and denitrification. 
Nitrification is the oxidation of NH4

+ to NO3
− denitrification is the anaerobic reduction of NO3

− 

to gaseous forms of N (BREMNER & BLACKMER 1978; PAYNE, 1981). Denitrification was shown to 
produce up to twice as much NO as nitrification (REMDE et al., 1989); however, the net release of 
NO from soil  is  greatly  influenced  by the  gas  phase  diffusivity  in  soil  and the rate  of NO 
consumption by denitrifiers.

In  principle  NO  and  N2O are  formed  by  the  microbial  processes  of  nitrification  and 
denitrification (FIRESTONE & DAVIDSON, 1989; CONRAD, 1996a,b). DAVIDSON et al. (1993) suggested 
that NO emissions may have resulted from low levels of nitrification in combination with biotic 
self-decomposition processes. HALL & MATSON (1996) established that NO is produced as a by-
product of nitrification and denitrification, two microbial processes that occur in many natural 
and agricultural ecosystems. NO is also produced, although probably to a lesser extent, by a 
biotic  chemical  decomposition  of  HNO2.  Several  recent  papers  have  synthesized  current 
understanding  of  biological  NOx production  and  emissions.  Biogenic  production  in  soils 
especially when fertilised with high levels of N, is one of the main sources of N2O and may be a 
significant source of NO. NO and N2O are formed by the microbial processes of nitrification and 
denitrification in soils. Biogenic production in soils, especially those fertilized with high levels 
of N, is one of the most important sources of N2O (GRANLI &  BØCKMANN, 1994;  MOSIER et al., 
1996a,b; BØCKMANN & OLFS, 1998; MOSIER et al., 1998) and may also be a significant source of 
NO (CONRAD,  1995;  DAVIDSON &  KINGERLEE,  1997;  VELDKAMP &  KELLER,  1997,  RUSSOW et  al., 
2000).

KUENEN &  ROBERTSON (1994)  mentioned  that  nitrification  and  denitrification  have 
traditionally been regarded as essentially separate phenomena, carried out by different bacteria 
in segregated areas of soil, sediments, water or reactors. Moreover, some bacteria are able to 
convert  NH3 and other reduced N-compounds to  N2 gas  and the gaseous  NOx in  combined 
nitrification/denitrification processes. Such organisms are of interest for water treatment for two 
opposing reasons. Firstly, the idea of single-stage N removal has obvious attractions for system 
design.  Secondly, N2O is a serious pollutant, implicated in virtually all current environmental 
problems (e.g. acid rain, greenhouse effect, O3 depletion).  KUENEN &  ROBERTSON (1994) stated 
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that the increasing awareness of the need to control the emission of gaseous and dissolved N 
compounds, the possibility of single stage N removal has obvious attractions, and understanding 
of the combined processes is needed in order to be able to encourage the activity of bacteria 
capable of carrying it out. Nitrification and denitrification processes are linked by a “common” 
NO3

− pool. In contrast the NO3
-, an important intermediate of the two processes, evidently exists 

within  two  separate  pools.  NO  is  mainly  produced  by  nitrification  as  a  by-product  of  the 
oxidation of NH4

+ to NO2
− or directly by NO2

− decomposition. If NH4
+ contents are high under 

aerobic conditions NO emission can markedly exceed that of N2O. N2O is mainly formed by 
denitrification of NO3

-. Therefore increasing water saturation promotes N2O emission. NO could 
not be confirmed as a free precursor of N2O formation via denitrification (RUSSOW et al., 2000). 
POTH & FOCHT (1985) and WEBSTER & HOPKINS (1996) suggested that this pathway of nitrification, 
called nitrifier denitrification, might contribute to a major part of the loss of NH4

+ from soils in 
the form of NO or N2O.  LI et al., (1992a,b) mentioned that a DNDC model of N2O emissions 
from agricultural soil that operates on the scale of an agricultural field and uses climate, soil, and 
agricultural practice data as input. N2O evolution from soils,  like NOx,  involves interactions 
among soil  physical  properties,  microbial  activity,  and the decomposition/  transformation of 
organic substrates and inorganic N. In acid tropical soils, however, NO emission has frequently 
been linked with denitrification. NO emissions were stimulated by NO3

− rather than NH4
+ based 

fertilizers  (SANHUEZA et  al.,  1990)  and  15N  studies  have  also  shown  the  dominance  of  the 
denitrification pathway (CARDENAS et al., 1993). REMDE & CONARD (1991a) suggested that the soil 
pH appears  to  be  an  important  factor  determining  the  mechanism of  NO formation:  in  an 
alkaline loamy clay soil (pH 7.8), nitrification was the main source of NO; where as in an acid 
sandy clay loam (pH 4.7) denitrification dominated the NO production. It is difficult to quantify 
the overall global importance of nitrification and denitrification as sources of atmospheric NOx 
(SKIBA et al., 1997).

2.4.1. MINERALIZATION

Once N is fixed, it is subject to several chemical reactions which can convert it to different 
organic or inorganic forms. Mineralization occurs in soil as microorganisms convert organic N 
to  inorganic  forms.  The  first  step  of  mineralization  is  called  aminization,  in  which 
microorganisms (primarily heterotrophs) break down complex proteins to simpler amino acids, 
amides,  and amines.  Heterotrophic microorganisms require preformed organic compounds as 
sources of C and energy. Autotrophic microorganisms can derive energy from the oxidation of 
inorganic elements or compounds such as Fe, S, NH4

+, NO2
−, or from radiant energy; they derive 

their C from CO2.  For example, urea is an amide added directly to soil either in urine or as 
commercial fertilizer.
Aminization: Proteins → R-NH2 + CO2

Ammonification is the second step of mineralization in which amino (NH2) groups are converted 
to ammonium. Again, microorganisms (primarily autotrophic) accomplish this action.
Ammonification: R-NH2 + H2O → NH3 + R-OH (BELOSO et al., 1993, COTE et al., 2000).

Mineralization of plant residues and thus the N2O emission was found to be dependent on 
C:N ratio of the residues (EICHNER, 1990;  AULAKH et al., 1991;  NÉMETH et al., 1996). An earlier 
study  conducted  by  PATTEN et  al.  (1980)  demonstrated  that  the  rate  of  denitrification  was 
dependent on the quantity of OC readily utilized by denitrifying microorganisms, while the OC 
in various pools is not completely available to microorganisms.

2.4.2. NITRIFICATION

Nitrification is characterized as the process in which NH4
+ is converted to NO2

− and then 
NO3

−. This process naturally occurs in the environment, where it is carried out by specialized 
bacteria. The process is described by the following two equations:

NH4
+ + 3/2 O2 → NO2

− + 2H+ + H2O [1]
NO2

− + 1/2 O2 → NO3
− [2]



The process of creation, consumption and disposal of N2O is described by FIRESTONE & DAVIDSON 
(1989) as the “hole-in-the-pipe” model (Figure 2.).

Figure 2. The “hole-in-the-pipe” model (modified from FIRESTONE & DAVIDSON, 1989).

In agricultural soils, the nitrification is mainly carried out by Nitrosomonas,  Nitrosospira 
and  Nitrobacter bacteria  (ENQUÊTE-KOMMISSION SCHUTZ DER ERDATMOSPHÄRE DES DEUTSCHEN 
BUNDESTAGES, 1994; HAYNES, 1986). Soil water and O2 content, as well as the macro pores, OM 
and pH in the soil mainly determine the development rate of N2O. The optimum condition for 
the nitrification in  soil  is  at  a  water  content  of  60%. When the  water  content  is  increased, 
nitrification is limited by O2, and vise versa. Between 1% and 4% of the N input is turned into 
NO  during  the  nitrification  process  (ENQUÊTE-KOMMISSION SCHUTZ DER ERDATMOSPHÄRE DES 
DEUTSCHEN BUNDESTAGES, 1994), and about 0.5% is turned into N2O (VELDKAMP & KELLER, 1997).

Nitrification is commonly defined as the biological oxidation of NH4
+ to NO3

− with NO2
− 

as an intermediate (BREMNER, 1997). Although the capacity for nitrification is restricted to a few 
genera of strictly aerobic, mainly chemoautotrophic bacteria, this process is of major importance 
for  the  N  cycling  in  most  cultivated  and  many  natural  soils.  The  exact  sequence  of  the 
nitrification pathway is still not clarified. Some evidence exists that NO is an intermediate in the 
oxidation step from NH2OH to NO2

− (HOOPER & TERRY, 1979). Other research groups (REMDE & 
CONRAD, 1990),  however,  suggested  that  NO formation  during  nitrification  results  from  the 
reduction of NO2

− (nitrifier  denitrification),  a mechanism also shown to be effective for  the 
production of N2O by nitrifying bacteria (POTH & FOCHT, 1985). The use of NO2

− as an electron 
acceptor enables nitrifiers  to sustain oxidation of NH4

+ even at a low partial  pressure of O2. 
Overall nitrification rates, however, will increase in well-aerated soils, provided that the soil is 
not very acidic (pH > 4 – 5). If these requirements are met, the nitrification rate is predominantly 
controlled by the availability of NH4

+ (ROBERTSON, 1989).
Nitrification is therefore believed to be the main source of NO (ANDERSON & LEVINE, 1986). 

Regarding environmental considerations NO contributes to the formation of acid rain, while N2O 
is involved in global warming and contributes to the destruction of parts of the O3 layer; N2O has 
great importance as a GHG because it has a mean atmospheric residence time of more than 100 
yr  (PRATHER et  al.,  2001).  HALL &  MATSON (1999)  defined  the  nitrification  as  the  oxidation 
process of NH4

+ to NO2ˉ and NO3ˉ by a specialized group of bacteria that gain energy from the 
NH4

+ oxidizing process. These bacteria gain C from CO2 rather than from the consumption of 
organic compounds.  Nitrifying bacteria may instead be limited by the availability of  NH4

+ in 
turn,  is  controlled  by  several  factors,  including  mineralization;  N  uptake  by  microbiota 
(immobilization)  or  plants;  retention  of  NH4

+ by  soil  particles;  factors  governing  diffusion, 
including temperature and water availability;  and rates  and types of fertilizer  application.  In 
addition, O2 is critical for the NH+

4 oxidation processes, so nitrification rates are often low in low 
O2 environments.  The concentration of NH4

+ is generally low in agricultural soils, because the 
NH4

+ produced  by  mineralisation  of  soil  organic  matter  (SOM)  is  utilized  by  soil 
microorganisms and plants. Nitrification is severely limited under such soil conditions (NISHIO & 
FUJIMOTO, 1990).

WRAGE et al. (2001) concluded that nitrifier denitrification is the pathway of nitrification in 
which NH3 is oxidised to nitrite (NO2

−) followed by the reduction of NO2
− to NO, N2O and N2. 

The transformations are carried out by autotrophic nitrifiers. Thus, nitrifier denitrification differs 
from  coupled  nitrification–denitrification,  where  denitrifiers  reduce  NO2

− or  NO3
− that  was 

produced by nitrifiers. Nitrifier denitrification contributes to the development of the GH gas N2O 
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and also causes losses of fertilizer N in agricultural soils. Low O2 conditions coupled with low 
OC contents of soils favour this pathway as might low pH. As nitrifier denitrification can lead to 
substantial  N2O emissions,  there  is  a  need  to  quantify  this  pathway in  different  soils  under 
different  conditions.  It  has  been  suggested  that  this  pathway of  nitrification,  called  nitrifier 
denitrification, might contribute to a major part of the loss of NH4

+ from soils in the form of NO 
or N2O (POTH & FOCHT, 1985; WEBSTER & HOPKINS, 1996). JULIASTUTI et al. (2003) found that Cu2+ 

has stronger inhibitory effects than Zn2+, and inhibits the nitrification process by 50% at 0.08 
mg−l,  while  the same concentration  of Zn2+ establishes  12% inhibition only.  At  50% WHC, 
nitrification as derived from the inhibition method is the process that most contributed to the 
production rate of N2O. Nitrification is more dominant at higher O2 concentrations (HWANG & 
HANAKI, 2000). Large amounts of O2 (approximately 100 kPa) might suppress nitrification due to 
oxidative stress (WRAGE et al., 2004). The microbial activity as witnessed by the production of 
CO2 was not affected by O2, but it is still possible that autographs were affected. Production of 
N2O by nitrification has often been reported (e.g. BOLLMANN & CONRAD, 1997). SKOPP et al. (1990) 
in theoretical calculations and  LINN &  DORAN (1984) in a field study showed that the rate of 
nitrification can be relatively high when the moisture content of the soil is at 50–60% WHC. 
BILLORE et al. (1996) reported more emission from fertilizer treated soil than from unfertilized 
soil at 50–60% water holding capacity (WHC) and suggested that nitrification plays a major role 
in N2O production. The contribution of nitrification to the production of N2O has been found to 
range between 61–98% (MUMMEY et al., 1994) and 60–80% (PARTON et al., 1988b).

2.4.3. DENITRIFICATION

Microbial denitrification requires an anaerobic environment, whereas aerobic  conditions 
are necessary for nitrification (BREMNER & BLACKMER, 1979).  NIEDER et al. (1989) stated that N 
losses by denitrification can be determined by three methods. The first is by estimating the non-
recovery of 15N-labelled compounds. Using this method, denitrification losses are deduced from 
the balance of an N budget (15N-labeled fertilizer), having accounted for transformations in soil, 
plant uptake, and leaching losses. The evolution of gaseous N from native soil N is not taken 
into account by this procedure. Studies on arable land with annual crops in the temperate zone 
have shown that of the N fertilizer applied; about 20–50% (10–70 kg N ha–1) is not recovered at 
the end of the growth period. The second method of determining denitrification N losses is by in  
situ  field measurement of 15N2 and 15N2O productions. Under this procedure,  15N-enriched N is 
applied to a plot and the denitrification N losses are determined by covering the soil. The method 
allows a quantitative estimate of the relative contributions to the emitted gas by both the original 
enriched  source  and  the  native  soil  N.  N-evolution  rates  measured  on  arable  land  under  a 
temperate climate are approximately the same order of magnitude as the N losses estimated by 
the  non-recovery  of 15N method.  The  third measuring  procedure  is  based  on  the  acetylene 
inhibition phenomenon. This principle uses the inhibition of bacterial N2O reduction to N2 in the 
presence  of  acetylene  (C2H2).  The  method  determines  the  denitrification  of  all  NO3

–-N 
irrespective of its source. Measurements on classical crop production systems show maximum N 
losses in the temperate climate of about 20–30 kg N ha–1 during the growth period of annual 
crops.

Since  1850 denitrification  is  estimated  to  have increased  from 270 to  310 Tg N yr−1. 
Globally,  hotspots  for  denitrification  are  estimated  to  occur  in  the  same  regions  where 
anthropogenic N inputs are high. By 2050 denitrification rates are estimated to increase to 370 
Tg N y−1. However, the most effective solution to minimizing negative environmental effects of 
increased N mobilization is to decrease N use/emissions and N losses at the point of application/
deposition  (GALLOWAY et  al.,  2004).  Denitrification  is  defined  as  the  reduction  of  NOx to 
molecular N2 or NOx with a lower oxidation state of N by bacterial activity. NOx are used by 
bacteria  as  terminal  electron  acceptors  in  place  of  O2 in  anaerobic  respiratory  metabolism. 
Denitrification  often occurs  when the soil  is  wet  or  compacted or warm,  because these  are 
situations  where  O2 is  a  limiting  factor.  The  denitrification  is  described  by  the  following 
equation:

http://jeq.scijournals.org/cgi/content/full/35/4/973#BIB12#BIB12


NO3
− → NO2

− → [NO] → N2O → N2 [3]
The  bacteria  that  carry  out  the  denitrification  process  are  mainly  Pseudomonas, 

Azospirillum (ENQUÊTE-KOMMISSION SCHUTZ DER ERDATMOSPHÄRE DES DEUTSCHEN BUNDESTAGES, 1994) 
and Alcaligenes (HUTCHINSON & DAVIDSON, 1993), but also fungi and yeasts are involved. During 
denitrification, NO2 and NO2 are formed (LÆGREID et al., 1999a,b). The rate of NO2 can vary 
between  0  and  100  % in  dependency  of  the  availability  of  C  and  N,  soil  water  and  soil 
temperature (ARAH & SMITH, 1990). Decreasing O2 content and increasing water content in the 
soil  increases the process.  The availability  of OM and high temperature  also speeds up the 
denitrification  process  (ENQUÊTE-KOMMISSION SCHUTZ DER ERDATMOSPHÄRE DES DEUTSCHEN 
BUNDESTAGES, 1994).  Between  0.5% and  1.5% of  the  applied  N to  agricultural  soil  may  be 
emitted as NO2 (MCELROY & WOOFSY, 1985).

Denitrification, defined as the dissimilatory reduction of NO3 or NO2 to N2O and N2, has 
been considered a prokaryotic process for more than a century and has been extensively studied 
in several bacteria (ZUMFT, 1997). By the 1970s, it became clear that denitrification is a function 
of eukaryotes as well as bacteria. Yeasts (TSURUTA et al., 1998) and filamentous fungi (BOLLAG 
&  TUNG,  1972) have been shown to be capable of denitrification. Fungi can use NO3 as an 
alternate  electron  acceptor  to  O2 for  respiration  and  can  perform  aerobic  respiration  and 
denitrification simultaneously (ZHOU et al., 2001). The occurrence of fungal denitrification in 
soil could be of ecological significance if N2O is the dominant gaseous end product, since N2O is 
a radiatively active trace gas and N2 is not. A few species of fungi can produce N2 by a co-
denitrification process where one N atom from NO2 combines with one from a source other than 
NO2 (TANIMOTO et al., 1992). The microbial biomass of temperate soils is often dominated by 
fungi  (RUZICKA et  al.,  2000)  and the proportion of fungi in  the biomass can be affected by 
agricultural systems and land use. The potential for fungi to produce N2O has been shown in two 
studies using woodland soils (CASTALDI & SMITH, 1998; LAVERMAN et al., 2000).

FIRESTONE & DAVIDSON (1989) defined denitrification as a group of processes during which 
NO3

− or NO2
− is reduced to the gaseous N species NO, NO2, or N2. Denitrifying bacteria survive 

under anaerobic conditions by using NOx as their electron acceptors in place of O2. The general 
sequence of N species produced during denitrification is the following NO3

− → NO2
− → NO → 

N2O → N2. Where NO3
− availability is high, OC compounds may limit denitrification. Although 

NO,  N2O  and  N2 can  all  be  produced  in  denitrification;  numerous  factors  regulate  the 
proportions  of  the  gases  that  are  actually  produced,  including  soil  pH,  NO3

− or  NO2
− 

concentration, O2 content of the soil, C availability, and temperature. Denitrification has been 
considered a prokaryotic process for more than a century and has been extensively studied in 
several bacteria (ZUMFT, 1997). Denitrification activity has been reported in dried soils and in 
desert soils (PETERJOHN, 1991; SMITH & PARSONS,  1985), where it seems to depend on a complex 
interplay between soil moisture, C, N availability,  pH, temperature and O2. Inded, many soil 
denitrifying microorganisms have been found to be able to produce N2O over a wide range of O2 

partial pressures (DAVIES et al., 1989;  LLOYD et al., 1987;  ROBERTSON &  KUENEN, 1990).  FRENEY 
(1997) stated that N may be lost by NH3 volatilization, during nitrification (NO and N2O), by 
biological denitrification (producing NO, N2O and N2), and by chemodenitrification as a result in 
emissions of NO, NO2, N2O, N2 and methyl nitrite. N emitted to the atmosphere as NH3 may be 
returned to the biosphere and recycled thus adding to the N2O and NO burden in the atmosphere. 
Thus NH3 volatilization needs to be controlled as well as nitrification-denitrification to limit 
emission of NOx.

CONRAD (1996a,b) established that one of mechanisms of NO consumption in soil is its 
utilization  by  denitrifying  bacteria  as  an  electron  acceptor.  Also,  soil  moisture  may  be  an 
important  negatively correlated  regulator  of  NO consumption by other  processes.  Given the 
limited information on these processes, it is difficult to describe environmental conditions that 
regulate  consumption.  NO  consumption  by  denitrifiers  appears  to  be  stimulated  by  OC 
compounds and by NO3

− (BAUMGÄRTNER & CONRAD, 1992, SCHUSTER & CONRAD, 1992).
PATTEN et  al.  (1980) demonstrated that the rate of denitrification was dependent on the 

quantity of OC readily utilized by denitrifying microorganisms, while the OC in various pools is 
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not completely available to microorganisms. As a specific fraction of SOC, the dissolved OC 
(DOC) represents easily degradable and available to microorganisms (BOYER & GROFFMAN, 1996; 
YANO et al., 1998). Soil temperature depends on location, climate, weather, soil type, soil cover 
and  soil  bioactivity.  Low  rates  of  denitrification  have  been  reported  at  -2°C  (DORLAND & 
BEAUCHAMP,  1991) and -4°C (MALHI et al.,  1990), but higher temperatures > 5°C, are usually 
required for a significant denitrification rate (AULAKH et al. 1983; BENCKISER, et al., 1986). The 
effect  of  increasing  soil  temperature  on  denitrification  rate  has  been  investigated  in  many 
laboratory studies.  Denitrification stops at temperatures of 75 to 85°C (KEENEY et  al.,  1979). 
However, such high temperatures are of little practical interest as soil temperatures will mostly 
be below 60°C, at least where water is present. The reported differences reflect to some extent 
bacterial adaptation to local conditions (MALHI et al., 1990).

Denitrification as derived from the inhibition method contributed 21% to the production 
rate of N2O in soil incubated at 50% WHC. Denitrification is an anaerobic process and in the 
incubations at 60% WHC anaerobic conditions were limited so the reduction of NO3

− and the 
production rate of N2O were small. The total N2O emission at 100% WHC was significantly 
larger than at 50% WHC (YOSHIDA &  ALEXANDER, 1970;  BLACKMER et al., 1980). The moisture 
regime of a soil is an important factor influencing N2O emission by regulating oxidation and 
reduction  reactions  (KUMAR et  al.,  2000).  Denitrification  became  the  main  process  in  the 
production of N2O at 100% WHC. O2 diffusion in soil decreases with increased water content 
(RENAULT & SIERRA, 1994). O2 concentration in soil drops as consumption by microbial activity 
becomes larger than the O2 that diffuses into the soil. Nitrifier denitrification is stimulated and as 
more micro-sites become anaerobic denitrification increases with increased production of N2O 
(RUSSOW et al., 2000; WRAGE et al., 2004).

2.4.4. CHEMODENITRIFICATION

Although  several  chemical  reactions  can  be  characterized  as  chemodenitrification,  the 
most significant in soils are reactions that involve the abiotic decomposition of HNO2 to form 
NO (NELSON, 1982).  These  reactions  can  occur  in  acidic  soils  with  high  levels  of  OM and 
accumulation of NO2

− from low levels of nitrification. Rapid soil processes such as freezing, 
wetting, and drying may concentrate nitrite in water films and accelerate its self-decomposition 
(FIRESTONE & DAVIDSON, 1989).  DAVIDSON et  al.  (1993)  mentioned  that  acidic  soils  might  be 
expected to produce NO in this fashion, but chemodenitrification in neutral to alkaline soils is 
thought  to  be  insignificant.  However,  processes  that  concentrate  NO2

−,  such  as  wetting  and 
drying events and micro-site acidification by nitrifying bacteria, may be more important than is 
indicated by bulk soil analyses of NO2

−. It is possible that chemodenitrification may be important 
in  the  large  pulse  of  NO emissions  seen  after  wetting  of  dry  soil  in  many  seasonally  dry 
ecosystems. At temperatures > 50°C chemodenitrification may be the major mechanism (KEENEY 
et al., 1979). The temperature increases, the N2O/N2 ratio declines. This inverse relationship has 
been demonstrated by several authors in laboratory incubations of soil (KEENEY et al.,  1979). 
BREMNER (1996) concludes that there is no evidence to show that significant amounts of N2O are 
produced by chemodenitrification.

The contribution of other  processes as  derived from the inhibition method to  the N2O 
production rate in soil incubated at 60% WHC was significant at 32%. The large contribution 
attributed  to  other  processes  may  be  an  artifact  of  the  method.  Other  sources  may  be 
overestimated,  e.g.  due  to  incomplete  suppression  of  denitrification  by  O2 or  incomplete 
inhibition  of  NH3 oxidation  by  C2H2 (WRAGE et  al.,  2004)  or  heterotrophic  nitrification 
contributed to N2O production. These heterotrophic nitrifiers are often able to denitrify under 
aerobic conditions (ROBERTSON et al.,  1989). Chemodenitrification normally occurs at pH < 5 
(CHALK &  SMITH,  1983;  VAN CLEEMPUT &  BAERT,  1984),  which  is  much  lower  than  the  pH 
measured  in  soil  used  in  the  experiment,  so  N2O  production  by  chemodenitrification  was 
presumably  low.  ROBERTSON &  TIEDJE (1987);  WEBSTER &  HOPKINS (1996)  reported  that  non-
biological N2O production or chemodenitrification was not significant in their experiments.



Increases in the total concentration of Pb and Cd decreased the production rate of N2O 
attributed to nitrification by the inhibition method. Some authors reported that  increased Zn 
concentrations inhibited net nitrification rates (CELA &  SUMNER,  2002a, 2003;  SMOLDERS et al., 
2003; STUCZYNSKI et al., 2003; RUSK et al., 2004). CELA & SUMNER (2002b) reported that Pb did not 
inhibit  nitrification whereas  Cu did.  RUSK et  al.  (2004) also found that  nitrification  was not 
inhibited by Pb at 1960 or 3150 mg kg−1. However, in the experiment, Pb (31–1845 mg kg−1) did 
inhibit the production rate of N2O attributed to nitrification by the inhibition method, whereas Cu 
(27–1620 mg kg−1) did not. Differences in availability of those metals might explain the different 
effects of Pb and Cu (CHECKAI et al., 1987). STUCZYNSKI et al. (2003) found that Pb was strongly 
immobilized in soil, whereas immobilization of the Zn amendment was much weaker. The other 
processes as derived from the inhibition method that contributed to the production rate of N2O in 
soil incubated at 60% WHC were not affected by heavy metal concentrations. It has to be stated 
that the production of N2O might have been affected by other soil characteristics, such as total N, 
pH and clay content, as they are different between the locations sampled.

Denitrification as derived from the inhibition method was the most important process in 
N2O production rate at 60% WHC and it was decreased by heavy metals. BARDGETT et al. (1994) 
found  a  gradual  decline  in  N2O  production  from  NO3

− along  a  gradient  of  increasing 
concentrations of  Cu,  Cr,  and As.  GUMEALIUS et  al.  (1996) found a 50% inhibition  of NO2

− 

reduction in pure cultures of denitrifying bacteria amended with 12 mg Cd l−1. SAKADEVAN et al. 
(1999) in a study of the effects of heavy metal addition on surface wetland sediments receiving 
wastewater  found  that  the  addition  of  500  and  1000  mg  Cd,  Cu  or  Zn  (kg−1 sediment) 
significantly  inhibited  denitrification.  Application  of  100  mg  Cu  and  Zn  kg−1,  however, 
stimulated N2O denitrification, but Cd did not. HOLTAN-HARTWIG et al. (2002) reported a general 
reduction of the denitrification rate after heavy metal addition. However, N2O production had 
partly recovered 8 days after heavy metal addition and was completely restored after 2 months. 
BOLLAG &  BARABASZ (1979)  observed  an  increased  accumulation  of  NO2

− and  N2O  in  an 
anaerobic incubation, although transiently, when metal concentration (Cd, Cu, Zn, Pb) increased 
in soil slurries, indicating a greater inhibition of the last enzymes in the denitrification enzyme 
cascade.

2.5. FORMATION OF NO
Nitrous oxide is generated by nitrification and denitrification when microbes transform 

inorganic N, including NH3 and NO3 (FIRESTONE & DAVIDSON, 1989;  GRANLI & BØCKMAN, 1994; 
HUTCHINSON &  DAVIDSON,  1993).  Both  processes  are  governed  by  the  soil  water  content. 
Nitrification mainly occurs when 30−60% of the pore space is water-filled, and denitrification 
mainly occurs when 50-80% or 60−90% of the pore space is filled with water, depending on the 
soil properties (BOUWMAN, 1998). The faculty to reduce NOx, when O2 becomes limiting, enables 
denitrifying bacteria to grow in anaerobic environments. As a broad diversity of bacterial groups 
is capable of this metabolic pathway (FOCHT & VERSTRAETE, 1978; CONRAD, 1996a,b), denitrifiers 
are present almost ubiquitously in natural and cultivated soils. It is generally accepted that NO 
constitutes  an  obligatory  intermediate  in  the  denitrification  sequence  (PAYNE, 1981).  This 
involvement as an intermediate provides good reason to assume that denitrifiers can not only 
produce but also consume NO. Such a dual behaviour has indeed been demonstrated in studies 
on bacteria cultures and soil samples (JOHANSSON & GALBALLY, 1984; REMDE & CONRAD, 1991a). 
The rate of NO production (or consumption) not only depends on the overall denitrification rate 
but is also strongly affected by parameters that influence the proportion of NO relative to the 
terminal products N2O and N2 (FIRESTONE & DAVIDSON, 1989). Hence, environmental control of 
NO  production  and  consumption  by  denitrification  is  accomplished  through  complex 
interactions of numerous relevant parameters (ROBERTSON, 1989). O2 availability, for instance, 
which  strongly  controls  the  total  turnover  rate  of  the  denitrification  process  as  well  as  the 
relative rate of NO production, is  in turn regulated by various other factors (e.g.,  soil  water 
content, soil texture, activity of plant roots, and microbial respiration).



Despite  the fact  that  most  field  studies  have not  explicitly  separated nitrification from 
denitrification contributions to the observed NO flux, there is some evidence that only a small 
fraction of the N oxidized by nitrifiers may be released in form of NO. In well-aerated soils the 
yield  of  NO  is  typically  1%  to  4%  of  the  NH4

+ oxidized  (JOHANSSON &  GALBALLY, 1984, 
HUTCHINSON & BRAMS, 1992). Further studies, however, have demonstrated that the relative NO 
yield can range from 0.1% (DAVIDSON et al., 1993) to 10% (SHEPHERD et al., 1991;  VELDKAMP & 
KELLER, 1997). To assess the importance of nitrification vs denitrification for the exchange of NO 
is a difficult task. By application of specific inhibitors or by examination of the response to NH4

+ 

and NO3
− based fertilizers, several investigators were able to identify the dominating process for 

an individual soil; but the results are contradictory. Prevalence of the nitrification pathway has 
been observed in many soils, including those from temperate (VOS et al., 1994; YAMULKI et al., 
1995) as well as subtropical (HUTCHINSON & BRAMS, 1992) and tropical (DAVIDSON et al., 1993) 
ecosystems.

2.5.1. PROCESSES INFLUENCING NITROUS OXIDES EMISSION

Soil  microbial  processes  are  primarily  responsible  for  soil  N2O emissions.  BEAUCHAMP 
(1997) reported that climate, soil characteristics, cropping practices and their interactions affect 
the nitrification and denitrification processes (Figure 3.) and hence the production and emission 
of N2O.  HUTCHINSON (1995) mentioned that nitrifiers produce most of the NO and denitrifiers 
produce most of the N2O.

Ammonium Hydroxylamine Nitrite Nitrate

Figure 3. Conceptual model indicating the major pathways for N2O formation regarded in this 
study.  Nitrification  is  indicated  with  open  arrows  and  denitrification  is  indicated  with  bold 
arrows. Adapted from WRAGE et al. (2001).

The  N2O emission  into  the  atmosphere  was  measured  in  closed  chambers  at  the  soil 
surface (RETH et  al.,  2008).  Concurrently  the  soil  temperature  and  soil  water  content  were 
recorded in  order  to  quantify  their  effects  on the  fate  of  N2O in  the  soil.  The highest  N2O 
concentration was recorded after ‘special events’ like snowmelt, heavy rain, fertilization, and 
grubbing. The combination of fertilization and heavy rain led to an increase of up to 2,700 ppb 
in the subsoil. COLBOURN & DOWDELL (1984) measured 0–20% and 0–7% N loss on field soils and 
grass land, respectively. Besides NO2, other N gases can also contribute to the N emission from 
N fertilizers  as  products  of their  transformation  processes  (ammonification,  nitrification  and 
denitrification)  in  the  soil  and  through  NH3  volatilisation.  RUSSOW et  al  (2000)  formed  a 
conceptual model of coupled nitrification and denitrification describes the formation of NO and 
N2O. Under the quasi-semiarid conditions in the dry belt of Central Germany Mollisols have a 
high potential for NO emission which clearly exceeds N2O emission if high NH4

+ contents are 
present  in  the  soil.  BEAUCHAMP (1997)  reported  that  climate,  soil  characteristics,  cropping 
practices and their interactions affect the nitrification and denitrification processes and hence the 
production and emission of N2O. Nitrification is the process of converting atmospheric N2 into 
NO3

–.  Equation  4.  shows  the  oxidative  nitrification  chemical  process.  Soil  Nitrification  is 
accomplished by genera of aerobic chemoautotrophic bacteria (Nitrosomonas and Nitrosospira: 
NH4

+ → NO2
–, Nitrobacter: NO2

– → NO3
–.

NH4
+ → NH2OH → (e.g. H2N2O2) → NO2

– → NO3
– [4]



↓
N2O

Denitrification  is  the  process  of  converting  plant  available  NO3
- into  N2 gas.  Certain 

aerobic bacteria carry out denitrification when O2 becomes limiting. These bacteria have the 
ability to reduce NOx depending upon the availability of a suitable reductant (usually OC), and 
the presence of NOx (NO3

–, NO2
–, NO, or N2O) (HUTCHINSON, 1995). The microbial conversion of 

reductive denitrification is displayed in Equation 5.

NO3
– → NO2

– → NO → N2O↑ → N2↑ [5]
The  amount  of  N2O  emission  is  mainly  influenced  by  the  N  fertilization  (GRANLI & 

BØCKMAN,  1994)  as  shown in  studies  of  SCHMIDT &  BOCK (1998),  who  determined  a  strong 
correlation between N content in the soil and N2O emissions. The positive correlation between 
increased N input and increased N emissions (BOUWMAN, 1990; EICHNER, 1990) provides the basis 
for estimating the impact of agriculture on N2O emissions on a global scale (IPCC, 1997). The 
emission  factor  is  based  on  studies  of  BOUWMAN (1996)  and  is  calculated  by  the  following 
function:

EF = NI * 1.25 (+/-1) % + BE [6]

Where EF = emission factor (kg N ha−1),  NI = N input (kg N ha−1),  and BE = background 
emission (kg NO2-N ha−1), which are normally set to 1. N that remains in the soil after harvest is 
the major source for N pollution of the groundwater (VAN DER PLOEG et al., 1995). At the same 
time, a substantial part of agricultural emissions is believed to be derived from N lost from 
agricultural land after  leaching and run-off into drainage waters (DOWDELL et al.,  1979). This 
means reducing NO3

− leaching would also reduce N2O emissions.

2.5.2. IMPORTANT FACTORS CONTROLLING N2O EMISSIONS

Empirical up-scaling of the global source strength of tropical ecosystems is thus based on a 
very limited database that is unable to take account of the spatial and temporal variability of the 
soil–atmosphere exchange of trace gases (SERÇA et al., 1994;  BREUER et al., 2000;  KIESE et al., 
2003, 2005). The high variability in trace gas flux rates is generally caused by the underlying 
biogeochemical  processes  (e.g.,  mineralization,  nitrification  and  denitrification),  which  are 
controlled  by  environmental  factors  such  as  soil  moisture,  soil  temperature  and  nutrient 
availability  (DAVIDSON, 1992;  CONRAD, 1996a,b;  SMITH et  al.,  2003).  As  these  environmental 
factors vary in time and space, site specific estimates of annual trace gas exchange are likely to 
contain large uncertainties.

Soil  temperature  and  soil  moisture  were  the  most  important  factors  controlling  N2O 
emissions.  Those  parameters  affect  microorganisms  and  their  metabolism  and,  hence,  the 
production and consumption of N trace gases in soils (CONRAD, 1996a,b). The air-filled porosity 
controls the movement of the gases towards and away from the atmosphere; it also affects soil 
aeration, and, thus, indirectly controls the capacity of the soil for producing or consuming soil-
produced trace gases (SMITH et al., 2003; DAVIDSON et al., 2000).

MOISTURE REGIME

There are various parameters that might have contributed to the N2O emissions. Soil water 
can  directly/indirectly  influence  denitrification  through:  provision  for  suitable  conditions  for 
microbial growth and activity; restricting supply of O2 to micro-sites by filling soil pores; release 
of available C and N substrates through wetting and drying cycles; and providing a diffusion 
medium  through  which  substrates  and  products  are  moved  to  and  away  from  soil 
microorganisms.  However,  the  primary  effect  of  water  on  N2O  production  in  aerobic  and 
partially aerobic soils is to restrict O2 levels by reducing the air–water interfacial area within air-
filled pores, thus producing an anaerobic condition (DAVIDSON, 1992).



In  a  laboratory  parameterization  study,  SCHINDLBACHER et  al.  (2004)  found  that  a  N2O 
emission maximum at a soil moisture range of 60%–90% water field pore space (WFPS) which 
corresponds  to  a  water  content  of  53–80%.  In  the  field  authors  found  that  maximum N2O 
emissions occurred at soil moisture values in the range of 50%–65%. High precipitation and low 
air  temperature  showed  a  significant  effect  on  N2O  emissions  with  a  lag  of  8  days.  In  a 
microcosm experiment  SHARMA et  al. (2006) found that maximum N2O emissions occurred 8 
days after thawing. After a rainfall event soil moisture increased again and may have caused an 
increase in microbial activity. On the other hand, the actual level of N-deposition and the NO3

− 

pool in the soil might have played an important role in the sudden release of N2O (DAVIDSON et 
al.,  2000).  Highest  amounts  in  NO3

− and  NH4
+ via through-fall  reached  the  forest  floor  in 

August. Although, throughout the study bulk N-deposition accounted for up to only 31% of the 
variation in N2O emission, a strong relationship was apparent between the two factors. This high 
N2O peak coincided with significant  larger available soil  N concentrations,  in particular soil 
NO3

−. It has been observed that N in microbes may have a turnover rate of 3 months (TIETEMA & 
VAN DAM, 1996). According to the theories of microbial stochiometry (SCHIMEL &  WEINTRAUB, 
2003) microbes tend to immobilize N from the soil solution and use it for cell growth at times 
when it is the limiting nutrient. This could be the case during favourable growth conditions of 
soil  moisture and high temperatures  but little  N-input.  After  3  months microbial  death may 
occur, which may lead to enhanced N-release and N2O emissions as observed in beech forests 
(ZECHMEISTER-BOLTENSTERN et  al.,  2002).  Measurements  provide the first  set  of simultaneously 
measured soil N2O and CO2 fluxes for three different forest cover types in continental, tropical 
Southeast  Asia.  So  far,  only  measurements  of  C and  N trace  gas  fluxes  for  tropical  forest 
ecosystem in Indonesia and Borneo have been published (HALL et al. 2004; ISHIZUKA et al. 2002, 
2005a,b).  After  prolonged dry periods,  it  has  been shown that re-wetting of the soil  can be 
accompanied by high emissions of N trace gases (DAVIDSON et al. 1993;  GARCIA-MONTIEL et al. 
2003; BUTTERBACH-BAHL et al. 2004b). Such pulse fluxes are associated with the rapid microbial 
consumption of NH4

+ or NO2
− accumulated during the dry period (DAVIDSON et al. 1993), which 

are in turn partly oxidized NH4
+ or reduced NO2

− to N2O by nitrifying bacteria (POTH & FOCHT 
1985).  Authors  detected  significant  N2O pulse  emissions  due  to  re-wetting  not  only  in  the 
watered chambers but also in the control ones. However, it has to be stressed that for further 
improvement and validation of mechanistic models it is of utmost importance to provide detailed 
data such as daily or sub-daily trace gas fluxes in order to test our process understanding and to 
develop suitable algorithms describing processes involved in trace gas production, consumption 
and emission. Such detailed data were e.g., used to test the anaerobic balloon concept of the 
Forest-DNDC  model  for  predicting  simultaneously  production  (consumption)  of  N2O  by 
anaerobic (denitrification)  and aerobic (nitrification)  microbial  processes (LI et  al.  2000).  In 
earlier  studies,  soil  moisture  changes  are  the  main  driver  for  temporal  variations  of  N2O 
emissions in tropical forest ecosystems (DAVIDSON 1993; STEUDLER et al. 1996; BREUER et al. 2000; 
KIESE & BUTTERBACH-BAHL 2002). Changes in soil moisture ultimately control soil aeration and 
effect nutrient availability. This finally feeds back into the spatial and temporal differences in the 
occurrence and magnitude of the oxidative nitrification and reductive denitrification processes 
and associated N trace gas emissions (SMITH, 1980;  CONRAD 1996a,b).  Authors found that  in 
unsaturated soil, higher moisture values are generally expected to support higher N2O emissions. 
N2O emissions were only stimulated for a few days. But after the end of the artificial watering, 
the enhanced N2O emissions of the watered chambers diminished and even dropped below those 
of the control chambers. This means that simulating rainfall during the transition from dry to wet 
season influenced the timing of N2O emissions, but not the total amount of N2O released over 
the  entire  observation  period.  This  may  be  attributed  to  the  fact  that  after  the  rapid 
mineralization of easily decomposable organics  litter  and/or  rapid microbial  consumption of 
NH4

+ and NO2
− accumulated during the dry period (DAVIDSON et al. 1993), microbial N turnover 

processes, such as mineralization, nitrification and denitrification, and associated N2O emissions 
decreased due to substrate limitations regardless of the suitable soil moisture condition. SHARMA 
et al. (2006) observed a linear relationship between WFPS (range from 15% to 85%) and N2O 



emission fluxes. BUTTERBACH-BAHL et al. (2004b) also found a positive linear correlation between 
WFPS (ranging  from 10% to  50%) and N2O emissions for  tropical  forest  soils  in  Northern 
Queensland, Australia, while  KELLER & REINERS (1994) described an exponential correlation in 
primary and secondary forests of Costa Rica for a WFPS range of 50–90%. KIESE et al. (2002) 
reported a linear correlation between N2O emissions and WFPS less  than 60%, but noted a 
decline in N2O emissions at higher moisture levels, which is most likely due to the increasing 
formation of N2, rather than N2O, as the denitrification process begins to dominate, as has been 
shown elsewhere (BUTTERBACH-Bahl et al. 2002).

Recent studies (SAGGAR et al.  2005) showed emissions from effluent irrigation were most 
strongly influenced by soil WFPS and excretal inputs through grazing. These studies suggest 
strategic  application  of  dairy  effluent  during  a  dry  summer  and  autumn could  significantly 
reduce N2O emissions  from grazed  pastures,  and  delaying  effluent-irrigation  after  a  grazing 
event could reduce emissions by reducing the levels of surplus mineral N. Freeze thaw cycles 
affect annual N2O emissions.  KIESE & BUTTERBACH-BAHL (2002) established that  N2O emissions 
were positively correlated to changes in WFPS up to a threshold of 50% WFPS at the Bellenden 
Ker and Kauri Creek sites and up to a threshold of 60% WFPS at the Pin Gin Hill site.  The 
temporal variability of N2O emissions was pronounced in the study. SHARMA et al. (2006) found 
the coefficients of variation (CV) for N2O emissions of the entire measurement period ranged 
from 35% to 62%. The observed variations in N2O emissions this study are within the CV range 
of 14–125% reported for tropical rainforests soils in Queensland, Australia (BREUER et al. 2000; 
BUTTERBACH-BAHL et al. 2004a,b), but lower than the range of 94–195% reported for tropical rain 
forest  soils  in  Amazonia  (VITOUSEK et  al.  1989;  VERCHOT et  al.  1999).  This  supports  the 
explanation of ISHIZUKA et al. (2002) that the relatively low N trace gas emissions of rubber sites 
is due to the loss of labile C and N stocks following land-use conversion, which is supposed to 
feed back on reduced mineralization and nitrification activities (NEILL et al. 1995). DEBRECZENI & 
BERECZ (1998)  mentioned  that  the  composition  of  the  N  gases  changed  during  vegetation 
depending on the applied N fertilizer from. The proportion of N2O increased within the total 
amount of N gases in the field traps with all N fertilizer forms. It decreased. However, in the 
traps of the pots, where the soil had a higher moisture level. FLESSA et al. (1996) measured an 
increased N2O emission with increased soil moisture. DEBRECZENI et al (1997) mentioned that the 
rate of transformation of the mineral forms of N depends on the C:N ratio.

TEMPERATURE

Nitrous oxide in the atmosphere is involved in the destruction of the O3 layer (CICERONE, 
1987) and as  a GHG it  makes an important  contribution to  the global GH effect  (DUXBURY, 
1994). Soil temperature, soil water content, and plant growth are known to affect N2O and N2 

losses, and their ratio. The N2/N2O ratio was found to increase with soil temperature (BAILEY, 
1976; MCKEENEY et al., 1979), whereas others observed no relationship with temperature (FOCHT, 
1974; LENSI & CHALAMET, 1979). Under constant laboratory conditions the N2/N2O ratio increased 
exponentially with soil temperature (MAAG & VINTHER, 1996). However, the ratio was strongly 
influenced by soil type. In contrast, the N2/N2O ratio increases with increasing soil water content 
(COLBOURN & DOWDELL, 1984; VINTHER, 1984). The influence of the plant on denitrification is not 
clear. Positive effects of roots were found in soils at low soil moisture content (BAKKEN, 1988), 
or at high NO3

– concentrations (SMITH & TIEDJE, 1979), and advanced maturity of the plant (BECK 
& CHRISTENSEN, 1987; KLEMEDTSSON et al., 1987). This may result from denitrification because of 
an  enhancement  of  available  C  from  decaying  roots,  and  the  subsequent  decrease  in  the 
availability of O2 resulting from increased biological activity. This is supported by the observed 
increase  in  N2O  loss  after  grass  cutting  in  pot  experiments  (BECK &  CHRISTENSEN,  1987). 
CHRISTENSEN et al. (1990) also observed a strong stimulation of N2O production resulting from a 
modest increase in soil water around field capacity. Tropical rainforest soils have been identified 
as a major source of the radiatively active trace gases N2O and CO2 (MOSIER et al., 1998, 2004; 
KROEZE et al., 1999; PRATHER & EHHALT, 2001; POTTER et al., 1996a,b; RAICH et al., 2002). In order 
to quantify the source strength, empirical equations are now commonly used to up-scale flux 
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measurements to regional or global trace gas budgets (PRATHER &  EHHALT, 2001), but, being a 
generic  approach,  do  not  account  for  regional  variations  and  controlling  factors.  Recently, 
approaches  which  link  detailed  geographic  information  systems  to  mechanistic  biochemical 
models like CASA (POTTER et al. 1993), CENTURY (PARTON et al. 1988a,b) or PnET-N-DNDC 
(LI et al. 2000; STANGE et al., 2000) to calculate regional or global emission inventories (POTTER et 
al., 1996a,b;  KIESE et al., 2003, 2005) are seen as a promising option to improve the current 
estimates  and  reduce  the  associated  uncertainties  (DAVIDSON et  al.,  1998;  LI et  al.,  2000; 
BUTTERBACH-BAHL et  al.,  2001,  2004a).  These  models  operate  in  daily  time,  to  adequately 
calibrate and validate them trace gas flux measurements of a high temporal resolution, from a 
variety of ecosystems are required (KIESE et al., 2005). Diurnal variation in N2O emissions from 
agricultural and forest soils have been observed in temperate regions (BLACKMER et al., 1982; 
BRUMME & BEESE, 1992;  SKIBA et al., 1996;  BALL et al., 1999; LAVILLE et al., 1999;  SMITH et al., 
1998). However, no daily variation was seen in tropical agricultural soils with high N2O fluxes 
and minor diurnal variations in temperature (CRILL et al., 2000). MARJA et al. (2002) measured the 
short-term  variation  in  the  fluxes  of  N2O  in  boreal  organic  soils  with  different  cultivation 
practices (grass or forestry) using an automatic chamber system in situ. The diurnal variation in 
the fluxes of N2O was compared to that of CO2 production, which is known to be associated 
closely to the fluctuation in air temperature (SILVOLA et  al.,  1985;  BENSTEAD &  LLOYD,  1996). 
Abiotic  production  of  NO  was  demonstrated  in  a  sterilised  soil  (pH  5.6)  from  an  oak 
woodland/grassland site in California after wetting (DAVIDSON, 1992). Abiotic production of NO 
requires accumulation of NO2

–. High nitrification rates at high temperatures in acid tropical soils 
may lead to NO2

– accumulation and the chemical decomposition of NO2
– may be an important 

pathway of NO loss (LAUDELOUT et al., 1977).

OTHER FACTORS

MERINO et al. (2004) established that soil also plays a major role in contributing to the 
atmospheric concentrations of other GHG, such as N2O. The fluxes of these gases are influenced 
by soil variables that influence microbial activity, such as pH and concentrations of NO3

–, NH4
+, 

and O2, which, in turn, are controlled by a combination of soil properties (soil moisture, texture, 
structure)  and  soil  management  practices.  Intensive  soil  management  has  therefore  led  to  a 
considerable  increase  in  the exchange of  N2O between soils  and  the atmosphere  (BOUWMAN, 
1990).  A  high  pH  value  is  also  one  of  the  factors  that  provide  favourable  conditions  for 
denitrification at the site. Furthermore, close C/N-ratios (16–18) suggest favourable conditions 
for  N mineralization  and  nitrification  (HERMAN et  al.,  2002).  BUTTERBACH-BAHL et  al.  (2002) 
detected negative N2O fluxes in pine forests with moderate N deposition whereas a pine forest 
with high N loads exclusively functioned as a source of N2O during winter. On the other hand 
winter emissions, comparable to the ones during the year. These large emissions were either a 
result of enhanced denitrification activity or could be due to the physical release of accumulated 
N2O in the snow or in the soil (TEEPE et al., 2001).

SCHINDLBACHER et al. (2004) concluded that the GARCH model is better than a conventional 
regression analysis, because soil N emissions can be modeled with a higher r2. It reflects lagged 
effects of soil moisture, soil temperature, precipitation, air temperature and N deposition on NO 
emissions.  NO  emissions  were  three  times  smaller  compared  to  N2O  emissions  and  total 
emissions of N were small compared to N inputs. This may be attributed to the fact that in the 
limestone Alps soil pH is high, a large microbial biomass can be found and N is mainly emitted 
in the form of N2. Alone in Austria, about a third of forests is on calcareous bedrock and this is 
the first report on processes determining NOx fluxes in these ecosystems.

WERNER et al. (2006) evaluated the effects of soil moisture and temperature on temporal 
variation of N2O and CO2 soil–atmosphere exchange at a primary seasonal tropical rainforest 
(PF) site in Southwest China and to compare these fluxes with fluxes from a secondary forest 
(SF)  and  a  rubber  plantation  (RP)  site.  Agroforestry  systems,  such  as  RP,  are  increasingly 
replacing  PR  and  SR  forest  systems  in  tropical  Southwest  China  and  thus  effect  the  N2O 
emission in these regions on a landscape level. The dependency of N2O fluxes on soil moisture 



levels was demonstrated in a watering experiment; however, artificial rainfall only influenced 
the timing of N2O emission peaks, not the total amount of N2O emitted. For all sites, significant 
positive correlations existed between N2O emissions and both soil moisture and soil temperature. 
A dependency of soil CO2 emissions on changes in soil water content could be demonstrated for 
all sites, thus, the watering experiment revealed significantly higher CO2 emissions as compared 
to control chambers. Correlation of CO2 emissions with soil temperature was significant at the 
PF site, but weak at the SF and not evident at the RP site. Even though we demonstrated that N 
and C trace gas fluxes significantly varied on sub-daily and daily scales, weekly measurements 
would be sufficient if only the sink/source strength of non-managed tropical forest sites needs to 
be identified. TEEPE et al. (2000) mentioned that the dynamics of the N2O winter emissions were 
influenced by the changes in soil temperatures. Also differences in the winter emissions among 
the three sites could not be explained by means of nitrate concentration but rather by WFPS. 
However, the average WFPS in the top 0–5 cm of soil was positively correlated with the total 
N2O winter emissions indicating the importance of O2 diffusion as a regulator for N2O emissions 
in  winter  which  is  in  agreement  with  GROFFMAN &  TIEDJE (1991).  They  showed  that  the 
denitrification rate in a loamy soil was negatively correlated to the air filled porosity. In order to 
reduce the loss of N fertilizer in the form of N2O and N2 by adjusting grassland management, it 
is  important  to  understand  the  relationship  between  the  emission  of  these  gasses  after 
fertilization  and  the  conditions  in  the  soil–plant  system.  This  relationship  was  studied  by 
determining the seasonal patterns of N2O and N2 fluxes, soil temperature, and soil water content 
based  on weekly  measurements.  Highest  N fluxes  were  measured  from wet  soil  after  plant 
cutting, and after N fertilizer application. Also the magnitude of the fluxes of N2O and N2 were 
not directly correlated with soil temperature, but increased with increasing soil water content 
(RUDAZ et al., 1999).

2.6. PROCESSES INVOLVED IN NO EXCHANGE

Several biotic and abiotic processes in soils and plants are mechanisms for production and 
consumption  of  NO  (CONRAD, 1996a,b).  Although  uptake  of  NO  by  plants  is  a  common 
phenomenon,  this  process  is  rarely  considered  to  be  a  major  pathway  for  the  NO surface 
exchange, as the characteristic deposition velocity is extremely low (well below 10-3 m/s, c.f. 
JOHANSSON, 1989; MEIXNER, 1994). Abiotic formation of NO in soils may only be of importance in 
acid soils with high NO2

− concentrations. However, on a global scale, it seems to be likewise 
unimportant (GALBALLY, 1989). Among microbial processes, all those that involve oxidative or 
reductive transformation of N through the +2 valence state carry the potential to act as source or 
sink for NO (CONRAD, 1990). Nevertheless it is widely accepted that microbial nitrification and 
denitrification constitute the principal processes (WILLIAMS et al., 1992b).

Some evidence exists that NO is a intermediate in the oxidation step from NH2OH to NO2
− 

(HOOPER & TERRY, 1979). Other research groups (REMDE & CONRAD, 1990), however, suggested 
that  NO  formation  during  nitrification  results  from  the  reduction  of  NO2

− (nitrifier 
denitrification), a mechanism also shown to be effective for the production of N2O by nitrifying 
bacteria (POTH &  FOCHT, 1985). The use of NO2

− as an electron acceptor enables nitrifiers  to 
sustain oxidation of NH4

+ even at a low partial pressure of O2. Overall nitrification rates will 
increase in well-aerated soils, provided that the soil is not very acidic (pH  >  4 – 5). If these 
requirements are met,  the nitrification rate  is predominantly controlled by the availability of 
NH4

+ (ROBERTSON, 1989).
On the other hand, production of NO was attributed to denitrifiers in the experiments of 

REMDE et al. (1993), CARDENAS et al. (1993), and SANHUEZA et al. (1990). Some indication that the 
dominant mechanism for the formation of NO is influenced by the soil pH can be taken from a 
laboratory study of REMDE & CONRAD (1991b). They found that nitrifiers were responsible for NO 
production in an alkaline soil (pH 7.8), whereas denitrification was the dominant process in an 
acidic soil (pH 4.7). In many field situations, however, it is difficult to ascribe NO production to 
one of both processes as nitrifying and denitrifying bacteria might act simultaneously owing to 
micro-site heterogeneities within the same soil profile. Up to now little attention has been given 



to the role of transport processes for soil–air exchange of NO. Commonly, molecular diffusion is 
considered the driving mechanism for gas transport in soil pores (GALBALLY & JOHANSSON, 1989). 
Laboratory  studies,  however,  have pointed  out  that  convective  transfer  may not  be  ignored 
(RUDOLPH et al., 1996; RUDOLPH & CONRAD, 1996). Since the NO diffusion coefficient in water is 
about five orders of magnitude lower than in air, it is obvious that water-filled pores create a 
strong barrier to the emission of NO into the atmosphere (GALBALLY, 1989). Soil water content 
also has a strong impact on the diffusion of O2 into the soil and consequently on the microbial 
activity (SKOPP et al., 1990). Thus high soil water content favours denitrifiers but restricts NO 
transport. This creates a situation where the probability of NO being reconsumed by denitrifiers 
is largely enhanced; and as a consequence, emission of NO to the atmosphere might deviate 
significantly  from  the  production  of  NO  in  soil.  Illustrative  for  this  fact  is  a  laboratory 
experiment of SKIBA et al. (1997), who reported that only 13% of the amount of NO produced in 
an anaerobic soil was actually emitted from the soil surface.

Emission of NO from plants or plant material has been observed only in a few studies 
(KLEPPER, 1979; DEAN & HARPER, 1986). Thus the general capability of plants to emit NO remains 
rather  uncertain  (JOHANSSON, 1989).  However,  biogenic  NO emission from a variety of plant 
species was recently observed by WILDT et al. (1996) during laboratory fumigation experiments 
at low ambient NO concentrations. Plants primarily act as a sink for atmospheric NO, but the 
uptake rate is limited by low solubility of NO (HILL, 1971). Deposition velocities observed for 
different plant species and under various physiological conditions are generally less than 10−3 m 
s−1 (HANSON &  LINDBERG, 1991;  MEIXNER, 1994).  This  implies  that only at  exceptionally high 
ambient NO concentration, direct deposition to plants might constitute a significant  removal 
mechanism  for  atmospheric  NO.  Major  relevance  of  plant  uptake  for  the  net  flux  of  NO, 
however, results from the close coupling with the surface exchange of NO2. Once emitted, NO is 
oxidized rapidly to NO2 owing to the presence of O3, and the uptake by plants is much more 
effective for NO2 than for NO (HANSON & LINDBERG, 1991; MEIXNER, 1994). Therefore, NO, once 
emitted from vegetated soils and converted to NO2 within the plant canopy, may be immediately 
deposited to the vegetation elements (in form of NO2), which will then reduce the amount of NO 
that escapes from the plant canopy. This internal cycling of NOx likely occurs in all ecosystems 
(especially in forests), but adequate quantitative information is currently lacking. On the basis of 
rough simplifications,  YIENGER &  LEVY (1995) and  JACOB &  BAKWIN (1991) have computed a 
global “canopy reduction factor” of about 50%. The “zero-order” approach of YIENGER & LEVY 
(1995),  however,  should  be  taken  as  an  indication  that  in-canopy  processes  affect  the  NO 
exchange substantially rather than as an accurate assessment of this effect. Better understanding 
and quantification of canopy reduction remains an imperative task for future research on NO 
(and NO2) exchange (e.g., ANDREAE et al. 2000).

2.6.1. FACTORS INFLUENCING THE NO EXCHANGE

Basically, the complete set of environmental factors that regulate the underlying processes 
of NO production and consumption in  soils  has the potential  to  affect  the exchange of NO 
between soil and the atmosphere significantly. The following section will be restricted to the 
discussion of some factors, which have been encountered as major controllers over a wide range 
of field situations. Further chemical (soil pH, concentration and composition of OC), physical 
(soil texture), and biological (plant cover) variables as well as some cultivation practices (tillage, 
burning) might be of importance under more specific environmental conditions (WILLIAMS et al., 
1992b; MEIXNER, 1994). When reviewing the influence of soil properties on the NO exchange, it 
has to be noted that there is no common agreement with regard to the appropriate depth of soil 
where these properties should be determined. It is obvious that the correlation of soil parameters 
with observed NO fluxes depend on the vertical distribution of the relevant processes within the 
soil. Although the zone of maximum NO productivity most likely varies from soil to soil, there 
is broad evidence that the primary production zone is located within a very shallow layer at the 
soil surface (JOHANSSON & GRANAT, 1984,  LUDWIG et al., 1992; RUDOLPH et al., 1996; RUDOLPH & 
CONRAD, 1996; YANG & MEIXNER, 1997).



REMDE et  al.  (1993) observed NO fluxes in a marsh soil  could be explained by model 
calculations when applying an effective depth (0.002 m). Soil parameters are typically measured 
at depths of 0.01 to 0.1 m and thus may, in many cases, only inaccurately reflect the conditions 
in the shallow topsoil layer, where NO production (or consumption) predominantly occurs. The 
production of NO is strongly dependent on climate and varies considerable with soil temperature 
and soil moisture (DAVIDSON et al., 2000;  LUDWIG et al., 2001). The optimum soil temperature 
(20ºC), as detected in laboratory studies by SCHINDLBACHER et al. (2004), could not be confirmed 
in the field experiment, where largest NO emissions were measured at 8–10ºC soil temperature; 
maximum soil temperature in the field was 16ºC. Optimum WFPS in the field for NO emission 
was found to be at 30–45% WFPS (waterc 27–40%) and was higher than in laboratory studies 
(SCHINDLBACHER et al.,  2004). In the field largest NO emissions were found in autumn and in 
spring, when soil water content was between 45–50%. Large spring emissions were detected in 
May, when soil was moistened and soil temperature increased.

NITROGEN AVAILABILITY AND FERTILIZATION

It has been shown by a large number of studies that availability of soil N has a strong 
impact on NO emission rates. Special interest in this respect is given to the pool size of soil NH4

+ 

and NO3
−, since these compounds serve as substrate for nitrifying and denitrifying bacteria. By 

examining  results  from  various  natural  and  cultivated  sites  in  North  America  (WILLIAMS & 
FEHSENFELD, 1991) were able to show that differences in the NO3

− content of the soils accounted 
for much of the variance in the observed NO emission levels. Similar trends were reported for 
several European ecosystems (SKIBA et al.,  1994;  LUDWIG &  MEIXNER, 1994). Therefore it has 
been argued that the NO3

− concentration in soils might serve as a useful variable to predict NO 
emission  rates  across  ecosystems.  Further  studies,  however,  have indicated  that  the  relation 
between soil N and NO flux is more complex than it appears from these results. A stronger 
correlation of NO fluxes with soil NH4

+ than with NO3
− concentrations have been reported by 

LEVINE et al. (1988), ANDERSON et al. (1988), and HUTCHINSON et al. (1993). It is worth to note that 
typically the spatial variability of NO fluxes within a given field site is not explained by the 
spatial distribution of soil NO3

− concentrations (WILLIAMS & FEHSENFELD, 1991; LUDWIG, 1994).
One has to keep in mind that observed relationships between NO emission and soil NO3

− 

or  soil  NH4
+ do  not  allow drawing  simple  conclusions  concerning  the  mechanisms  of  NO 

production.  As  pointed  out  by  WILLIAMS et  al.  (1992b),  the  correlation  of  soil  NO3
− 

concentrations  and  NO emission  rates  may reflect  (a)  the  status  of NO3
− as  a  substrate  for 

denitrification,  (b)  the  status  of  NO3
− as  a  product  of  nitrification,  or  (c)  the  fact  that 

accumulation of NO3
− tends to be a general characteristic of soils that exhibit leaky N cycles. 

Overall, pool size of available N may be seen as a rough indicator for the N turnover rate in a 
soil,  and  thus  it  also  provides  some indication  for  microbial  production  of  NO.  There  are, 
however,  exceptions  to  this  general  picture  as  it  is  the  case  in  soils  where  high  and  rapid 
turnover rates of nitrifying or denitrifying bacteria lead to low soil NO3

− or soil NH4
+ pool sizes 

(DAVIDSON et al., 1990). Given the importance of N availability, it appears logical that application 
of  N fertilizers  has  a  profound effect  on the  exchange of NO. A strong stimulation of NO 
emission  by  addition  of  N  fertilizers  has  been  noticed  at  uncultivated  (JOHANSSON, 1984; 
JOHANSSON et al., 1988; CARDENAS et al., 1993) as well as agricultural sites (SLEMR & SEILER, 1984; 
ANDERSON & LEVINE, 1987; SHEPHERD et al., 1991; LUDWIG, 1994; VERMOESEN et al., 1996; MCKENNY 
&  DRURY, 1997). Likewise, input of N by the excreta of grazing animal’s results in enhanced 
levels  of  the  NO  release  over  grasslands  (COLBOURN et  al.,  1987;  THORNTON et  al.,  1998). 
Independent of fertilizer type and land use, a rapid increase of NO emissions following fertilizer 
addition is commonly observed. Maximum emission rates are typically approached within one or 
two days after fertilization. The period until emission rates drop to pre-fertilization levels can 
last for a few days or for several weeks. Similar observations were made by HUTCHINSON & BRAMS 
(1992), who suggested that the enhancement in post-harvest emissions results from temperature 
effects and from microbial transformation of N contained in plant residues. Although numerous 
observations of elevated NO emissions subsequent to N fertilizer application have been reported 



in literature, quantification of this effect is difficult. Substantial variability in data prevails with 
respect  to  the  absolute  as  well  as  the  relative  increase  of  NO emissions  immediately  after 
fertilizer  addition.  Similar  scatter  can  be  found with  respect  to  the  persistence  of  enhanced 
emissions.  For  comparison  purposes,  the  fraction  of  applied  N  lost  as  NO  is  commonly 
employed. Reported values of fractional losses range from 0.003% (SLEMR &  SEILER, 1991) to 
11% (SHEPHERD et al., 1991), but a consistent explanation for this wide divergence is lacking. 
VELDKAMP & KELLER (1997) noted that some discrepancy in previous results may be due to the 
fact that in several studies the fertilizer was applied in dissolved form and thus an additional 
effect due to water could not be excluded. Their careful evaluation of previous measurements 
covering a variety of fertilizer  types, soils, and climatic conditions indicated that on average 
approximately 0.5% of applied fertilizer N is released as NO. This is in reasonable agreement 
with the mean value (0.3%) postulated by SKIBA et al. (1997) but a factor of five lower than that 
derived by YIENGER & LEVY (1995). There is clearly a need for systematic investigations to verify 
and to narrow the range of the fraction of N fertilizer lost as NO.

SOIL MOISTURE CONTENT

It is widely accepted that soil moisture strongly affects the exchange of NO. Much of the 
current knowledge originates from observations of the change in NO emission rates subsequent 
to  precipitation events  or artificial  watering of the soil.  Addition of water  to  very dry soils 
typically produces a distinct increase of NO emission rates (‘pulsing’). It seems, that ‘pulsing’ is 
caused by a ‘dormant’  water-stressed microbial  community which consequently  ‘wakes up’, 
feeding of accumulated nutrients as soon as the first water drops are supplied to the desiccated 
soil. As noted by WILLIAMS et al. (1992b), even a slight rain event (0.3 mm) might enhance the 
emission of NO by a factor of almost 10 compared to that under dry conditions. Commonly the 
increase of NO fluxes becomes visible within a few minutes after wetting and persists during 
one or more days. This is of special importance in tropical and subtropical climates with distinct 
dry and wet seasons, where large bursts of NO emissions at the onset of the rainy season have 
been encountered (DAVIDSON et al., 1991; HARRIS et al., 1996; MEIXNER et al., 1997; OTTER et al., 
1999). The magnitude of this stimulatory effect appears to be related to the length of the dry 
period preceding a rain or irrigation event. This was indicated by experiments of SLEMR & SEILER 
(1984),  JOHANSSON et  al. (1988), and  DAVIDSON et  al. (1991), who reported that the irrigation-
induced stimulation of NO emissions decreased with repeated watering of the soil. It seems that 
NO emissions decreasing with successive irrigation are  due to  the gradual  depletion of soil 
nutrients which have once accumulated prior to the very first  watering of the very dry soils. 
However, several early investigators had to conclude that no clear relation between soil moisture 
and NO fluxes could be established in their experiments (WILLIAMS et al.,  1988).  VALENTE & 
THORNTON (1993)  reported  a  tenfold  increase  of NO emissions subsequent  to  a  light  rainfall 
event, whereas heavy rains eliminated nearly all emissions from the same corn field. Further 
experiments  (ANDERSON &  LEVINE, 1987;  SHEPHERD et  al.,  1991;  YAMULKI et  al.,  1995)  have 
demonstrated that  NO emissions  decrease  drastically  as  soil  moisture  approaches saturation. 
Clearly, the differences in the observations reflect the multiple regulatory role of soil moisture 
for many processes controlling the NO exchange.

Soil moisture governs whether nitrification or denitrification is the dominant process in a 
given  soil  and  strongly  influences  the  corresponding  turnover  as  well  as  the  ratio  of  NO 
production over NO consumption rates. Soil moisture, moreover, controls transport of microbial 
substrates and products of microbes. Thus a simple relationship between the flux of NO and the 
soil  water  content  may  not  be  expected  (DAVIDSON, 1991,  1993).  Surprisingly  few  workers 
(CARDENAS et  al.,  1993;  YANG &  MEIXNER, 1997;  OTTER et  al.,  1999)  have  yet  attempted  a 
systematic investigation of this relationship by examining NO emissions as a function of either 
gravimetric water content or water-filled pore space (WFPS). The uniformity in their findings is, 
however,  encouraging.  It  indicates  the  existence  of  an  optimum  soil  water  content 
(approximately 20% WFPS) for emission of NO and a strong decrease of NO emissions towards 
extreme values of WFPS (i.e.,  <10% and > 40% WFPS for very dry and fully saturated soils, 



respectively).  Such a response function is  in accordance with conceptual  considerations that 
propose a substrate diffusion limit at low and a gas diffusion limit at high moisture contents 
(SKOPP et al., 1990). An optimal WFPS of about 60% has been noticed for a number of microbial 
processes (LINN & DORAN, 1984). The results of POTTER et al. (1996a,b), YANG & MEIXNER (1997), 
and  OTTER et al. (1999), however, suggest that this value is not applicable with respect to the 
emission of NO.

SOIL TEMPERATURE

Considering the dominance of soil microbial processes for the production of NO, one has 
to expect an influence of soil temperature on NO emission rates. Indeed, the bulk of existing 
studies (SLEMR & SEILER, 1984; ANDERSON & LEVINE, 1987; WILLIAMS et al., 1987; WILLIAMS et al., 
1988;  WILLIAMS & FEHSENFELD, 1991;  LUDWIG et al., 1992;  VALENTE & THORNTON, 1993;  YANG & 
MEIXNER, 1997; OTTER et al., 1999) has shown an increase of NO emissions with increasing soil 
temperatures. The response of NO emission is due to increasing soil temperature. This response 
is  due  to  the  fact  that  rates  of  enzymatic  processes  generally  increase  exponentially  with 
temperature, as long as other factors (substrate or moisture availability) are not limiting. Then, a 
typical diurnal variation of the NO release, correlating closely with soil temperature, is observed. 
Based  on  observations  at  eight  North  American  locations  WILLIAMS &  FEHSENFELD (1991) 
concluded that in a temperature range between 15°C and 35°C the response of NO emission to 
soil temperature will be rather uniform, regardless of the absolute magnitude of emitted NO. 
According to their finding, each 10°C rise in temperature results in an approximate doubling of 
NO emission rates. The general applicability of this relationship appears to be questionable, as 
can be seen from the results of VALENTE & THORNTON (1993), who reported on average an almost 
five-fold increase of NO emissions per each 10°C temperature rise with a considerable variation 
between  different  ecosystems.  Further  restrictions  to  the  validity  of  a  uniform  temperature 
response concern the emission of NO at more extreme temperatures and soil water contents. 
Some experiments have shown that the relationship between NO emission and soil temperature 
changes at temperatures higher than about 35°C and 50°C, respectively (VALENTE & THORNTON, 
1993; YANG & MEIXNER, 1997). Other observations even indicate a decline of NO release rates as 
temperature increases above this value (WILLIAMS & FEHSENFELD, 1991). No (or only a very weak) 
relationship  between  NO  flux  and  temperature  could  be  established  in  a  number  of 
measurements  performed  over  very  dry  soils  (CARDENAS et  al.,  1993;  MEIXNER et  al.,  1997). 
Obviously,  primary  control  over  the  NO  flux  is  accomplished  by  factors  other  than  soil 
temperature  under  dry  conditions.  Frequently  a  pronounced  positive  temperature  response 
becomes visible when moisture is added to these soils (JOHANSSON et al., 1988;  MEIXNER et al., 
1997). It should be noted that soil temperature often fails as a variable to account for seasonal 
variations of NO fluxes (SHEPHERD et al., 1991; LUDWIG, 1994). It seems therefore appropriate to 
regard  soil  temperature  as  a  factor  that  mainly  modulates  short-term variations  of  the  NO 
exchange, whereas the magnitude of NO emission is predominantly controlled by other factors 
(OTTER et al., 1999).

ATMOSPHERIC CONCENTRATION OF NO
An influence of ambient NO concentration on the exchange of NO was noticed first by a 

number of investigators, who used the static (closed) chamber method (JOHANSSON, 1984; SLEMR 
&  SEILER, 1984).  When applying  this  technique,  an  enclosure  is  placed  over  the  surface  of 
interest  and  the  NO emission  rate  is  derived  from the  increase  of NO concentration  in  the 
headspace with time. However, in these experiments, NO mixing ratios increased only until a 
particular  (equilibrium) level  was approached.  Adjusting the  initial  NO concentration in  the 
headspace air to a value beyond this level resulted in a concentration decrease to reach the same 
equilibrium concentration.  Evidently,  the  ambient  (headspace)  NO concentration  determined 
whether a given soil  acted as source or as sink for NO. Such a concentration controlled bi-
directional exchange has meanwhile been established for a number of trace gases (CONRAD, 1994, 
1996a,b). The equilibrium concentration at which the rate of NO production equals the rate of 



NO consumption is commonly termed NO compensation concentration or ‘compensation point’. 
More detailed information about the effect of ambient NO concentrations on direction and the 
magnitude of the rates of the NO exchange has been gained primarily in controlled laboratory 
experiments. Using dynamic (flow through) systems, the net NO flux can be determined while 
the  NO concentration  in  the  gas  stream that  flushes  the  enclosure  is  varied  systematically. 
Positive  fluxes  at  low mixing  ratios  change to  negative  fluxes  (net  deposition)  at  high  NO 
mixing ratios. A similar behaviour was observed in a study with soil columns by JOHANSSON & 
GALBALLY (1984).  On the  basis  of  their  observations,  they proposed a model  that  treats  NO 
production  and  NO  consumption  as  two  autonomous  processes  that  occur  simultaneously 
(GALBALLY & JOHANSSON, 1989). When plotting NO flux as a function of the NO concentration, 
the NO emission term is represented by the intercept with the y-axis; and the proportionality 
coefficient  between  NO  uptake  and  NO  concentration  is  given  by  the  slope  of  the  fitted 
regression  line.  The  results  obtained  under  four  different  soil  temperature  conditions  in  the 
course  of  a  (simulated)  day  (LUDWIG et  al.,  1992;  LUDWIG, 1994).  NO emission  rate  (y-axis 
intercept)  changed  strongly  with  temperature  while  the  uptake  coefficient  remained  rather 
constant.  Evidently,  environmental  control  of  NO  production  differs  from  that  of  NO 
consumption.  It  remains  rather  unclear  whether  the  capability  of  soils  to  act  as  a  sink  for 
atmospheric NO is of major importance for the exchange of NO on a larger scale. Systematic 
investigations  concerning  the  uptake  of  NO and  its  regulation  are  scarce  and  the  range  of 
previously  observed  compensation  concentrations  is  extremely  wide.  Compensation 
concentrations of less than 1 ppb have been documented as well as values that exceed several 
hundred ppb (SLEMR & SEILER, 1984; REMDE et al., 1989; SLEMR & SEILER, 1991; KIM et al., 1994). 
Some of this data indicate that low compensation concentrations are associated with situations 
that are unfavourable for NO production processes. For example, compensation concentrations 
as low as 0.2–2 ppb were measured over unfertilized forest soils in Sweden, whereas values up 
to 170 ppb were found over fertilized soils at the same site (JOHANSSON, 1984). In all previous 
studies,  average  concentration  of  NO  in  the  ambient  air  was  found  to  be  less  than  the 
compensation concentration; and consequently the mean net flux was directed from the surface 
to  the atmosphere  (mean net  emission).  However,  a  detailed inspection  of published results 
reveals that a considerable number of field studies have encountered occasional events of net 
deposition (e.g.,  SLEMR & SEILER, 1984;  JOHANSSON, 1984;  DELANY et al., 1986;  SLEMR & SEILER, 
1991;  LUDWIG &  MEIXNER, 1994).  This  appears  plausible  considering  that  both  ambient  NO 
concentrations and  compensation  points  may fluctuate  strongly at  a  given site.  It  has  to  be 
stressed that, even at ambient mixing ratios below the compensation point, the consumption of 
NO will  counterbalance the production to some extent and reduce the actual release of total 
biogenic NO into the atmosphere. In this context it is important to note that a lot of research on 
NO exchange has involved the use of a technique where NO is removed from the ambient air 
stream that flushes a dynamic enclosure (‘zero-air’ application; WILLIAMS et al., 1987; SHEPHERD 
et al., 1991; YAMULKI et al., 1995). Application of this technique definitely excludes any uptake 
of NO and thus may yield the potential (maximal) emission, but never the actual net flux of NO.

2.6.2. NO EMISSION RATES FROM DIFFERENT ECOSYSTEMS AND LAND USE TYPES

A recent, comprehensive compilation of available data was provided in tabular form by 
DAVIDSON & KINGERLEE (1997). DAVIDSON & KINGERLEE’S basic (in 1997) classification scheme of 
ecosystems was cultivated land, forest, grassland/woodland, others. High emission fluxes of NO 
have  also  been  reported  from  cultivated  land  and  from  tropical  and  subtropical  grassland 
woodland. In contrast, forest soils may be regarded as minor sources of NO, except those forest 
soils in temperate regions which receive considerable N inputs (NH3, HNO3, NH4

+, NO3
−) by wet 

and dry deposition. Other natural ecosystems, like wetlands and marshes, appear to be negligible 
with respect to the emission of NO. Some of the patterns in the emission data from different 
ecosystem classes can be related to characteristic differences in regulatory factors.  Thus, the 
rough ranking of NO emission levels (fertilized agricultural fields > grasslands > forests > other 
natural systems) is in broad accordance with the N status of the corresponding soils (WILLIAMS et 



al., 1992b). Soil water (‘pulsing’ effect) is a major parameter to explain the high NO emission 
flux  that  is  indicated  for  savanna  ecosystems.  To  some  extent,  this  difference  mirrors  the 
influence of soil temperature, soil moisture and N availability on NO emission rates.

The general patterns outlined above have to be viewed in consideration of the broad range 
of variation of the data. Average NO fluxes reported in the literature for similar surfaces deviate 
by up to two orders of magnitude. For example, the mean value for rainy season emissions at 
different sites of the Venezuelan savanna region amounted to 0.64 ng N m−2 s−1 in one study 
(SANHUEZA et al., 1990) but to 56 ng N m−2 s−1 in another (JOHANSSON & SANHUEZA, 1988). The span 
between  minimum  and  maximum  values  is  even  much  larger  and  can  range  for  a  given 
ecosystem type from negative NO fluxes to emission rates higher than 100 ng N m−2 s−1. Some of 
this variation may be due to discrepancies in the techniques that were applied for determination 
of the NO exchange (FOWLER &  DUYZER, 1989;  MOSIER, 1989;  MEIXNER, 1994). However, to a 
major part, the observed variability in NO flux rates is a consequence of spatial heterogeneities 
and temporal changes in the underlying processes and the environmental factors that control 
those processes. Even within a few meters of a seemingly uniform field site, the NO emission 
can differ by as much as a factor of 50 (WILLIAMS et al., 1988). However, micrometeorological 
techniques, capable to integrate NO net fluxes from a whole ecosystem, are in favour over small-
scale enclosure techniques (MEIXNER, 1994).

The high level of NO emissions that is associated with the application of N fertilizers to 
cultivated lands demands some further consideration.  WILLIAMS et  al.  (1988) pointed out soil 
emissions  of  NO  from  heavily  fertilized  areas  can  reach  the  same  magnitude  as  the 
anthropogenic NO release in urban areas. This is primarily the case for a short period following 
fertilizer application; otherwise NO emissions are markedly lower during the major part of the 
season. Only few investigators have attempted to yield long-term information about the emission 
of NO from agricultural systems. The annual loss of NO derived from such studies was 0.7 kg N 
ha−1 yr−1 for a fertilized (218 kg N ha−1 yr−1) wheat field in Germany (LUDWIG, 1994) and 0.6 kg N 
ha−1 yr−1 for fertilized (200 kg N ha−1 yr−1) arable land in Sweden (JOHANSSON & GRANAT, 1984). 
The good agreement may be somewhat fortuitous, and one might conclude that those emissions 
of  NO  are  of  little  agronomic  importance.  Recently,  JAMBERT et  al.  (1997)  published  NO 
emissions of 12–52 kg N ha−1 yr−1 for fertilized (280 kg N ha−1 yr−1) and irrigated maize fields in 
southwestern  France.  There,  the  NO  emissions  correspond  to  11.3%  of  the  N  input  from 
fertilizer. In any case, emissions from agricultural sites cannot be ignored as a significant source 
of atmospheric NO. WILLIAMS et al. (1992a) estimated that agricultural land accounts for about 
66% of the annual emission of NO from soils in the United States. Authors emphasized that NO 
emissions  resulting  from  agricultural  activities  are  commonly  at  a  maximum  when 
photochemical  activity  in  the  troposphere  is  also  at  a  maximum  ‘ozone  episodes’.  Further 
concern about fertilizer  induced emissions from agricultural  soils  arises from the fact  that a 
continuous increase of this NO source has to be expected for the future (MATTHEWS, 1994).While 
use  of  N  fertilizer  has  stabilized  in  Europe  and  Northern  America,  largely  increasing 
consumption rates are reported from Asia, South America, and Africa. However, experimental 
data from some of the regions,  which are of primary interest  in  this  respect  (e.g.,  the huge 
agricultural  areas  of  China  and  the  former  U.S.S.R)  are  inadequate  or  completely  lacking 
(YIENGER & LEVY, 1995).

The  production  of  NO by soil  microflora  originates  from two processes:  nitrification, 
which is the oxidation of NH4

+ to NO2
− and NO3

−, and denitrification, which is the anaerobic 
reduction of NO3

− to gaseous forms of N (N2O, N2). The nitrification pathway predominates in 
temperate zones, accounting for 60–90% of total NO emissions (GÖDDE & CONRAD, 2000). NO is 
also produced by denitrification, but its diffusion to the soil surface is greatly reduced by the low 
gas diffusivity usually prevailing during denitrification episodes. It is thus likely to be reduced to 
N2 under such anaerobic conditions. It was reported that topsoil WFPS was mostly below the 
threshold triggering denitrification (HÉNAULT et al., 2005), and the denitrification pathway was 
not taken into account. The production of NO depends on environmental and agronomic factors, 
including cropping practices, soil characteristics and climate sequence. The former determines 



the dynamics of soil NH4
+ content and thereby nitrification activity, while the latter influences 

soil  temperature and WFPS, which is a proximate for soil O2 concentration and a driver for 
gaseous diffusivity (DAVIDSON, 1993; THORNTON & VALENTE, 1996; ANEJA et al., 2001). The typical 
yield of NO in well aerated soil ranges from 0.29 to 4% of the NH4

+ oxidized (HUTCHINSON & 
BRAMS, 1992; YIENGER & LEVY, 1995; GARRIDO et al., 2002; YAN et al., 2003; LAVILLE et al., 2005; 
STEHFEST & BOUWMAN, 2006). The vertical gradients and time course of water and N content may 
be abrupt in the topmost centimeters of soil, unlike in the deeper soil layers. Emissions may be 
therefore irregular too: large ‘pulses’ of NO fluxes, up to 10–100 times higher than background 
emissions,  have been found (DAVIDSON et  al.,  1991;  DAVIDSON,  1992,  1993;  YIENGER &  LEVY, 
1995; LUDWIG et al., 2001). This implies that to simulate NO emissions, a finer modeling of the 
soil surface is necessary, such as in the case of the ISBA model for the prediction of evaporation 
affecting  the  crop  growth  after  rainfall  events,  in  mesoscale  atmospheric  transport  models 
(NOILHAN & MAHFOUF, 1996).

Early models focused on the prediction of crop yields (JONES & KINIRY, 1986), but had a 
limited capability to predict soil processes. Several biogeochemical models have recently been 
introduced to simulate trace gas emissions from soils, such as DAYCENT (PARTON, et al. 2001), 
CASA Biosphere (POTTER, et al. 1996a,b), HIP (DAVIDSON et al., 2000), and DNDC (LI, 2000). 
Some of them were used to carry out NO inventories in Europe (LI, 2000; BUTTERBACH-BAHL et 
al., 2001; KESIK et al., 2005) and Australia (KIESE et al., 2005), where the PnET-NDNDC model 
was  used  with  GIS  databases.  However,  their  simulation  of  crop  yield  and  its  relation  to 
management  practices  is  rather  empirical.  The  crop  and  environmental  model  CERES-EGC 
(GABRIELLE et al., 2006a) offers a more balanced approach to the prediction of N gas emissions 
(N2O, CO2, and NH3), crop growth, and yields under a range of European agricultural conditions 
(GABRIELLE et al., 2002). It has also been used for regional inventories (GABRIELLE et al., 2006b).

2.7. EMISSION OF CO2

JOLÁNKAI & BIRKAS (2005) mentioned that the climate change phenomena may be related to 
the rise in  atmospheric  CO2.  Long-term rise in  atmospheric  CO2 highlights  crop  production 
regarding  both  adaptation  and  mitigation (JOLÁNKAI et  al., 2005).  The  gradual  increase  in 
atmospheric CO2 concentration and potential climatic changes are likely to affect plant, soil and 
ecosystem processes,  including carbon flux  from plants  to soil  and from soil  to atmosphere 
(PAJARI,  1995).  In  a  typical  forest  ecosystem,  the  components  of  soil  CO2 efflux  include 
respiration  due  to  litter  decomposition,  root  respiration,  rhizo-microbial  respiration,  and 
microbial respiration utilizing native SOM (CHENG, 1999). Some researchers and planners argue 
(IPCC, 2000; LAL, 2004) that land use and soil management technologies are feasible options of 
reducing the net rate of increase of CO2 abundance. For example, COX et al. (2000) observed that 
the biosphere will act as an overall C sink until about 2050, and will become a source thereafter 
when ocean will become a bigger sink at about 5 Pg C yr–1. PACALA & SOCOLOW (2004) proposed 
16 technological interventions to stabilize CO2 abundance over the 50 year period between 2004 
and 2054, each with a CO2-C sink capacity of 1 Pg C yr–1. Three of the 16 options include: 
producing biomass feedstock for fossil  fuel based on establishing biofuel plantations on 250 
Mha to produce ethanol from lingo-cellulosic feedstock, reducing tropical deforestation to zero, 
and establishing 300 Mha of new tree plantations, and converting 1500 Mha of cropland soils 
from plow tillage to no-till farming. Despite the promise of stabilizing CO2 concentration at less 
than doubling of the pre-industrial loads, there remain numerous uncertainties in biotic strategies 
of C sequestration. Uncertainties are due to the complexity of the climate system (LUMP, 2002) 
and numerous feedback mechanisms (COX et al., 2000).

BAYOUMI HAMUDA & KECSKÉS (2003)  mentioned  that  the  biological  activity  in  a  soil  is 
usually evaluated by measuring CO2 evolution. In sewage sludge amended soil with high level of 
Pb, Cd and Zn the CO2 evolution was increased. Soil respiration and microbial biomass can be 
useful indicators of soil contamination, combining the two measurements to give amounts of 
CO2 evaluated per unit  of  biomass (µg CO2–C/g soil).  GRØNLUND et  al.  (2008) reported that 
drainage  and  cultivation  of  peat  soils  stimulates  SOM  mineralization,  which  substantially 



increases CO2 emissions from soils. Large uncertainties are associated with this CO2 flux, and 
little data are available, especially in Norway. Subsidence of cultivated peat soils averaged about 
2.5 cm-2 yr-1. Authors estimated that peat loss and compaction were respectively responsible for 
38% and 62% of the total  subsidence during a 25 year period after  drainage. Based on this 
estimate the corresponding C loss equals 0.80 kg C m-2 yr-1. The observed increase in mineral 
concentration  of  the  topsoil  of  cultivated  peat  is  proportional  to  their  C  loss,  providing  no 
mineral particles other than lime and fertilizers are added to the soil. Using this novel approach 
across  11  sites,  authors  estimated  a  mean  C  loss  of  0.86  kg  C  m-2 yr-1.  Soil  CO2 flux 
measurements, corrected for autotrophic respiration, yielded a C loss estimate from cultivated 
peat soils of 0.60 kg C m-2 yr-1. The three methods yielded fairly similar estimates of C losses 
from Norwegian  cultivated  peat  lands.  Cultivated  peat  lands  in  Norway cover  an  estimated 
63,000 ha. Total annual C losses from peat degradation were estimated to range between 1.8 and 
2 million tons CO2 yr-1, which equals about 3–4% of total anthropogenic GHG emissions.

LAL (2008) and SMITH (2008) mentioned that there is an urgent need to identify strategies of 
stabilizing atmospheric concentration of CO2,  responsible for 62% of the radiative forcing of 
Earth by long-lived GHG, at less than doubling of the pre-industrial concentration of 280 ppm. 
For about  10,000 years  before  1750, CO2 concentration was about  280 ppm. Since the late 
1700s, the CO2 abundance has increased progressively and reached 377 ppm in 2004 with an 
overall increase of about 35% (WMO, 2006). The CO2 concentration is currently increasing at 
the rate of 1.9 ppm yr–1 or 0.47% yr–1 (WMO, 2006). This increase is attributed to two principal 
sources: land use conversion and deforestation, and fossil fuel combustion. The impact of land 
use conversion and agricultural activities on CO2 abundance began with the onset of settled 
agriculture about 10,000 years ago (RUDDIMAN, 2003). CO2 emissions due to land use conversion 
and  deforestation  intensified  with  the  clearance  of  Northern  Hemisphere  forests  in  the  19th 

century. Emissions were exacerbated by deforestation of topical rainforests (TRF) during the 20th 

century. It is estimated that 350 Mha of TRF were deforested and another 500 Mha of secondary 
and primary tropical forests were degraded (LAMB et al., 2005) with substantial CO2 emission to 
the  atmosphere.  Rapid  expansion  of  agriculture  during  the  20th century,  to  meet  the  food 
demands of increase in world’s population, also accentuated the release of CH4 from rice paddies 
and livestock, and N2O from fertilized croplands. Consequently, abundance of CH4 increased 
from a pre-industrial level of 700 ppb to 1783 ppb in 2004, and is currently increasing at the rate 
of about 5 ppb yr–1 or 0.28% yr–1. N2O abundance increased from a pre-industrial level of 270 
ppb to 319 ppb in 2004, and is currently increasing at the rate of 0.8 ppb yr–1 or 0.22% yr–1 

(WMO, 2006). Deforestation and land use conversion presently contribute 0.6 to 2.5 Pg C yr–1. 
In contrast, fossil fuel combustion emits ~7 Pg C yr–1 (WMO, 2006).

LAL (2008)  stated  that  world  soils  and  terrestrial  ecosystems  have  been  a  source  of 
atmospheric abundance of CO2 ever since settled agriculture began about 10–13 millennia ago. 
The amount of CO2-C emitted into the atmosphere is estimated at 136 ± 55 Pg from terrestrial 
ecosystems, of which emission from world soils is  estimated at 78 ± 12 Pg.  Conversion of 
natural  to  agricultural  ecosystems  decreases  SOC  pool  by  30–50%  over  50–100  years  in 
temperate  regions,  and 50–75% over 20–50 years  in  tropical  climates.  The projected global 
warming, with estimated increase in mean annual temperature of 4–6ºC by 2100, may have a 
profound impact on the total soil C pool and its dynamics. The SOC pool may increase due to 
increase in biomass production and accretion into the soil due to the so-called CO2 fertilization 
effect,  which  may  also  enhance  production  of  the  root  biomass.  Increase  in  weathering  of 
silicates due to increase in temperature, and that of the formation of secondary carbonates due to 
increase in partial pressure of CO2 in soil air may also increase the total C pool.

In contrast, however, SOC pool may decrease because of: increase in rate of respiration 
and mineralization, increase in losses by soil erosion, and decrease in protective effects of stable 
aggregates which encapsulate OM. Furthermore, the relative increase in temperature projected to 
be more in arctic and boreal regions, will render Cryosols under permafrost from a net sink to a 
net source of CO2 if and when permafrost thaws. Thus, SOC pool of world soils may decrease 
with increase in mean global temperature. In contrast, the biotic pool may increase primarily 



because  of  the  CO2 fertilization  effect.  The  magnitude  of  CO2 fertilization  effect  may  be 
constrained  by  lack  of  essential  nutrients  (e.g.,  N,  P)  and  water.  The  potential  of  SOC 
sequestration in agricultural soils of Europe is 70–190 Tg C yr–1.  This potential is realizable 
through adoption of recommended land use and management, and restoration of degraded soils 
and ecosystems including wetlands (LAL, 2008). Aerobic soils may act as a sink for atmospheric 
CH4 through oxidation by methanotrophic bacteria (TOPP &  PATTEY,  1997;  LE MER &  ROGER, 
2001). This oxidation has been estimated to be 30 ± 15 Tg CH4 yr-1 of the total atmospheric 
loading of 598 Tg CH4 yr-1 (IPCC, 2001a,b). Whilst much is known about aboveground plant 
responses to increasing atmospheric concentrations of CO2, comparatively little information is 
available on soil process responses. There is uncertainty about the effect of elevated pCO2 on the 
processes of nitrification and resulting emissions of N2O from soils. 

As a practical manner to improve soil fertility, amendment of local organic residues has 
been gaining worldwide support.  Incorporation of crop residues provides a source of readily 
available C and N in the soil, and subsequently influences the CO2 and N2O emissions (FLESSA & 
BEESE,  1995;  COCHRAN et al.,  1997;  LEMKE et al.,  1999).  ROBERSON et al. (2008) found that an 
increased  CO2 release  from  soils  resulting  from  agricultural practices  such  as  tillage  has 
generated concerns about contributions to global warming. Maintaining current levels of soil C 
and/or  sequestering  additional  C  in  soils  are  important  mechanisms  to  reduce  CO2 in  the 
atmosphere through production agriculture. The authors conducted a study in northern Alabama 
from 2003 to 2006 to measure CO2 efflux and C storage in long-term tilled and non-tilled cotton 
plots receiving poultry litter or NH4NO3. Treatments were established in 1996 on a Decatur silt 
loam  and  consisted  of  conventional-tillage  (CT),  mulch-tillage  (MT), and  no-tillage  (NT) 
systems with winter rye cover cropping and NH4NO3 and poultry litter (PL) as N sources. Cotton 
was planted in 2003, 2004, and 2006. Corn was planted in 2005 as a rotation crop using a no-till 
planter in all plots, and no fertilizer was applied. Poultry litter application resulted in higher CO2 

emission from soil compared with NH4NO3 application regardless of tillage system. In 2003 and 
2006,  CT (4.39  and 3.40  µmol  m–2 s–1,  respectively)  and  MT (4.17 and 3.39  µmol  m–2 s–1, 
respectively)  with PL at  100 kg N ha–1 (100 PLN) recorded significantly  higher CO2 efflux 
compared with NT with 100 PLN (2.84 and 2.47 µmol m–2s–1, respectively). In general, cotton 
produced with NT conservation tillage in conjunction with PL and winter rye cover cropping 
reduced CO2 emissions and sequestered more soil  C compared with control treatments. It  is 
involved in O3 decomposition in the stratosphere and exerts a significant greenhouse effect with 
a global warming potential 320 relative to CO2 (KESTER et al., 1996).

AL-KAISI et al. (2008) mentioned that N application can have a significant effect on soil C 
pools, plant biomass production, and microbial biomass C processing. In the corn year, season-
long cumulative soil CO2 emission was greatest with the zero N application. There was no effect 
of N applied in the prior year on CO2 emission in the soybean year, except at one of three sites, 
where greater applied N decreased CO2 emission. Soil CO2 emission from aerobically incubated 
soil showed a more consistent declining trend with increase in N rate than found in the field. N 
fertilization of corn reduced the soil CO2 emission rate and seasonal cumulative loss in two out 
of three sites, and increased microbial biomass carbon (MBC) at only one site with the highest N 
rate.  N application resulted in a reduction of both emission rate and season-long cumulative 
emission of CO2–C from soil.

UPENDRA et al. (2008) stated that the management practices can influence soil CO2 emission 
and C content in cropland, which can effect global warming. Authors mentioned that irrigation 
increased CO2 flux by 13% compared with non-irrigation by increasing soil water content in 
North Dakota. Tillage increased CO2 flux by 62 to 118% compared with no-tillage places. The 
flux was 1.5- to 2.5-fold greater with tilled than with non-tilled treatments following  heavy rain 
or irrigation in North Dakota and 1.5- to 2.0-fold greater with crops than with fallow following 
substantial rain in Montana. N fertilization increased CO2 flux by 14% compared with no N 
fertilization in North Dakota and cropping increased the flux by 79% compared with fallow in 
no-till  and  0 kg N ha–1 in  Montana.  Although soil  C content  was  not  altered,  management 
practices influenced CO2 flux within a short period due to changes in soil temperature, water, 



and nutrient contents. LEMKE et al. (2007) mentioned that agricultural activities are an important 
source  of  anthropogenic  GHGs,  contributing  ~20%  of the  annual  atmospheric  increase. 
Management choices largely determine if agricultural soils will be a source, a sink, or will be 
neutral with respect to GHG net flux. The proportion of agricultural land that is seeded to pulse 
crops in the Northern Great Plains (NGP) region of North America has been increasing rapidly 
over the past decade. Introducing pulses into cereal-based cropping systems could influence the 
net GHG balance of those systems because pulse crops are thought to stimulate soil-emitted 
N2O, have different pesticide and fertilizer requirements, and the quality and quantity of their 
residues vary substantially compared with cereal crops. The authors briefly review the available 
literature, and discuss the potential impact of pulse crops on the net flux of CO2 and N2O from 
soils, and the CO2 emissions associated with energy inputs for cropping systems in the NGP. 
Authors  calculated  the  net  GHG balances for  two example  sites.  Estimating  the  final  GHG 
outcome of introducing pulses into cereal-based cropping systems is still uncertain, but current 
information suggests that replacing a cereal with a pulse crop will likely result in no change or a 
small but positive net GHG benefit for crop rotations in the NGP region.

KERR (2005) mentioned that concentrations of atmospheric GHG, such as CO2, and N2O, 
which can alter the earth’s climate, have risen dramatically during the past century. This has 
resulted in an urgent need for process-based understanding of the main factors influencing the 
exchange of these gases between the land and atmosphere at a range of scales as a route to 
developing effective mitigation technologies.  Natural boreal peat lands usually act as sink for 
CO2. In general, they are small sink for N2O. Drainage of these soils can lead to major changes 
in the gas fluxes. After drainage, decomposition of OM increases and the sites may turn into net 
sources of CO2 emissions. Cultivated peat soils are major sources of N2O (KASIMIR-KLEMEDTSSON 
et al., 1997).

GESTEL et al. (1991) from the magnitude of the flushes of CO2 and 14CO2 after the various 
combinations  of  treatments,  and  from  their  specific  activities,  authors  have  deduced  that 
microbial cells killed by soil desiccation had made only a minor contribution to the C and N 
mineralization flushes after  soil  rewetting and incubation.  The larger  contribution had come 
from  other  sources,  the  relative  importance  of  which  appears  to  be  influenced  by  soil 
characteristics, possibly CEC, and microporosity.  MARJA et al. (2002) measured the short-term 
changes  in  flux  of  N2O with  an  automatic  opaque chamber  method  in  boreal  organic  soils 
growing barley, grass or birch and on bare agricultural organic soil. The diurnal variation in 
these  gas  fluxes  was  compared  with  that  of  CO2 production  which  is  known  to  be  highly 
temperature-dependent.  Here,  the  mean  daytime  (10:00–16:00)  CO2 production  rates  was 
14-23% higher than the mean daily fluxes. The Q10 (air temperature range 15–25°C) for the CO2 

production was 1.5 in the agricultural soils and 1.3 in the forest. The N2O fluxes followed the 
changes in the temperature of the surface  soil  (depth of 3 cm) in the agricultural soils.  The 
maximum  emission  occurred  in  the  afternoon,  a  few  hours  later  than  the  maximum  air 
temperature and CO2 production. MERINO et al. (2004) revealed that soil respiration has received 
considerable attention in recent years because of the release of large quantities of CO2 from the 
soils  to  the atmosphere.  Changes in  land use and soil  management  practices (tillage, use of 
fertilizers, organic residues, pesticides) induce changes in soil OC, and are largely responsible 
for increases in atmospheric CO2 from terrestrial ecosystems (BOUWMAN, 1990). Less intensive 
management  improves  biological  properties  (EMMERLING et  al.,  2001)  and  conversion  of 
agricultural land to forest usually results in considerable gains in SOC and reductions in CO2 

fluxes (PAUL et al., 2002, MERINO et al., 2004).
AUSMUS et al. (2004) studied the smelter emissions and contaminated litter were applied to 

intact forest  microcosms to  determine effects  of heavy metals on soil  C metabolism. It  was 
found that heavy metals increased daily CO2 efflux rates  and cumulative gaseous C loss.  In 
addition,  seasonal  patterns  of  CO2 efflux  rates  were  altered.  Soil  bacterial  density  was 
significantly increased at the expense of soil fungal biomass. Non-destructive monitoring of CO2 

efflux  provided  an  early  indicator  of  smelter  emission  effects  on  soil  biota.  Effects  on  C 
metabolism may be detected prior to effects on communities or populations within chemically 

http://www.springerlink.com/content/568r87327247t076/fulltext.html#CR45#CR45


contaminated  ecosystems. On  a  global  scale,  CO2 is  the  most  important  greenhouse  gas 
contributing to global warming (LAL et al. 1995). Despite the fact that soils are an important 
source of CO2, only a few studies have determined NI effects on soil CO2 emissions. WEISKE et 
al. (2001) suggested that 3,4-dimethylpyrazole phosphate (DMPP) may reduce soil CO2 emissions.

2.7.1. MEETING ATMOSPHERIC CO2 CONCENTRATION STABILIZATION TARGETS

KITZLER et  al.  (2006)  mentioned  that  CO2 emissions,  a  measure  for  general  microbial 
activity, followed a typical seasonal trend, with highest rates in summer, when mineralization of 
OM  occurs.  Lowest  rates  were  measured  in  winter.  OC  is  converted  to  CO2 during 
mineralization. This process is strongly dependent on soil temperature and soil moisture. Soil 
temperature at a soil depth of 3 and 10 cm was mostly responsible for temporal variation in soil 
respiration. This finding is in good agreement with results from other studies (EPRON et al., 1999; 
MERINO et al., 2004). Soil moisture also showed a significant effect on soil respiration rates. CO2 

release was reduced during periods of heavy rain (summer 2002), when the water content was 
between  50–65%,  probably  as  a  consequence  of  O2 deficiency  in  soil  due  to  diffusion 
restrictions (HOWARD & HOWARD, 1993). The cumulative soil respiration rates at investigated site 
are lower than values for temperate coniferous forests reported by RAICH & SCHLESINGER (1992).

KÁTAI et al. (2005) realized that the maximum amount of CO2 production was found in 
the meadow chernozem, marshy meadow and brown forest soil, while the maximum amount of 
microbial biomass C was recorded in the meadow solonetz soil. VÁGÓ et al. (2005) found that the 
total number of microbes and the CO2 production slightly increased in both investigated soils 
compared to the control. The treatments significantly increased the microbial biomass values. 
The total number of bacteria in the typical meadow soil was 1.5–2 times higher than that in the 
calcareous chernozem soil.

GRØNLUND et al. (2008) mentioned that C loss from cultivated peat-land is a significant 
source for GHG emission in Norway. Cultivation of peat soils stimulates SOM mineralization, 
which substantially increases CO2 emissions from soils. SMITH (2008) mentioned that since soils 
contain  more  than  twice  the  C  found  in  the  atmosphere,  loss  of  C  from  soils  can  have  a 
significant effect of atmospheric CO2 concentration, and thereby on climate. Halting land-use 
conversion  would  be  an  effective  mechanism to  reduce  soil  C  losses,  but  with  a  growing 
population and changing dietary preferences in the developing world, more land is likely to be 
required for agriculture. The current annual emission of CO2-C to the atmosphere is 6.3 ± 1.3 Pg 
C y–1 (1 Pg = 1 Gt = 1015 g). C emission gaps by 2100 could be as high as 25 Pg C y–1 meaning 
that the C emission problem could be up to four times greater than at present. The maximum 
annual global C sequestration potential is about 0.4–0.7 Pg C y–1 (SMITH et al., 2007) meaning 
that even if these rates could be maintained until 2100, soil C sequestration would contribute a 
maximum of about  1–3% towards  reducing  the C emission gap  under  the  highest  emission 
scenarios. The limited duration of C sequestration options in removing C from the atmosphere. 
C sequestration could play only a minor role in closing the emission gap by 2100. It is clear that 
if  authors  wish  to  stabilize  atmospheric  CO2 concentrations  by  2100,  the  increased  global 
population and its increased energy demand can only be supported if there is a large-scale switch 
to non-C emitting technologies in the energy, transport, building, industry, agriculture, forestry 
and waste sectors (IPCC WGIII, 2007). This demonstrates that soil C sequestration alone can 
play only a minor role in closing the C emission gap by 2100. Nevertheless, if atmospheric CO2 

levels are to be stabilized at  reasonable concentrations by 2100 (e.g.  450–750 ppm), drastic 
reductions in emissions are required over the next 20–30 years (IPCC, 2000b; IPCC WGIII, 
2007).  During this critical period, all measures to reduce net C emissions to the atmosphere 
would play an important  role—there  will  be  no single  solution (IPCC WGIII,  2007).  IPCC 
WGIII (2007) showed that there is significant potential for GHG mitigation at low cost across a 
range of sectors, but for stabilization at low atmospheric CO2/GHG concentrations, strong action 
needs to be taken in the very near future,  echoing the findings of the Stern Review (STERN, 
2006).  Given  that  C  sequestration  is  likely  to  be  most  effective  in  its  first  20  years  of 
implementation, it should form a central role in any portfolio of measures to reduce atmospheric 
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CO2 concentrations over the next 20–30 years whilst new technologies, particularly in the energy 
sector,  are  developed  and  implemented  (SMITH,  2004).  KIESE &  BUTTERBACH-BAHL (2002) 
established that  CO2 emission rates were positively correlated to changes in WFPS at dry to 
moderate soil water contents during the dry season, but were negatively correlated to changes in 
WFPS during the wet season.

2.7.2. ACTIVITIES ON THE UTILIZATION OF CARBON DIOXIDE

SHARMA et al. (2006) found that CO2 emission fluxes ranged from 18.1 mg C m–2 h–1 to 
131.6 mg C m–2 h–1. The peak flux was up to 217.7 mg C m–2 h–1 in a watered chamber. The 
lower CO2 emissions at the investigated soil site may be explained by a smaller contribution of 
plant root autotrophic respiration and a shift in C quality towards more resistant C pools as a 
consequence of human management, e.g., logging and burning (inert C). The magnitude of soil 
CO2 emissions is in good agreement with previous measurements for other tropical rainforest 
soils. LA SCALA et al. (2000), KIESE & BUTTERBACH-BAHL (2002), ISHIZUKA et al. (2002) and RAICH 
(1998) reported CO2 emissions from tropical forest floors as 54.4–107.2, 24.0–247.7, 51.3–93.7 
and 41.7–125.0 mg C m–2 h–1, respectively.  ISHIZUKA et al. (2002) found no clear relationship 
between CO2 emissions and soil  moisture.  Many researchers  have proven the anthropogenic 
effect of CO2 in the atmosphere. The concentration of CO2 is more than 64% (CHOI & CHO, 2008) 
effective among the global warming gases and the most responsible for global climate change. 
This global warming will possibly induce many tragic catastrophes such as depletion of the O3 

layer, and changing ocean currents. After considering the increasing scientific evidence, many 
researchers and politicians have realized the serious nature of the global warming problem and 
suggested many counter-measurements. Nevertheless, many countries still use large amounts of 
fossil fuels, and therefore, inevitably emit 6 GtC yr−1. It has been proven that the concentration 
of  CO2 in  the  atmosphere  per  year  is  continuously  increasing.  Therefore,  the  role  of  most 
organizations relating to the energy and environmental issue now is to significantly highlight 
various kinds of policy and technical strategies for mitigation of global warming gases emitted 
from fossil-fuel energy based industries worldwide are encourage discussion in order to adopt 
some of  each  nation’s  national  policies.  CO2 is  known to  have the  highest  global  warming 
potential  among global  warming gases,  in  view of large  amounts  of it’s  emission from the 
agricultural  lands,  industry,  fossil  fuel  power  plants  and  petrochemical  industry  worldwide. 
Thus, three kinds of mitigation technology are undergoing significant consideration: Reduction 
of fossil fuel energy consumption from related industries. Replacement of fossil fuel energy by 
renewable energy sources.  Efficient  utilization of CO2 as a clean carbon raw material  for  C 
market products. CO2 is thermodynamically stable with very low energy levels since it is formed 
from  fossil-fuel  derived  C  market  products.  However,  CO2 can  be  converted  to  some 
hydrocarbons with the aid of a proper agent such as H2.  The separation technologies for the 
recovery of CO2 from emission sources include its absorption, adsorption, membrane and hybrid 
technologies,  which combined with absorption and membrane or pressure swing adsorption, 
provide powerful recovery methods. During this period, the catalytic chemical conversion of 
CO2 was also carried out fundamentally in order to produce methanol, dimethyl ether (DME) 
and hydrocarbons with a target of producing synthetic fuels. In addition, biological fixation and 
utilization  were  also  carried  out  for  the  production  of  useful  materials  such  as  micro-algae 
derived  animal  food  ingredients,  in  view  of  the  utilization  or  mitigation  of  CO2 emitted. 
Electrochemical  and  photochemical  fixation  and  utilization  also  were  accomplished  under  a 
program  of  separation  and  utilization  of  CO2,  funded  by  a  government  scientific  plan. 
Technological trials in sequestration and storage of CO2 in forests and sea dumping were also 
accomplished with  the  development  of detection  technologies  for  climate  changes  including 
defense strategies against global climate change and related technologies all  over the world. 
Technological characteristics for various chemicals via efficient utilization of CO2: Synthesis of 
methanol and DME from CO2, synthesis of hydrocarbons to be utilized as α-olefins and heavy 
fractions such as wax from CO2, formation of carbonate from CO2., technology for application 



of  CO2 as  an  oxidizing  agent,  utilization  and  conversion  of  CO2 by  photo-catalysts,  and 
bioconversion technology with biomass.

2.8. IMPACTS OF HEAVY METALS ON TRACE GASES EMISSIONS

Heavy metals are elements having atomic weight between 63.54 and 200.59, and a specific 
gravity greater than 4 (KENNISH,  1992).  Trace amount of some heavy metals  are required by 
living  organisms,  however  any  excess  amount  of  these  metals  can  be  detrimental  to  the 
organisms  (BERTI &  JACOBS,  1996).  Non-essential  heavy  metals  include  arsenic,  antimony, 
cadmium, chromium, mercury, lead, etc; these metals are of particular concern to surface water 
and  soil  pollution  (KENNISH,  1992).  Heavy  metals  exist  in  colloidal,  ionic,  particulate  and 
dissolved  phase.  These  metals  also  have  a  high  affinity  for  humic  acids,  organo-clays,  and 
oxides coated with OM (ELLIOT et al., 1986,  CONNELL & MILLER, 1984). The soluble forms are 
generally ions or unionized organo-metallic chelates or complexes. The solubility of metals in 
soil and groundwater is predominantly controlled by pH (HENRY, 2000, BAKER & WALKER, 1990, 
MCNEIL & WARING, 1992), amount of metal (GAREIA, 1984), cation exchange capacity (MARTINEZ 
& MOTTO, 2000), OC content (ELLIOT et al., 1986), the oxidation state of the mineral components, 
and the redox potential of the system (CONNELL & MILLER, 1984). In general, soil pH seems to 
have the greatest effect of any single factor on the solubility or retention of metals in soils. With 
a greater retention and lower solubility of metal cations occurring at, high soil pH (BASTA et al., 
1993). Under the neutral to basic conditions typical of most soils, cationic metals are strongly 
adsorbed on the clay fractions and can be adsorbed by hydrous oxides of iron, aluminium, or 
manganese present in soil minerals. Elevated salt concentration creates increased competition 
between  cations  and  metals  for  binding  sites.  Also  competitive  adsorption  between  various 
metals has been observed in experiments involving various solids with oxide surfaces, in several 
experiments,  Cd adsorption was decreased by the addition of Pb or Cu (BENJAMIN &  LECKIE, 
1980).

Heavy  metals  are  released  into  the  environment  from  a  wide  range  of  natural  and 
anthropogenic sources. The rate of influx of these heavy metals into the environment exceeds 
their removal by natural processes. Therefore there is attendance of heavy metals accumulating 
in  the  environment.  KAKAREKA et  al.  (2004)  evaluated  the  Cd  and  Pb  emission  into  the 
atmosphere in ambient air over vast parts of Eurasia-territories of the former Soviet Union now 
called New Independent States (NIS). Total Cd emissions into the atmosphere from determined 
source categories were estimated as 388.4 tons in 1990 for the whole domain with reduction by 
up to 207.0 tons yr−1 for 1997. Pb emission amounted to 24903 tons in 1990 and 9652.5 tons in 
1997. It was mentioned that the obtained results can be used for global and regional air pollution 
modeling activity as well as for integrated assessment and projection of emissions in the territory 
of the former Soviet Union.

BENAVIDES et  al.  (2005)  mentioned  that  heavy  metals  are  important  environmental 
pollutants and their toxicity is a problem of increasing significance for ecological, evolutionary, 
nutritional, and environmental reasons. Environmental pollution by metals became extensive as 
mining  and  industrial  activities  increased in  the  late  19th,  20th and 21st century.  The current 
worldwide mine production of Cu, Cd, Pb, and Hg is considerable (PINTO et al., 2004). These 
pollutants,  ultimately  derived  from  a  growing  number  of  diverse  anthropogenic  sources 
(industrial  effluents  and  wastes,  urban  runoff,  sewage  treatment  plants,  boating  activities, 
agricultural  fungicides  runoff,  domestic  garbage  dumps,  and  mining  operations),  have 
progressively affected more and more different  ecosystems (MACFARLANE &  BURCHETT,  2001). 
Metal toxicity and tolerance in plants is a subject that has been broadly reviewed on several 
occasions over the last 30 years (BROWN & JONES, 1975; FOY et al., 1978; ERNST et al., 1992; DAS 
et al., 1997; SANITÁ DI TOPPI & GABRIELLI, 1999; HALL, 2002; CLEMENS et al., 2002). Fifty-three of 
the ninety naturally occurring elements are heavy metals (WEST, 1984). Among these metals, Fe, 
Mo  and  Mn  are  important  as  micro-nutrients,  while  Zn,  Ni,  Cu,  Co,  Va  and  Cr  are  toxic 
elements, with high or low importance as trace elements. Ag, As, Hg, Cd, Pb and Sb have no 
known function as nutrients and seem to be more or less toxic to plants and microorganisms 



(NIESS, 1999). The presence of both essential and non-essential heavy metals in the atmosphere, 
soil and water, in excessive amounts, can cause series problems to all organisms. Knowledge of 
metal-plant interactions is important for the safety of the environment, but also for reducing the 
risks associated with the introduction of trace metals into the food chain.

The toxicity produced by transition metals generally involves neurotoxicity, hepatotoxicity 
and nephrotoxicity (STOHS &  BAGCHI,  1995). Differences in solubility, absorbability,  transport 
and chemical reactivity in these metals will lead to specific differences in toxicity within the 
body (STOHS & BAGCHI, 1995). The chemical form of heavy metals in soil solution is dependent 
of the concentrated, pH and the presence of other ions (DAS et al., 1997). The bioavailability of 
some metals is limited because of low solubility in oxygenated water and strong binding to soil 
particles.  Both  the  acidification  of  the  rhizosphere  and  the  exudation  of  carboxylates  are 
considered potential targets for enhancing metal accumulation (CLEMENS et al., 2002). The degree 
to which higher plants are able to take up Cd depends on its concentration in the soil and its 
bioavailability,  modulated  by  the  presence  of  OM,  pH,  redox  potential,  temperature  and 
concentrations of other elements. With exception of Fe, which is solubilized by either reduction 
to Fe (II) or extrusion of Fe(III)-chelating phytosiderophores (HIRSCH et al., 1998).

Heavy metals are known to influence the activity of soil microbial communities, altering 
the  conformation  of  enzymes,  blocking  essential  functional  groups  or  by  exchanging  with 
essential metal ions (TYLER, 1981). Numerous studies have demonstrated that heavy metals affect 
soil  respiration,  soil  biomass,  N mineralization and nitrification  (BÅÅTH,  1989;  GILLER et  al., 
1998).  Studies  focussing  on  denitrification  and  the  production  of  N2O  have  indicated  that 
denitrification might be inhibited by heavy metals (BARDGETT et al., 1994; GUMEALIUS et al., 1996; 
SAKADEVAN et al., 1999; HOLTAN-HARTWIG et al., 2002). A general inhibition of denitrification may 
be conceived as  a  minor  problem, as  seen from an agronomic point  of  view. However,  the 
different steps in the reduction of NO3

− to N2 appear to differ in their heavy metal tolerance 
(HOLTAN-HARTWIG et  al.,  2002).  A selective inhibition of nitrite  reductase could result  in  the 
accumulation of NO2

− to toxic concentrations. A selective inhibition of N2O reductase would 
enhance N2O emission from soils.

VÁSQUEZ-MURRIETA et  al.  (2006)  found  a  significant  negative  correlation  between 
production rates of CO2 and concentrations of As, Pb, Cu and Zn, and there was a significant 
positive  correlation  with  pH,  WHC,  total  N  and  SOC.  There  was  a  significant  negative 
correlation between production rate of N2O attributed to nitrification by the inhibition method in 
soil incubated at 50% WHC and total concentrations of Pb and Zn, and there was a significant 
positive correlation with pH and total N content. There was a significant negative correlation 
between the production rate of N2O attributed to denitrification by the inhibition method in soil 
incubated at 100% WHC and total concentrations of Pb, Cu and Zn, and a significant positive 
correlation with pH; there was a significant positive correlation between the production of N2O 
attributed to other processes by the inhibition method and WHC, inorganic C and clay content. A 
negative value for production rate of N2O attributed to nitrifier denitrification by the inhibition 
method was obtained at 100% WHC. The large concentrations of heavy metals in soil inhibited 
microbial activity and the production rate  of N2O attributed to nitrification by the inhibition 
method when soil was incubated at 50% WHC and denitrification when soil was incubated at 
100% WHC. BARTHA et  al.  (2005)  found  that  in  plants,  NO has  multiple  roles  in  defense 
reactions under abiotic stresses, including heavy metal load. Literature data suggest that there is 
a  causal  relationship  between  NO  and  Fe  metabolism  but  the  effects  of  essential 
micronutrients/toxic  heavy  metals  on  NO  production  have  not  been  investigated.  Authors 
indicated  that  NO production  was  measured  in  the  root  tips,  using  4,5  diaminofluorescein 
diacetate, a specific dye to NO. Also, they obtained different NO levels with the different heavy 
metal load: the most effective metal were Cu and Cd, in this case the NO production became 
double after one week treatment. In case of Cu load, two-phase kinetics was found: a fast NO 
burst in the first six hours was followed by a slower, gradual increase. After long-term treatment, 
NO levels  were  inversely related to  the  NO2

- concentrations originated  from NO3 reductase 
activity suggesting the conversion of NO2

- to NO by the known enzymatic ways.



DEVANEY et al. (2008) described an investigation into the bioavailability and fate of trace 
metals  and  their  subsequent  impact  on  important  soil  microbiological  functions  such  as 
nitrification, denitrification and methane oxidation in low and high Cu containing soils in the 
presence and absence of residual OM from sewage sludge additions made 10 years earlier. The 
soils being studied are part of a long term sewage sludge trials and include a low Cu soil (13.3 
mg Cu/kg soil), left un-amended to serve as a control soil, soil amended with a high Cu sewage 
sludge (278.3 mg Cu/kg soil) and soil amended with a low Cu sewage sludge (46.3 mg Cu/kg 
soil). Low soil Cu levels may stimulate an increase in the emission of N2O to the atmosphere as 
the conversion of N2O to N2 is catalyzed by the enzyme N2O reductase. This enzyme is a Cu-
enzyme and its activity is dependent on the availability of Cu (GODLEY, 2003). Under Cu limiting 
conditions, the amount of the enzyme produced and its activity may become reduced, thus the 
reduction of N2O to N2 may become affected releasing more N2O to the atmosphere. The uptake 
of CH4 by soils from the atmosphere by CH4 oxidizing bacteria may also be compromised in 
soils with low available Cu. Certain methanotrophic bacteria produce the enzyme CH4 mono-
oxygenase (MMO), allowing them to use CH4 as an energy source.  STANLEY et al. (1983) have 
shown that methanotrophic bacteria do not produce pMMO when grown in the absence of Cu. 
Although the overall impact of most parameters affecting these processes is largely known, the 
fine details, for example how the heavy metals affects denitrification, nitrification and emission 
rates are still insufficiently understood. Soils are major sources for the production of N2O and 
NO, which are by-products or intermediate products of microbial nitrification and denitrification 
processes (BREMNER &  BLACKMER, 1981;  YIENGER & LEVY, 1995;  MOSIER &  KROEZE, 2000).  N2O 
mainly produced by nitrification, denitrification and nitrifier denitrification (WRAGE et al., 2001, 
2004). Also, other biological processes involved in the N2O emission. Each of these processes, 
and N2O emission might affected by heavy metals.

Little information is currently available concerning the impact of increased heavy metal 
concentrations on the generation of trace gases (SAKADEVAN et al.,  1999; HOLTAN, et al., 2002). 
VÁSQUEZ-MURRIETA et  al.  (2006)  mentioned  that  there  was  a  significant  negative  correlation 
between production rates of CO2 and concentrations of Pb. The fertilizer and manure substituting 
employment of sewage sludge and compost amended sewage sludge means new opportunities in 
agriculture. Heavy metals known to influence the activity of soil microbial communities, that, 
affecting  the  soil  respiration,  soil  biomass,  N mineralization  and  nitrification  (GILLER et  al., 
1998).

PROBANZA et al. (1996): studied the toxicity of Cd, Zn and Cu, in a Mediterranean soil. The 
soil was incubated (108 h) with mixed solutions of those metals before evaluating denitrification 
and  CO2 production,  both  by gas  chromatography.  These  activities  were  used  as  biological 
indicators of heavy metal toxicity, and compared to non-treated control soil samples. Statistical 
analyses showed no significant differences in CO2 production between treated and non-treated 
control soils. The lowest levels of respiration were observed in soils treated with the largest 
amounts  of Zn and Cd.  Denitrification increased significantly  in  soils  treated with solutions 
containing 100 micrograms/ml of Cu and 1000 micrograms/ml of Cd or Zn.

2.8.1. CADMIUM INFLUENCED EMISSION RATES OF TRACE GASES

In  general,  Cd  is  non-essential  element  that  negatively  affects  plant  growth  and 
development. Cd has been interfering with the uptake, transport and use of several elements (Ca, 
Mg, P and K) and water by plants (DAS et al., 1997). Cd also reduced the absorption of NO3

− and 
its  transport  from  roots  to  shoots,  by  inhibiting  the  nitrate  reductase  activity  in  the  shoots 
(HERNANDEZ et  al.,  1996).  Several  studies  have  suggested  that  an  oxidative  stress  could  be 
involved in Cd toxicity, by either inducing O free radical production, or by decreasing enzymatic 
and non-enzymatic antioxidants (STOHS & BAGCHI, 1995; CHO & SEO, 2004). Cd is released into 
the environment by power stations, heating systems, metal-working industries or urban traffic. It 
is widely used in electroplating, pigments, plastic stabilizers and Ni-Cd batteries (SANITÁ DI TOPPI 
& GABRIELLI, 1999). Cd can alter the uptake of minerals from the soil, or through a reduction in 
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the population of soil microbes (MORENO et al., 1999). Cd is adsorbed to soil but to a much lesser 
extent than most other heavy metals. Soil pH is the principal factor governing the concentration 
of Cd in the soil solution. Cd adsorption to soil particles is greater in neutral or alkaline soils 
than in acidic ones and this leads to increased Cd levels in the soil solution.

2.8.2. EFFECT OF LEAD ON EMISSION RATES OF TRACE GASES

Lead (Pb) has been used worldwide since ancient time for its malleability, resistance to 
corrosion, and low melting point. The background concentrations of Pb in uncontaminated soil 
lie  within  the  range of  10-/50  ppm;  however,  in  the  soil  with  low-level  contamination,  Pb 
concentration can be expected to range from 30 to 100 mg/kg (MCLAUGHLIN et al., 1999, DAVIES, 
1990). With rapid development in industry all around the world since the 20th century, the inputs 
of Pb to agricultural soils have been occurring through the combustion of gasoline containing Pb 
additives,  the  fugitive  emissions  from  nonferrous  metal,  the  widespread  uses  of  fertilizers, 
herbicides, and pesticides, and the additions of sewage sludge to the soil,  etc. (MERRY et al., 
1983, STEFFENS, 1990). Pb is one of the most abundant hazardous heavy metal pollutants of the 
environment that originates from various sources like mining and smelting of lead-ores, burning 
of  coal,  effluents  from  storage  battery  industries,  automobile  exhausts,  metal  plating  and 
finishing operations, fertilizers, pesticides and from additives in pigments and gasoline (EICK et 
al., 1999). Its increasing levels in soil environment inhibit germination of seeds and exert a wide 
range  of  adverse  effects  on  growth  and  metabolism  of  plants  (GODBOLD &  KETTNER,  1991, 
MOUSTAKAS et al., 1994, KASTORI et al., 1992).

According to National Academy of Sciences of the United States, in the US alone, nearly 
200 000 tones of Pb were consumed annually as a gasoline anti-knock agent in the mid-1970s 
(NATIONAL ACADEMY OF SCIENCES,  1972).  As a result, the Pb concentrations in agricultural soil 
increased rapidly in many areas around the world, and the accumulations of Pb in surface soils 
exposed to various pollution sources at some sites have already reached values of about 2% of 
dry soil material (KABATA-PENDIAS & PENDIAS, 1984, CHEN et al., 1999).

Owing to industrial development and population expansion, the concentrations of heavy 
metals in agricultural soils have also become increasingly serious in China (LI et al., 2000,  JI 
etal.,  2000).  Average Pb concentrations of agricultural  soils  of  the Pearl  River Delta,  South 
China, show more than 20% higher than that in natural soils and two times higher in some sites 
(WONG et  al.,  2000).  In  Shenyang,  the  heavily  industrialized  city,  North  China,  the  Pb 
concentration in soil had doubled in 1987 than in 1960s (BOYLE et al., 1999).

Pb is toxic to many organ systems of human body, such as the central and peripheral 
nervous system, the red blood cells, the kidneys, the cardiovascular systems, and the male and 
female  reproduction organs (TODD et  al.,  1996).  Pb can decrease sperm counts  and increase 
prevalence  of  morphologically  abnormal  sperm in male,  and increase  risk of  miscarriage  in 
female (ASSENNATO et al., 1986). Prenatal and early postnatal exposure to Pb at the level 10-20 
mg/dl (in blood) would result in damage to the central nervous systems (BELLINGER et al., 1987, 
WASSERMAN et  al.,  1997).  The damage is  characterized by diminished intelligence,  shortened 
attention span, and slowed reaction time. The effects are irreversible, untreatable, and lifelong 
(NEEDLEMAN et al., 1990). VERMA & DUBEY (2003) concluded that a Pb(NO3)2 levels of 500 mM is 
moderately toxic and 1000 mM is highly toxic. Pb is a proven animal carcinogen on the basis of 
‘sufficient’ animal data. It is currently considered by the International Agency for Research on 
Cancer  (IARC)  to  be  a  possible  human  carcinogen  (group  2B)  on  ‘inadequate’  evidence 
(SILBERGELD et al., 2000).

The Pb concentrations in soil that are toxic to vital plant processes vary greatly in different 
research, due to the interaction of Pb with plant species and many environmental factors. The 
levels of Pb in soils that are toxic to plant are not easy to evaluate. However, it is generally 
agreed that soil Pb concentration ranging from 100 to 500 ppm are considered to be excessive 
(KABATA-PENDIAS &  PENDIAS,  1984).  For  its  toxic  to  plant,  animal,  and  human being,  Pb  has 
recently received much attention as a major chemical pollutant of environment. The absorption 
and transport of Pb by crops are of great concern, especially its accumulation in the edible part 



(LIU et al., 2003). Although there is no evidence that Pb is essential for the growth of any plant 
species,  there  are  many  reports  on  the  stimulating  effects  of  Pb  on  plant  growth  at  low 
concentration. It was reported that 100 ppm of Pb in soil increased the biomass weight and grain 
yield of rice (WANG & WU, 1997), and the plant fresh weight and seed production of sunflower 
was improved by 96.9 ppm of Pb in soil (MURILLO et al., 1999). LIU et al., (2003) exhibited that 
the effect of Pb on the growth and development of rice differed greatly with rice cultivars at 800 
ppm of Pb in soil. Some cultivars were greatly inhibited, some were significantly improved, and 
others showed no significant changes. So the sensitivity and tolerance of rice to soil Pb pollution 
are cultivar-dependent. The mechanism has not yet been fully understood.

The main  objectives  of the  this  study were  to  investigate  the  impacts  of  temperature, 
humidity and soil type on emission rates of NO, N2O and CO2 under the stress of Cd and Pb at 
different concentrations, and hence to better understand the contribution of ecological factors 
incorporation to N2O, NO and CO2 emissions.

3. MATERIALS AND METHODS

KOPONEN et  al.  (2004) studied in laboratory microcosms N2O and CO2 emissions from four 
different  agricultural  soil  types  at  low  temperatures  with  or  without  freezing–thawing  events. 
According  to  the  LAVILLE et  al.  (2005)  sub-model,  its  input  variables  include  surface  soil 
moisture  content,  soil  temperature  and  the  contamination  of  soil  sub-samples  with  different 
concentrations of heavy metals. Because the nitrification rate is controlled by soil NH4

+ content 
(VELDKAMP &  KELLER,  1997),  water  content  (DAVIDSON,  1993),  temperature  (WILLIAMS & 
FEHSENFELD, 1991) and other ecological factors.

The water-filled pore space (WFPS) defined as the ratio of volumetric soil water content to 
total porosity of the soil, has proved to be the most suitable among various expressions of soil 



water,  since WFPS is  largely comparable among soils  of different  texture.  Such a  response 
function is in accordance with conceptual considerations that propose a substrate diffusion limit 
at low and a gas diffusion limit at high moisture contents (SKOPP et al., 1990). An optimal WFPS 
of about 60% has been noticed for a number of microbial processes (LINN &  DORAN, 1984). 
WFPS response function was originally based on results from (GARRIDO et al., 2002), who found 
nitrification to vary linearly with volumetric soil water content, over a range of 0.09–0.27 m3m-3.

The  responses  were  established  under  controlled  conditions  in  the  laboratory,  at  a 
temperature of 15 and 37°C, and without N supply. Moreover, nitrification was thus assumed to 
increase  linearly  from a  minimum WFPS of  10% to  a  maximum of  60%,  and  to  decrease 
thereafter until 80%. However, we decided to substitute this linear function with that of LINN & 
DORAN (1984), based on WFPS and not wc (water content), because it appeared more universally 
applicable to different soils (LINN & DORAN 1984). 

Before the incubation, the microcosms were allowed to stabilize for 4 h and then gas flux was 
measured. This procedure ensured homogenous temperature throughout the soil profiles, and that the 
measured flux reflected gas production from soil at the set temperature. Without this stabilization 
period, the flux would show merely the diffusion of the stored N2O without a close association to the 
actual gas production.

In the laboratory, trace gases concentrations in each microcosm (by the help of needle of the 
syringes)  were  determined  from  sampling  with  a  gas  chromatograph  equipped  with  thermal 
conductivity detector for CO2 and electron capture detector for N2O. Peak areas were integrated with 
the computer program as described in MALJANEN et al. (2001). The gas flux rates were calculated from 
the linear increase in the gas concentrations in the chamber with time (NYKÄNEN et al., 1995).

3.1. MATERIALS

3.1.1. SOIL COLLECTION SITES AND TYPES

The field sites that soils were collected from a native forest land or uncultivated and wheat 
cultivated  areas  located  at  the  experimental  region  of  the  Faculty  of  Agricultural  and 
Environmental Science at Szent István University, Gödöllő (approximately 30 km north east of 
Budapest). The second soil samples were collected from the maize cultivated field experimental 
station of Georgikon Faculty of Agriculture, University of Pannon, Keszthely (approximately 
240 km south east of Budapest).

Soils from the Gödöllő region have previously been characterized as a brown forest clay 
loam  (ALGAIDI et  al.,  2007,  2008),  while  the  soil  samples  collected  from  Keszthely  were 
characterized as Ramann’s brown forest soil type.

3.1.2. SOIL PREPARATION AND TREATMENTS

The soil samples were collected from the upper 200 – 250 mm layer after removing the 
first top 20 – 30 mm from a sample site. Soil samples were ground and sieved (2 mm) and stored 
in plastic bags at cold room temperature (less than 4±2°C) for further investigation. Prior to 
incubation, soils were homogenized and brought to room temperature (~21±2ºC).

PART (A):  Determination of bioavailability  of heavy metals  (Pb,  Cd,  and Co)  and their 
effects  on  CO2-release  and  density  of  the  aerobic  heterotrophic  bacterial 
population density in control and heavy metal contaminated soil samples.

A variety of methods exists to estimate the size of the microbial biomass in soil. The most 
simple and rapid is substrate induced respiration (SIR), which stimulates a maximal respiratory 
response from the soil biomass, measured conductimetrically as CO2 evolution, and methods 
currently  available  are  those  involving  direct  counting  in  which  microorganisms  can  be 
variously stained, and relates this respiration to biomass C (ANDERSON & DOMSCH, 1978).



The supply of mineralized C, N, and P from SOM, the decomposition of plant and animal 
residues and the maintenance of soil structure are all-dependent upon the correct functioning of 
the soil microbial ecosystem (De HAAN et al. 1989). Therefore, it is important to determine and 
predict the adverse effects of heavy metals and other pollutants on soil microorganisms (BÅÅTH, 
1989).

The  physical  and  chemical  properties  of  the  investigated  room  temperature  air-dried 
uncultivated and wheat cultivated acidic sandy brown forest soil samples which were collected 
from Gödöllő, Hungary are:

1. Uncultivated soil sample:
pH(KCl) 5.33, humus content 1.22%, C:N ratio 10.7, and the following properties are in mg 
kg−1: NH4

+-N (1.69), NO3
−-N (3.08), SO4

-2 (3.9), K2O (107), P2O3 (121.3), Cu (2.7), Mg 
(203), Mn (136), Cd (0.11), Co (2.05), Pb (19.59), and Zn (9.85).

2. Wheat cultivated soil sample:
pH(KCl) 4.67, humus content 1.21%, C:N ratio 12.4, and the following properties are in mg 
kg−1: NH4

+-N (3.2), NO3
−-N (4.5), SO4

-2 (4.6), K2O (123), P2O3 (209), Cu (1.86), Mg (206), 
Mn (195), Cd (0.065), Co (1.57), Pb (8.48), and Zn (7.22).

The soil samples were activated by substrate induced respiration (SIR) materials which 
were in the form of:

 170 mg kg−1 soil sodium nitrate,
 50 mg kg−1 soil potassium phosphate, and 
 3 mg kg−1 soil glucose.

The  substrate  induced  respiration  (SIR)  materials  were  the  sources  of  N,  P,  and  C, 
respectively.

All activated and non-activated (control) of cultivated and uncultivated soil samples were 
contaminated with three concentrations of each heavy metal:

 1.5, 3, and 6 mg Cd kg−1 soil in form of CdCl2.2.5H2O,
 4, 8, and 16 mg Co kg−1 soil in form of CoCl2 and
 40, 80, and 160 mg Pb kg−1 soil in form of PbCl2.
 The control microcosms were heavy metals free.

The  heavy  metal  amended  soil  samples  were  incubated  for  six  weeks  at  28ºC.  The 
population density of aerobic heterotrophic bacteria and the amount of CO2-release in each soil 
sample were investigated after first, third and six weeks of incubation.

PART (B): Predict the ecological factors influencing the NO, N2O and CO2 emissions
The soil samples collected in the upper 200 – 250 mm layer after removing the first top 20 

– 30 mm from a sample site.  The soil is a sandy-loam texture in the upper (200  –250 mm) 
horizon.

A 200 g per microcosm was homogenised (2 mm) soil samples of the brown forest soil 
obtained from Keszthely and Gödöllő, Hungary) were placed into the microcosm of 1200 cm3. 
The main physico-chemical properties of the (200 –250 mm) soil obtained from Keszthely and 
Gödöllő were:

1. Keszthely soil samples:
pH(KCl) 7.55, total salt content 0.054%, humus 1.48%, total organic C 1.08%, total N 0.08%, 
NH4

+-N 0.53 mg 100 g-1 soil, NO3
--N 0.18 mg 100 g-1 soil, K2O 136 mg 100 g-1 soil, P2O5 

130 mg 100 g-1 soil, soil density 2.45 g cm-3 and C:N ratio 13.5.



2. Gödöllő soil samples:
pH(KCl) 5.56, total salt content 0.037%, humus 3.51%, NH4

+-N 0.40 mg 100 g-1 soil, NO3
--N 

0.28 mg 100 g-1 soil, K2O 82 mg 100 g-1 soil, P2O5 34 mg 100 g-1 soil, and soil density 2.52 
g cm-3.

The physical and chemical characteristics of the investigated soil samples were determined 
according  to  the  applied  methods  for  soil  analysis  in  the  Environmental  Science  Institute, 
Department of Soil Science and Agrochemistry, at Szent István University, Gödöllő.

The soil  samples were contaminated with the heavy metal  by the addition of different 
doses as followings:

 40, 80 and 160 mg Pb kg-1 soil of Pb(CH3COO)2.3H2O or
 6, 12 and 24 mg Cd kg-1 soil of CdCl2.2.5H2O.
 The control microcosms are heavy metal free.

The water filled pore space (WFPS) of soil samples was adjusted to be 30 and 60%. The 
gravimetric moisture content was determined from the collection sample (from the upper 200 – 250 
mm soil layer, five replicates from each field, 50 g fresh weight) by drying the soil samples for 24 h 
at 65°C. Bulk density was determined according to BLAKE (1965). Soil moisture was adjusted to the 
desired  content  (30  and  60% WFSP)  for  each  set  of  microcosms  by addition  of  equivalent 
amount of distilled water.

3.1.3. CHEMICALS USED

The heavy metals used for soil contamination were represented by:
1. Cadmium Chloride (CdCl2.2.5H2O)
2. Cobalt chloride (CoCl2)
3. Lead chloride (PbCl2) and
4. Lead acetate Pb(CH3COO)2.3H2O.

The chemicals for substrate induced respiration are:
 Sodium nitrate (NaNO3)
 Potassium phosphate (K2HPO4), and 
 Glucose (C6H12O6).
 Nitric acid (HNO3)
 Hydrogen peroxide (H2O2)

The chemicals  were  obtained from Reanal  Company for  the  production  of Chemicals, 
Budapest.

3.1.4. LABORATORY THERMOSTAT

The vessels (microcosms) containing soil samples treated in different ways were placed 
into an incubator (thermostat) at 15°C or 37°C.



3.1.5. MICROCOSM MODEL

This  version  of  the  CO2,  N2O,  NO,  nitrification  and  denitrification  sub-model  was 
developed to enable a finer simulation of the climate soil conditions interaction in the top few 
centimeters of soil. We thus reduced the thickness of the topsoil layer from 5 to 15 cm, and 
assigned  a  particular  functioning  to  this  ‘microcosm-layer’.  For  this  version  trace  gases 
emissions are calculated in the 0–5 cm layer. The nitrification is evaluated in the 0–5 cm from 
soil temperature and soil moisture content for these layer thicknesses under the stress of different 
Cd and Pb concentrations.

Static chambers (microcosms) are the most commonly used tools in the World (RUZ-JEREZ 
et al., 1994; CARRAN, et al. 1995; SAGGAR et al., 2004a, 2007a,b; DE KLEIN et al., 2003; HEDLEY et 
al.,  2006;  BHANDRAL et  al.,  2007a,b;  LUO et  al.,  2007a,b;  TATE et  al.,  2007).  Chambers  are 
cylinders  or  boxes.  Alternatively,  for  experiments  where  there  is  a  need  to  tightly  control 
environmental variables, intact soil cores (10 cm dia., 0–10 cm depth) are collected in metal 
liners  and are  placed in  robust  PVC chambers  (SAGGAR et  al.,  2004a) glued  to  a  PVC base 
(HEDLEY et al. 2002). Gas fluxes are monitored at regular intervals after temporarily sealing the 
chambers with a gas-tight seal using self-locking lids and a greased O-ring. Chamber techniques 
are based on the increase in gas concentration within the enclosed headspace to a concentration 
that is then precisely determined by gas chromatography (HEDLEY et al., 2006). Gas fluxes are 
then calculated (MOSIER & MACK, 1980) using linear regression and the ideal gas law.

Chambers are portable,  compact, easy to install,  and can be readily adapted for taking 
measurements. Chamber techniques have contributed most to our current understanding of the 
magnitude and spatiotemporal variability of trace gases fluxes (HEDLEY et al., 2002;  SAGGAR et 
al., 2004a,c,d, 2005a, 2007a,b; BHANDRAL et al., 2007a,b; SINGH et al., 2004; LUO et al., 2007a,b; 
TATE et al.,  2006). Despite their low cost and ease of use under a wide range of conditions, 
however, these static chambers can only cover a small area of the soil surface.

The small chambers are simple, adaptable and easy to operate. Recently, GANZ et al. (2006) 
compared  N2O  and  CO2 gas  fluxes  measured  from  a  dairy-grazed  pasture  using  both 
conventional small chambers (Ø250 mm, 300 mm high) (described in SAGGAR et al., 2004a) and 
large chambers (1 m×0.5 m, 300 mm high) (described in TATE et al., 2006). The results from two 
intensive  6 week measurement  campaigns using 20 small  and  8 large chambers  showed no 
significant  differences  in  gaseous fluxes  between the two types  of chambers  but  the  spatial 
variability was higher from small chambers than large chambers.

For the present investigations, similar devises were designed to measure the emissions of 
the trace gases from controlled and treated soil sub-samples during the experimental incubation 
time intervals under different soil conditions. The designed chamber was characterized by dark 
brown glass bottle with round neck and sealed open of volume approximately 1200 ml. The used 
chamber (8 x 8 x 20 cm with sealed neck (Ø 40 mm, 40 mm high) in our experimental model is 
named "microcosm". The microcosm of experiment conducted in glass vessels covered tightly by 
silicone  septa.  The  water-filled  pore-space  (WFPS),  soil  temperature,  and  heavy  metal 
contaminated soil  control the rate  of denitrification according to  FROLKING et  al.  (1998).  The 
model has reasonable data requirements.

The  soil  sub-sample  was  mixed  with  different  concentrations  of  Cd  or  Pb  and  was 
homogenized and the WFPS was adjusted to 30 or 60% in order to promote N mineralization as 
well as trace gases emissions originating from nitrification and denitrification processes (MERINO 
et al. 2001). A WFPS around 60% favours nitrification because the diffusion of substrates and 
O2 is not restricted (PARTON et al. 1996).

The photolysis rate of NO, NO2 and CO2 inside the dark chambers was estimated to be zero.



3.1.6. INSTRUMENTS

 The bioavailability of the soil contaminated heavy metals was performed by jobin-
Yvon 24 type ICP atomic emission spectrometer.

 The  trace  gases  (N2O  and  CO2)  were  detected  by  gas  chromatography  which 
controlled by software  named HP PEAK-96 and the first  evaluation of data was 
executed by an HP 3390 Ser. II integrator.

 Chemiluminescence  Model 7050 analyzer of ANTEK Instruments L.P., USA was 
used for NO detection

Accumulations of N2O and CO2 were measured by a gas chromatography .

Chemiluminescence Model 7050 analyzer of ANTEK Instruments

Injection needle

3.1.7. CULTURAL MEDIUM

For counting the population density of the aerobic heterotrophic bacteria the Nutrient agar 
medium was used with the following composition (SHARMA & JOHRI, 2003) in gl-1: 5 peptone, 3 
beef extract, 18 agar-agar, and pH 7.

3.2. METHODS

3.2.1.  Determination of soluble fraction of heavy metals (Pb, Cd, and Co) and 
their  effects  on  CO2-release  and  density  of  the  aerobic  heterotrophic 
bacterial population density.

A  SAMPLE PREPARATION FOR DETERMINATION OF SOLUBLE FRACTION OF HEAVY METALS



MI-08-1735-1990 is the Hungarian technical directive method which was used to detect 
Pb, Cd and Co content in the soil samples. Five gram of air-dry and find grounded soil sample 
was weighed and shaked with 25 ml of 1.5 M nitric acid at 20°C for two hours. The element 
analysis of the filtrate was performed by jobin-Yvon 24 type ICP atomic emission spectrometer.

B. ELEMENT ANALYSIS BY ICP-AES:
In the extracts made by the Hungarian standard procedures the following elements (Pb, 
Cd, Co) were determined with Jobin-Yvon JY-24 of sequential ICP-AES instrument as 
described in its operating manual.

3.2.2. DETERMINATION OF CO2-PRODUCTION

For measurement of CO2-production, a 0.5 kg of the heavy metal treated soil was filled in 
about 1500 ml glass vessels and in the middle of the soil a fixed plastic tube, containing 50 ml of 
10 M NaOH solution for trapping the evolution of CO2 and vessel was closed tightly. The NaOH 
was titrated with HCl (1M) to calculate the volume of CO2  released as  soil  respiration, which 
represented the (1) respiration due to litter decomposition, (2) root respiration, (3) microbial 
respiration  (i.e.  microbial  respiration utilizing C directly  derived from living  roots),  and (4) 
microbial  respiration  utilizing  native  soil  organic  matter.  Applied  method  of  WARDLE & 
PARKINSON (1991) was used for simultaneous determination of NaOH and Na2CO3 content in our 
experimental soil samples.

3.2.3. DETERMINATION OF TOTAL NUMBER OF AEROBIC BACTERIA

Under sterile conditions, a 10 g of fresh soil sample was suspended with 90-cm³ water. 
The soil suspension was diluted gradually to 10-3 and 10-6 and from the diluted suspensions 1 
cm³ was pipetted in  (Petri  dish,  and mixed thoroughly with Nutrient  agar).  The plates were 
incubated on 27ºC for 48 hours. After that, the developed bacterial colonies were counted.

PART (B): Predict the ecological factors influencing the NO, N2O and CO2 emissions
3.2.4. EXPERIMENTAL CONDITIONS

♦ The principle of operation for the NO detection begins with the complete, high temperature 
oxidation of the entire sample matrix as illustrated in equation (1). The conversion of NO to 
NO2* (meta-stable NO2) is  quantitative.  The NO is passed through the reaction chamber 
where they react with O3 to form NO2*

NO + O3 → NO2
*
 + O2 (1)

NO2
* → NO2  + hυ (2)

As the excited species decays to the ground state, a quantum of light is emitted and detected, 
at a specific wavelength by the photomultiplier tube (2). This chemiluminescent emission is 
specific for N and is proportinal to the amount of NO in the original sample. Calibration 
standards  containing  NO may  be  analysed  to  produce  calibration  curves.  External  data 
systems may be interfaced to ANTEK 7050 for calculations and documenation.

♦ During the experiment N2O and CO2 concentrations of gas samples from each microcosm 
were  measured  at  different  time  intervals.  ECD  and  TCD  detectors  were  used  in  gas 
chromatograph  HP  5980  Series  II  type  and  packed  columns  (Porapak  Q).  The  gas 
chromatograph was controlled by software named HP PEAK-96 and the first evaluation of 
data was executed by an HP 3390 Ser. II integrator.

3.2.5. THE APPLIED SOIL INCUBATIONS EXPERIMENTS 



Independent incubations were also performed in order to determine CO2,  N2O and NO 
emissions. Static system incubations were carried out in microcosm (~1200 ml) with a gas-tight 
septum fitting in the lid according to BOLLMANN et al. (1999). Heavy metal contaminated soil sub-
samples with various soil moisture (30 or 60% WFPS) were incubated at different temperatures 
(15, 37ºC) in the dark thermostatic incubator. Changes in the concentration of N2O, NO and CO2 

in the headspace of the microcosms were determined by periodic sampling of the headspace with 
gas tight syringes and subsequent trace gas analysis throughout 35 incubation days.

Mainly, three experiments were conducted. In addition, the NO, N2O and CO2 emissions were 
measured during time intervals of incubation under different ecological parameters.

Experiment 1: Effects of temperature
The hypothesis for this experiment was that the emissions of NO, N2O and CO2 will decrease 

when the incubation temperature was at low, and higher when the temperature was close to 30°C. 
We  determined  if  there  is  any  difference  in  the  trace  gases  emissions  at  low  and  high  soil 
temperatures. There were 3 replicate soil  microcosms for each soil  type per each treatment  with 
different soil water content (30 and 60% WFPS).
Gas samples (0.250 ml) were taken through the septa by injection needles.

Experiment 2: Effects of soil moisture
Here, we ran this experiment  at  low and high soil moisture (30% and 60% of the WFPS). 

Three replicate microcosms per each treatment per for two soil types (Keszthely and Gödöllő) were 
used. Soil was moistened, and to omit a possible major N2O pulse (DAVIDSON, 1992; MUMMEY et al., 
1994; JØRGENSEN & JØRGENSEN, 1997), the soil microcosms were stabilized for 4 h before incubation. 
The fluxes of the trace gases were measured at the various temperatures (15°C and 37°C). During the 
incubation time intervals, the development of gases concentrations in the microcosms were followed 
by the gas samples (0.250 ml) were taken through the septa by injection needles.

Experiment 3: Effects of heavy metals
In this experiment, the effects of different concentrations of Cd and Pb on the release of NO, 

N2O and CO2 from different soil types, with different water content and incubated at different soil 
incubation  temperatures  were  studied,  using  three  replicate  microcosms  per  treatment.  The 
microcosms with their two different water content (30 and 60% WFPS) were incubated at 15°C and 
37°C for 35 days  as incubation time intervals.  The fluxes of  NO, N2O and CO2 were measured 
throughout 35 days as the incubation period with time intervals. Gas samples (0.250 ml) were taken 
through the septa by injection needles.

3.2.6. SAMPLING AND MEASUREMENT OF THE TRACE GASES

Measurements of NO, CO2 and N2O were made in triplicate for each microcosm by the 
help of injection needle. Also, triplicate microcosms incubations were set up and measured for 
the  30  and  60%  WFPS  soil  moistures  at  different  concentrations  of  heavy  metals  and 
temperatures. The relative contribution of nitrification and denitrification to the production of 
N2O and NO as well  as CO2 in the various incubations with and without heavy metals was 
determined by comparison of replicate incubations at different soil  moistures and incubation 
temperatures. The moisture represents the upper limit of normal field conditions at the sites from 
where the soil  samples were  collected.  Although there have been recent  concerns about  the 
effectiveness of nitrification (WRAGE, 2003).

The microcosms were independently incubated in a laboratory thermostat at 15 or 37°C for 
35 days.

During the run of the experiments and during incubation time intervals, NO, N2O, and CO2 

gas samples were taken from the headspace of each microcosm and determined regularly by 
chemiluminescent detector (for NO) and gas chromatographic method (for N2O and CO2).



A 250 μl gas sample in the closed atmospheric condition in each microcosm containing the 
specific treated soil sub-sample of the incubation headspace were used for each analysis of N2O, 
NO  and  CO2 was  taken  by  gas  tight  Hamilton  syringes  and  injected  to  the  HP  5890  gas 
chromatography. Packed columns (Porapak Q) used to separate the different constituents of gas 
samples. Electron Capture Detector (ECD) and Thermal Conductivity Detector (TCD) detected 
N2O and CO2 concentrations, respectively.

The most important properties of gas chromatography measurements are mentioned in Table 1.

Table 1. The most important characteristics of gas chromatography for N2O and CO2 

measurements

GC analysis of gas samples HP 5980 Series II type gas chromatography
Analysed gases N2O CO2

Carrier gases (types and flow 
rates):

Temperature of Injector

N2: 23 ml/min He: 27 ml/min

70°C

Columns (oven temperature is 
50°C) Porapak Q (80/100 mesh, 6 ft)

Detectors
(temperature, detection limit) ECD (250°C, >5-10 ppm) TCD (150°C, >100 ppm)

Retention time 1.0-1.2 min 1.1 – 1.3 min
Duration of a run 3.5 min 2.5 min
Calibration external standard
Calibration gas mixture 
contains 7.9 vpm N2O 9.7 v/v% CO2

Evaluation of chromatograms HP 3390 Ser. II integrator, HP CHEM

The  separated  gas  content  was  analysed  three  times  per  day  whenever  measurements 
carried out using external standard and one point linear calibration.

The NO gas emission detected by chemiluminescent detector (Model 7050 analyzer of 
ANTEK  Instruments  L.P.,  USA)  which  is  specifically  designed  for  the  analysis  of  NO in 
samples.

3.3. STATISTICAL ANALYSIS

All microcosms were incubated under the same controlled environmental conditions used 
for the main incubation experiment. NO, N2O and CO2 fluxes were measured during 35 days.

After subtracting ambient concentrations of CO2, NO and N2O, production of NO, N2O 
and CO2, was regressed on elapsed time using a linear regression model which was forced to 
pass through the origin but allowed different slopes (emission rates) for each treatment. CO2, NO 
and N2O emission rates were subjected to a one-way analysis of variance according to VÁSQUEZ-
MURRIETA et al. (2006).

All experimental investigations in three replicates, and the results were represented by the 
means of the replicates.  Group differences across metric dependent variables based on set of 
categorical (non-metric) variables were assessed by multiple analyses of variance (MANOVA). 
Differences in means were evaluated by F-probe according to SVÁB (1981). Excel 5.0 statistical 
functions were used for calculations and graphic presentation of data. Standard deviation (SD) 
and Least Significant Difference at 5% level (LSD0.05) were calculated as well.



Linear regression models and correlation (R2) were used to assess the additive effects of 
ecological parameters  and soil  characteristics on trace gases emissions.  Pearson’s correlation 
coefficients (r) and the coefficients of variability or variation (CV%) were calculated. CV was 
defined as standard deviation/mean x 100. Analysis of variance was performed for emission at 
all  parameters  to  examine  differences  in  emission  between  and  within  the  experimental 
conditions. The  non-systematic  error  (coefficient  of  variability  or  variation)  of  sampling  and 
analysis with repeated sampling performed on each gas sampling from each soil treatment and for 
each soil types.

4. RESULTS

CRUTZEN et al. (2008) stated that the relationship, on a global basis, between the amount of 
N fixed by chemical, biological or atmospheric processes entering the terrestrial biosphere, and 
the total emission of N2O, has been re-examined, using known global atmospheric removal rates 
and concentration growth of N2O as a proxy for overall emissions. For both the pre-industrial 
period and in the large-scale changes in synthetic N fertilizer production, an overall conversion 
factor of 3–5% from newly fixed N to N2O-N was found. Rapid expansion of agriculture during 
the 20th and 21st century,  to  meet  the food demands of increase  in  world’s  population,  also 
accentuated  the  release  of  CH4 from  rice  paddies  and  livestock,  and  N2O  from  fertilized 
croplands. Consequently, N2O abundance increased from a pre-industrial level of 270 ppb to 319 
ppb in 2004, and is currently increasing at the rate of 0.8 ppb yr–1 or 0.22% yr–1 (WMO, 2006). 
Deforestation and land use conversion presently contribute 0.6 to 2.5 Pg C yr–1.  In contrast, 
fossil  fuel  combustion  emits  about  7  Pg  C yr–1 (WMO,  2006).  The urgency to  optimize  N 



fertilization strategies and reducing the emissions of trace gases is strengthened by the fact that 
the N uptake within a field is not necessarily homogenous.

The results of this study is concerned with determination the bioavailability of Pb, Cd and 
Co, the impacts of the different concentrations of Pb, Cd and Co on CO2-release as well as 
enumeration of aerobic heterotrophic bacterial populations in wheat cultivated and uncultivated 
brown  forest  soil.  Results  were  collected  and  analyzed  after  one,  three  and  six  weeks  of 
incubation in greenhouse and under laboratory conditions at 28°C. The second investigation of 
the present study provides information concerning the results of the microcosm models. These 
models described the influences of various concentrations of Cd and Pb on the emissions of NO, 
N2O and CO2 under the impacts of soil moisture regimes and incubation temperatures of two soil 
samples Ramann-type brown forest soil originated from Keszthely and clay loam brown forest 
soil originated from Gödöllő.

4.1. BIOAVAILABILITY OF HEAVY METAL

Data presented in  (Figures 1, 2 and 3) shows that the addition of inorganic forms of Pb, 
Cd,  and  Co  respectively,  to  wheat  cultivated  and  uncultivated  brown  forest  soil  samples 
significantly increases the mobile (HNO3 soluble) fraction of the investigated metals but after 
one  week  incubation,  their  concentration  does  not  reach  the  100% recovery.  Taking  in  the 
consideration that time can be an ecological factors, it was found that the amount of Pb recovery 
(Figure 1) was increased by increasing the incubation time to reach a maximum recovery at the 
6th week of incubation. Also, there were no differences between the metal recovery of the control 
soils and those activated with SIR and the soil samples incubated for one week. However, the 
results  indicated  significant  differences  between  the  metal  recoveries  at  the  third  week  of 
incubation with the metal  recovery detected after  one week of incubation and six  weeks of 
incubation. Here, the observations demonstrated the variance between the metal recoveries in 
wheat  cultivated  and  uncultivated  brown  forest  soil  samples  contaminated  by  Pb.  Higher 
significant differences were detected between the Pb recovery after six weeks of incubation and 
the metal detection after  one and three weeks of incubation. However,  results did not show 
differences between the cultivated and cultivated soils.

Similar results were found in the soil samples treated with Cd (Figure 2), which indicated 
that the recovery of Cd in uncultivated soils was more than those of cultivated soils as it is 
shown in the case of Pb. But the Cd recovery in the uncultivated soil sample was more than the 
metal detected in the cultivated soil samples after six weeks of incubation.
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(Figure 3) illustrates that when the soil samples contaminated with Co and incubated for 
six  weeks  were  more  significantly  different  than  those  incubated  for  three  or  one  week 
comparing with the control or activated control soils.

Linear regression, correlation (R2), correlation coefficient (r), standard deviation (SD) and 
coefficients of variability (CV%) were calculated to describe the differences in the recoveries of 
Pb  (Figure  A-1),  Cd (Figure  A-2)  and  Co (Figure  A-3)  in  cultivated  and  uncultivated  soil 
samples. It was found that the values of R2 and r in cultivated soil samples higher than those of 
uncultivated soil samples in all cases. But the value of "a" and the value of "b" variables in the 
regression equation of the uncultivated soil samples contaminated by Cd was higher than those 
found  in  cultivated  soil  samples.  The  value  of  CV%  was  higher  only  in  the  uncultivated 
(129.8805) than the cultivated (126.3873) soil samples contaminated by Cd. In the other cases of 
soil  samples  contaminated  by  Pb  and  Co,  the  CV% values  were  higher  in  cultivated  than 
uncultivated soil samples.

4.2. DETERMINATION OF CO2-RELEASE

(Figure 4) and Figure 5 represented the results of the effects of heavy metals on the CO2-
released  from  uncultivated  and  wheat  cultivated  brown  forest  soil  samples  (Gödöllő), 
respectively, which were amended with various concentrations of Pb, Cd and Co. It is clear that 
activated soil samples by SIR showed higher rate of CO2-production than the control and heavy 
metals contaminated soil samples even by increasing the incubation time (Figures 4 and 5). It 
was  found  that  by  increasing  the  concentration  of  contaminated  metal,  the  rate  of  CO2-
production throughout  the incubation time intervals decreased.  Throughout  the contaminated 
metals,  Pb had the lowest  effect  on CO2-production in  both uncultivated and cultivated soil 
samples (Figure 4 and Figure 5, respectively). While CO2-production, was more inhibited by Cd 
than  Co  during  incubation  period  between  the  third  and  sixth  weeks.  Comparatively,  the 
increasing the incubation time decreased the CO2-production and significant depressions in CO2-
production in soils contaminated with all metals especially Cd and followed by Co at different 
concentrations.

Linear regression, correlation (R2), correlation coefficient (r), standard deviation (SD) and 
coefficients  of  variability  (CV%)  were  calculated  to  describe  the  differences  in  the  CO2-



production in uncultivated (Figure A-4) and cultivated (Figure A-5) soil samples contaminated 
by different concentrations of Pb, Cd and Co. It can be shown from such data that the statistical 
values increased by the increasing incubation time and are higher in the case of cultivated than 
in uncultivated soil samples contaminated by the Pb, Cd and Co. In both soil samples, the lowest 
statistical values were obtained after the first week of incubation (e.g., R2 was 0.0008 and CV% 
was 18.5275 for uncultivated while for cultivated were 0.0277 and 18.5594, respectively).

4.3. POPULATION DENSITY OF AEROBE HETEROTROPHIC BACTERIA

The  presented  results  indicated  that  there  were  no  significant  effects  of  the  Pb 
concentrations applied to the uncultivated soil samples, on the density of aerobe heterotrophic 
bacterial population. Moreover, the results showed that no significant differences between the 
populations  densities  of  bacteria  under  the  stresses  of  Cd  and  Co,  too.  The  increasing  Co 
concentrations applied to  the  same soil  caused  more  inhibition  to  the population density  of 
aerobe heterotrophic bacteria more than caused by Cd (Figure 6) at one week of incubation. 
Statistically, (Figure A-6) shows that there are no significant differences between the bacterial 
populations throughout the incubation period. (Figure 7) demonstrates the log10 of the density of 
aerobe heterotrophic bacterial population in cultivated soil samples contaminated by different 
concentrations  of  Pb,  Cd  and  Co.  It  was  found  that  by  increasing  the  incubation  time  the 
population density of the aerobe heterotrophic bacteria in the control as well as in the activated 
soil increased. Also, it was found that by increasing the Cd concentrations and incubation time, 
the log10 of the population densities decreased significantly in comparison with those grown 
under the stresses of Co and Pb. (Figure A-7) indicated that values of R2 for the data obtained 
after one (0.0242), three (0.2728) and six (0.3369) weeks incubation were lower than those of 
uncultivated (0.5610, 0.8453 and 0.7806, respectively) soil samples. While, the values of CV% 
in the cultivated (6.9807, 9.9300 and 13.2179) soil samples were higher than the values obtained 
in uncultivated (5.6804, 8.4063 and 11.2578) soil samples. It can be concluded that Cd was the 
most  toxic  metal  to  the  density  of  bacterial  population  occurred  in  uncultivated  and  wheat 
cultivated soils.
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4.4. EMISSIONS OF NO UNDER THE STRESSES OF HEAVY METALS

In well-controlled laboratory experiments we studied the predicting environmental factors on the 
emissions of trace gases NO, N2O and CO2 production in brown forest  soil  from Keszthely 
previously cultivated by maize and native uncultivated brown forest agricultural soil originated 
from  Gödöllő  at  two  soil  moisture  regimes  (30  and  60%  WFPS)  and  incubated  at  low 
temperature  (15°C)  and  high  temperature  (37°C)  both  without  and  with  heavy  metal 
contamination (Cd and Pb).

4.4.1. EXPERIMENT 1: AT LOW TEMPERATURE AND LOW SOIL MOISTURE CONTENT

The experiment  was  carried  out  in  microcosms to  detect  the  NO emissions  under  the 
stresses of different concentrations of two heavy metals, cadmium and lead in two brown forest 
soils  one  originated  from  Keszthely  and  the  second  from  Gödöllő.  The  experiment  was 
conducted at low incubation temperature (15°C) and low soil moisture regime (30% WFPS).

When soil samples of Keszthely contaminated with 6, 12 and 24 mg Cd kg–l soil, (Figure 
8)  illustrates  that  the  amount  (emission  rate)  of  NO  in  heavy  metal  free  (control)  soil 
microcosms was  increased  up to  the  6th day of  incubation,  and  then  gradually  significantly 
decreased by increasing the incubation time. Also, it was observed that the rate of NO emissions 
was inversely proportional with the Cd concentration applied to the soil samples. The maximum 
emission  of  the  NO was  at  the  4th day  and  then  significantly  decreased  by  increasing  the 
incubation time up to 32nd day. The emission of gas at lowest Cd concentration was significant 
differences  with  the  emission  of  the  gas  at  the  other  two  concentrations.  At  32nd day  of 
incubation, the amount of gas emissions were reduced by 73, 82, 88 and 95%, respectively with 
the soil contaminated doses (0, 6, 12 and 24 mg Cd kg–l).

(Figure A-8) gives the statistical information about the gas emission during the incubation 
time by means of the linear  regression,  correlation (R2),  correlation coefficient  (r),  standard 
deviation (SD) and coefficients of variability (CV%). For example, it was found that the values 
of CV% were increased by increasing the concentrations of the metal  contaminant.  Table 1 
demonstrates the calculations of ANOVA, statistical analysis and the interaction between the 



investigated factors and the detected amounts of gas and it was found that the LSD0.05 of the 
experiment  under  these  conditions  was  0.7719.  Comparing  with  the  control,  the  result  of 
ANOVA test indicated negative significant differences between the emissions of the gas within 
the incubation time intervals from the 9th to 24th at 6 mg Cd kg–l soil compared with the control, 
and from 6th day of incubation to 27th day at 12 mg Cd kg–l and from 4th day to 32nd day of 
incubation time.

Nevertheless,  when the  microcosms  of  native  brown forest  soil  (30% WFPS moisture 
regime) originated from Gödöllő and contaminated by Cd were incubated at 15°C (Figure 9), the 
trace gas production rate at the 2nd incubation day was increased approximately two times of 
those produced from Keszthely soil under similar incubation conditions. To some extend, there 
was no differences between the emissions of the gas at the 2nd and 4th incubation days except ay 
6 mg dose. But, by increasing the incubation time intervals the amounts of detected gas were 
decreased significantly with the control soil microcosms which showed increases in the amounts 
of gas from the 7th incubation day up to the 32nd day. These increases of gas detection were very 
high  positive  significant  differences  compared  with  the  amounts  of  detected  gas  in  the  Cd 
contaminated soil samples. The linear regression gave up the only positive regression of the gas 
detection  in  the  case  of  control.  (Figure  A-9)  shows  the  linear  regression,  correlation  (R2), 
correlation coefficient (r), standard deviation (SD) and  coefficients of variability (CV%). For 
example, it was found that the values of CV% were increased by increasing the concentrations 
of the contaminant metal. Table 2 demonstrates the calculations of ANOVA, statistical analysis 
and the interaction between the investigated factors and the detected amounts of gas and the 
calculated value of the LSD0.05 was 0.8981. Comparing with the control, the result of ANOVA 
test  indicated  negative  significant  differences  between  the  emissions  of  the  gas  within  the 
incubation period from the 2nd to 32nd day of incubation at 24 mg Cd kg–l and at 12 mg Cd kg–l 

was at 2nd, and from 9th to 21st day. While, at 6 mg Cd kg–l the negative significant difference laid 
within the period between 9th to 21st days.
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Fig. 8. Nitric oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 30% WFPS 
treated with different concentrations of Cd and incubated at 15°C
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Fig. 9. Nitric oxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 30% WFPS 
treated with different concentrations of Cd and incubated at 15°C
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Fig. 10 Nitric oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 30% WFPS 
treated with different concentrations of Pb and incubated at 15°C

Control
40 mg/kg
80 mg/kg
160 mg/kg

LSD0.05 = 0.6041
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Fig. 11. Nitric oxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 30% WFPS 
treated with different concentrations of Pb and incubated at 15°C 
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Table (1) Calculations of the variance analysis of NO emission from Cd treated Keszthely soil 
with 30% WFPS at incubation temperature 15°C 

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 132 131 334.5271 2.5536
Replications 3 2 0.1536 0.0768 0.6564 0.1429 0.2015
Treatment 44 43 324.3111 7.5421 64.4596 0.5474 0.7719
Time (A) 11 10 251.8663 25.1866 215.2605 0.2737 0.3859
Concentration (B) 4 3 58.9744 19.6581 168.0104 0.1651 0.2327
Cadmium (C) 1 0.1651 0.2327
A×B 30 13.4704 0.4490 3.8376 0.5474 0.7719
A×C 0.2737 0.3859
B×C 0.1651 0.2327
A×B×C 0 2.27374E-13 0.5474 0.7719
Error 86 10.0625 0.1170

Accuracy of the experiment = 85.7431 %, t 0.05 = 1.96

Calculations of statistical analysis of NO emission from Cd treated Keszthely soil with 30% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

2 4.1753 4.4490 4.3797 3.8535
4 4.9530 5.3498 4.3871 3.5155
6 5.0697 4.4886 3.9502 3.0613
9 4.4520 3.3637 2.9620 2.3748

12 4.0458 3.0435 2.2393 1.1164
14 3.7175 2.2007 1.7295 0.7570
17 2.8355 1.9158 1.1683 0.5541
20 2.4517 1.7650 0.8342 0.3904
24 1.9966 1.1537 0.6281 0.3078
27 1.4833 0.9493 0.6077 0.2883
32 1.1075 0.7942 0.5251 0.1763

0.3859 0

LSD 0.05 0.2327 0.7719
F 168.0104 64.4596

The shadow numbers are significantly negative with the controls



Table (2) Calculations of the variance analysis of emission of NO emission from Cd treated 
Gödöllő soil with 30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 120 119 820.4839 6.8948 3.3744
Replications 3 2 1.0690 0.5345 130.6421 0.1744 0.2460
Treatment 40 39 807.0596 20.6938 515.9571 0.6369 0.8981
Time (A) 10 9 735.5532 81.7281 121.6793 0.3185 0.4490
Concentration (B) 4 3 57.8224 19.2741 0.2014 0.2840
Cadmium (C) 1 0 0 3.1996 0.2014 0.2840
A×B 27 13.6841 0.5068 0.6369 0.8981
A×C 0 0 0.3185 0.4490
B×C 0 -4.5E-13 0.2014 0.2840
A×B×C 0 4.55E-13 0.6369 0.8981
Error 78 12.3553 0.1584

Accuracy of the experiment = 89.7084 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO emission from Cd treated Keszthely soil with 
30% WFPS at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

2 9.4044 9.0944 7.4983 6.4345
4 7.9586 7.4088 7.2432 6.4543
7 6.4606 5.8194 5.8027 5.1758
9 6.1097 4.8445 4.4984 4.1775
12 5.5066 4.2532 3.0545 2.8083
14 4.5234 3.6616 2.5232 1.7681
18 3.5472 2.3541 2.2838 1.4378
21 2.4963 1.3807 1.3112 0.8279
25 1.4577 1.1482 0.8002 0.4326
32 1.1115 0.8556 0.5791 0.1795

0.4490 0

LSD 0.05 0.2840 0.8981
F 121.6793 130.6421

The shadow numbers are significantly negative with the controls

When the soil was contaminated with Pb and after two days of incubation, the detection NO 
amounts in the microcosms of control soil samples of Keszthely (Figure 10) was 4.1753 µg l -1, 
while the detected amounts from Gödöllő (Figure 11) was 8.9696 µg l-1. (Figure 10) demonstrates 
that the amount of detected NO in control microcosms was increased by increasing the incubation 
time up to the 14th day and it started to decrease gradually to be at the minimum (0.4210 µg l-1) at 
the 32nd day of incubation. The results showed that the amount of NO in the soil contaminated 
with 40 mg Pb kg-1 soil was at the maximum (5.5274 µg l-1) in the 2nd day of incubation and 
followed by gradual reduction in the emissions to be at minimum in the 32nd day of incubation 
(0.0904 µg l-1). Also, the amounts of gas detected in the microcosms contaminated by 80 mg Pb 
kg-1 soil were higher than those detected in microcosms of soil contaminated by 160 mg Pb kg -1 

soil and lesser than those contaminated by 40 mg Pb kg-1 soil. Similar tendency of results were 
obtained from the microcosms of Gödöllő (Figure 11).

(Figures  A-10  and  A-11)  illustrate  the  linear  regression,  correlation  (R2),  correlation 
coefficient (r), standard deviation (SD) and coefficients of variability (CV%) for the gas detection 
in  Keszthely and  Gödöllő, respectively.  Similarly,  it  was found that the values of CV% were 



increased by increasing the concentrations of soil contaminant metal. Table 3 demonstrates the 
calculations of statistical analysis and the interaction between the investigated factors  and the 
detected amounts of NO from the microcosms of soil samples of Keszthely and the calculated 
value of the LSD0.05 was 0.6041. The relationship between the amounts of NO in control and the 
microcosms of soil contaminated with 40 mg Pb has positive significant difference at the 2nd day 
of  incubation,  but  it  was  negative  between  the  9th and  32nd day  of  incubation.  While  the 
relationship between the amounts of NO under the stresses of 80 and 160 mg Pb kg-1 soil was 
negatively significant.

Table 4 demonstrates the calculations of ANOVA, statistical analysis and the interaction 
between the investigated factors and the detected amounts of NO from the microcosms of soil 
samples  of Gödöllő  and  the calculated value  of the  LSD0.05 was  0.8689.  Negative  significant 
differences between the amounts of NO in control and in Pb contaminated soil microcosms were 
recognized.

Comparatively, according to the results the experimental observations of the amounts of NO 
detected from the two (Keszthely and  Gödöllő)  soils,  it  is  necessary to mention that  the soil 
characteristics (e.g., soil pH, organic and inorganic contents, etc.) may be the main factors for gas 
emissions under the investigated ecological factors.  These soil conditions and other ecological 
factors  are  suitable  for  the  NO  production,  consumption  and  emission.  The  amount  of  NO 
detected is the net amount of the above mentioned processes. The emissions of gas in  Gödöllő 
microcosms were  more than emitted  from Keszthely microcosms.  Also heavy metal  acted as 
inhibitors  of gas emission.  From Keszthely and  Gödöllő microcosms,  Pb is  more  inhibit  NO 
emission than Cd.

4.4.2. EXPERIMENT 2: AT LOW TEMPERATURE AND HIGH SOIL MOISTURE CONTENT

The experiment was set up with the microcosms of two soils (Keszthely and Gödöllő) with 
60% WFPS incubated  at  15°C  for  33  days  under  the  stresses  of  different  concentrations  of 
cadmium and lead. (Figure 12) shows that the amounts of NO detected under the effect of Cd 
were decreased since the first  detection at 2nd day of incubation and the reduction in the gas 
emissions  was  reversely  proportional  with  the  increasing  the  Cd  concentrations  and  time  of 
incubation. From the (Figure 12) the amount of NO detected in the microcosms of 24 mg Cd 
contaminated soil decreased from 5.4178 at 5th incubation day to 1.2729 at 19th day of incubation 
and 0.0124  µg l-1 at  the 33rd day of incubation. Similar  tendencies  were  demonstrated in  the 
microcosms containing Gödöllő soil samples (Figure 13). The results indicated that the amounts 
of NO at Gödöllő soil samples contaminated with 24 mg Cd kg soil-1 were sharply decreased from 
4.5939 µg l-1 at the 3rd day of incubation to 1.6757 µg l-1 at the 4th day of incubation and gradually 
decreased to 0.6350 µg l-1 at the 13th day of incubation to reach o.2186 µg l-1 at the 33rd day of 
incubation. (Figures A-12 and A-13) illustrate the linear regression, correlation (R2), correlation 
coefficient (r), standard deviation (SD) and coefficients of variability (CV%) for the gas detection 
in Keszthely and Gödöllő, respectively. For example, it was found that the values of CV% were 
increased by increasing the concentrations of the soil metal contaminant. Table 5 demonstrates the 
calculations of ANOVA, statistical analysis and the interaction between the investigated factors 
and the  detected  amounts  of  NO from the microcosms of soil  samples of  Keszthely and the 
calculated value of the LSD0.05 was 0.5285. The Table 5 also shows the detected amounts of NO in 
microcosms contaminated with 12 and 24 mg Cd were significantly negative with the controls. 
This  conclusion  was  found with  soil  contaminated  by 6 mg Cd,  but  the  negative  significant 
differences  were  found  during  the  period  of  incubation  between  the  5th and  29th days  of 
incubations.  Table 6 illustrates the ANOVA and the statistical analysis of NO detection from 
Gödöllő soil samples contaminated with Cd under the low temperature and high soil moisture 
content. It was found that the amounts of NO detected in Cd contaminated soil samples were 
negatively significant differences with the control samples during the whole period of incubation. 
The calculated value of the LSD0.05 was 0.4069. Similar tendencies were found in the detections 
amounts of NO in Keszthely (Figures 14) and Gödöllő (Figures 15) soil samples were obtained 
under the impacts of Pb concentrations. From (Figures 14 and 15), it was found that Pb causes 



more inhibition in Gödöllő (Figure 15) than in Keszthely (Figure 14) soil samples. (Figures A-14 
and A-15) illustrate  the linear regression, correlation (R2),  correlation coefficient  (r),  standard 
deviation  (SD)  and  coefficients  of  variability  (CV%)  for  the  gas  detection  in  Keszthely  and 
Gödöllő,  respectively.  For example,  it  was found that  the values of CV% were  increased by 
increasing the heavy metal  concentrations.  Table 7 demonstrates the calculations of statistical 
analysis and the interaction between the investigated factors and the detected amounts of NO from 
the microcosms of soil samples of Keszthely and the calculated value of the LSD0.05 was 1.2274, 
while the LSD0.05 of Gödöllő microcosms was 0.2902 (Table 8). Table 7 illustrates the ANOVA 
Table  shows  negative  significant  differences  between  the  microcosms  of  control  and  the 
microcosms of the 80 and 160 mg Pb during the incubation period from 3rd to 33rd incubation day, 
and during 8th day to  19th day of incubation.  However,  the  Table 8  illustrates  the significant 
differences between the microcosms of control and the microcosms of the 40, 80 and 160 mg Pb 
during the incubation period.

Table (3) Calculations of the variance analysis of NO emission from Pb treated Keszthely soil with 
30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 132 131 373.5069 2.8512
Replications 3 2 0.1033 0.0516 0.72061 0.1119 0.1577
Treatment 44 43 367.2408 8.5405 119.1790 0.4284 0.6041
Time (A) 11 10 231.0404 23.1040 322.4076 0.2142 0.3020
Concentration (B) 4 3 110.8753 36.9584 515.7400 0.1292 0.1821
Lead (C) 1 0.1292 0.1821
A×B 30 25.3251 0.8442 11.7801 0.4284 0.6041
A×C 0 0.2142 0.3020
B×C 0 0.1292 0.1821
A×B×C 0 -4.5E-13 0.4284 0.6041
Error 86 6.1628 0.0717

Accuracy of the experiment = 89.1041 %, t 0.05 = 1.96

Calculations of statistical analysis of NO emission from Cd treated Keszthely soil with 30% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

2 4.1753 5.5274 3.3041 2.9015
4 5.2429 4.8887 3.9920 3.0946
6 5.1497 4.6855 3.7996 2.4850
9 4.9417 4.1067 2.9053 1.9420
12 4.7184 3.5598 2.0699 1.0947
14 4.2801 2.9380 1.5451 0.7038
17 3.6923 2.3057 1.4279 0.4572
20 3.2288 2.0714 1.1790 0.3343
24 2.4718 1.5906 0.7810 0.2887
27 1.5551 1.0872 0.5575 0.2432
32 0.4210 0.0904 0.1868 0.0795

0.3020 0

LSD 0.05 0.182127102 0.6041
F 515.7498 119.1790

The bold numbers are significantly positive with the controls
The shadow numbers are significantly negative with the controls



Table (4) Calculations of the variance analysis of emission of NO from Pb treated Gödöllő soil 
with 30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 120 119 532.5224 4.4750 0.0396
Replications 3 2 0.0117 0.0059 90.0840 0.1688 0.2380
Treatment 40 39 520.9449 13.3576 196.4808 0.6162 0.8689
Time (A) 10 9 262.2057 29.1340 454.3304 0.3081 0.4345
Concentration (B) 4 3 202.1029 67.3676 0.1949 0.2748
Lead (C) 1 0 0 14.1466 0.1949 0.2748
A×B 27 56.6363 2.0976 0.0396 0.6162 0.8689
A×C 0 0 0.3081 0.4345
B×C 0 -1.1E-13 0.1949 0.2748
A×B×C 0 1.14E-13 0.6162 0.8689
Error 78 11.5658 0.14828

Accuracy of the experiment = 81.2111 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Pb treated Gödöllő soil with 30% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

2 8.9696 5.8694 4.2713 2.4296
4 6.9543 4.0698 3.0547 0.9500
7 5.5091 3.2184 1.8226 0.5867
9 4.4775 2.7499 1.1397 0.5142
12 4.1255 2.3278 0.6089 0.4095
14 3.3094 1.6386 0.4874 0.3371
18 2.6150 1.1198 0.3722 0.1803
21 1.9640 0.7850 0.3264 0.1623
25 1.4452 0.6716 0.3174 0.2152
32 0.9558 0.6096 0.2913 0.1168

0.4345 0

LSD 0.05 0.27477 0.8689
F 454.3304 90.0840

The shadow numbers are significantly negative with the controls
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Fig. 12. Nitric oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% WFPS 
treated with different concentrations of Cd and incubated at 15°C
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Fig. 13. Nitric oxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 60% WFPS 
treated with different concentrations of Cd and incubated at 15°C
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LSD0.05 = 0.4069



Table (5) Calculations of the variance analysis of emission of NO from Cd treated Keszthely soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 156 155 1051.430 6.7834
Replications 3 2 0.0210 0.0105 0.1914 0.0900 0.1270
Treatment 52 51 1045.813 20.5062 373.7856 0.3748 0.5285
Time (A) 13 12 875.3882 72.9490 1329.713 0.1874 0.2643
Concentration (B) 4 3 134.3197 44.7732 816.1257 0.1040 0.1466
Cadmium (C) 1 0 0 0.1040 0.1466
A×B 36 36.1055 1.0029 18.2814 0.3748 0.5286
A×C 0 0 0.1874 0.2643
B×C 0 -4.5E-13 0.1040 0.1466
A×B×C 0 -9.1E-13 0.3748 0.5285
Error 102 5.5958 0.0549

Accuracy of the experiment = 92.7980 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Cd treated Keszthely soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 8.0810 7.8777 6.9696 6.1375
5 8.0546 7.2170 6.4218 5.4178
8 7.8337 6.3858 5.5438 4.3603
12 7.3588 5.4898 4.4841 3.2935
15 6.4856 4.5940 3.5453 2.4596
17 5.7146 3.8324 2.6331 1.8667
19 4.6522 3.1789 2.2025 1.2729
22 3.8418 2.4890 1.7812 0.7571
24 2.9749 1.9936 1.1730 0.5147
26 2.3277 1.5169 0.7889 0.3767
29 1.6336 1.0543 0.5177 0.2672
31 0.6219 0.4354 0.3629 0.2486
33 0.0126 0.0169 0.0315 0.0124

0.2643 0

LSD 0.05 0.1466 0.5285
F 816.1257 373.7856

The shadow numbers are significantly negative with the controls



Table (6)  Calculations of the variance analysis  of  emission of NO from Cd treated Gödöllő soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 168 167 1140.34 6.8284
Replications 3 2 0.0507 0.0254 0.7804 0.0668 0.0942
Treatment 56 55 1136.713 20.6675 635.6854 0.2886 0.4069
Time (A) 14 13 349.9473 26.9190 827.968 0.1443 0.2034
Concentration (B) 4 3 725.8932 241.9644 7442.275 0.0771 0.1087
Cadmium (C) 1 0 0 0.0771 0.1087
A×B 39 60.8721 1.5608 48.0074 0.2886 0.4069
A×C 0 0 0.1443 0.2034
B×C 0 4.55E-13 0.0771 0.1087
A×B×C 0 -2.3E-12 0.2886 0.4069
Error 110 3.5763 0.0325

Accuracy of the experiment = 95.1121 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Cd treated Gödöllő soil with 60% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 8.5964 7.3678 5.9559 4.5939
4 8.2993 6.6871 5.5213 1.6757
5 8.1004 5.7173 4.6994 1.6417
6 8.0484 5.3778 4.3911 1.2011
7 7.7562 5.3077 3.7367 0.8708
9 7.6485 4.8418 3.2495 0.7879
13 7.4555 4.4638 2.0887 0.6350
15 6.7267 4.0289 1.9110 0.5451
17 6.6075 3.6232 1.6186 0.5107
20 6.3439 3.4175 1.3955 0.4346
24 5.8676 3.0852 1.3979 0.3628
28 5.3308 2.5891 1.2890 0.3257
30 4.4617 2.3101 1.0659 0.2513
33 2.1635 1.2735 0.7085 0.2186

0.2034 0

LSD 0.05 0.1087 0.4069
F 7442.2750 635.6854

The shadow numbers are significantly negative with the control



4.4.3. EXPERIMENT 3: AT HIGH TEMPERATURE AND HIGH SOIL MOISTURE CONTENT

The microcosms of Keszthely soil samples with 60% WFPS incubated at 37°C for 32 days 
under the stresses of different concentrations of cadmium (Figure 16) and lead (Figure 17).

The rate of NO emissions due to the impacts of two heavy metals was decreased gradually 
throughout the incubation time. Comparatively, similar results obtained in Cd or Pb contaminated 
soils at different concentrations. However, the rate of the trace gas emission was higher from soil 
contaminated  with  Pb  than  from  soil  contaminated  by  Cd.  The  results  of  the  present  study 
indicated  that  increasing  the  concentrations  decreases  the  amounts  of  NO at  37°C.  Also,  Cd 
showed lower toxicity than Pb regarding to the rate of NO emission. From (Figures 16 and 17) we 
can found that the magnitude of NO emission from soil depends on the rates of nitrification and 
denitrification and the diffusion properties of the soil. This tendency becomes as the basis of the 
results obtained under different ecological factors. (Figures A-16 and A-17) show the regression 
lines  and  some  statistical  information  of  cadmium  and  lead,  respectively.  Correlation  (R2), 
correlation coefficient (r), standard deviation (SD) and coefficients of variability (CV%) for the 
gas detection in Keszthely and Gödöllő, respectively. For example, it was found that the values of 
CV%  were  increased  by  increasing  the  incubation  time  intervals.  Tables  9  and  10  Table  7 
demonstrate the calculations of statistical analysis and the interaction between the investigated 
factors and the detected amounts of NO from the microcosms of soil samples contaminated with 
cadmium (LSD0.05 was 0.8695), and lead (LSD0.05 was 0.6348). The ANOVA Tables in Tables 9 
and 10 demonstrate negative significant differences between the microcosms of control and the 
microcosms of the cadmium and lead concentrations, respectively during the incubation period 
from 2nd to 32nd incubation day.

However, the net release of NO from soil is greatly influenced by the gas phase diffusivity 
in soil and the rate of NO consumption by denitrifiers. Taking in the consideration that soil WFPS 
was  60%,  in  this  situation  anaerobic  condition  is  created,  and  the  probability  of  NO  being 
reconsumed by the denitrifiers is greatly enhanced.  When plotting NO flux as a function of the 
NO concentration, the NO emission term is represented by the intercept with the y-axis; and the 
proportionality coefficient between NO uptake and NO concentration is given by the slope of the 
fitted regression line.



0

1

2

3

4

5

6

7

8

9

10

Am
ou

nt
s o

f N
O 

(µ
g/

l)

3 5 8 12 15 17 19 22 24 26 29 31 33

Incubation time (Days)

Fig. 14. Nitric oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% WFPS 
treated with different concentrations of Pb and incubated at 15°C
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Fig. 15. Nitric oxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 60% WFPS 
treated with different concentrations of Pb and incubated at 15°C

Control
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LSD0.05 = 0.2902
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Fig. 16. Nitric oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% WFPS 
treated with different concentrations of Cd and incubated at 37°C
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Fig. 17. Nitric oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% WFPS 
treated with different concentrations of Pb and incubated at 37°C
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LSD0.05 = 0.6348



Table (7) Calculations of the variance analysis of emission of NO from Pb treated Keszthely soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 156 155 908.1813 5.8592
Replications 3 2 2.0076 1.0038 3.3928 0.2091 0.2948
Treatment 52 51 875.9955 17.1764 58.0549 0.8705 1.2274
Time (A) 13 12 716.0082 59.6674 201.6714 0.4352 0.6137
Concentration (B) 4 3 141.0574 47.0191 158.9213 0.2414 0.3404
Lead (C) 1 0 0 0.2414 0.3404
A×B 36 18.9299 0.5258 1.7773 0.8705 1.2274
A×C 0 0 0.4352 0.6137
B×C 0 0 0.2414 0.3404
A×B×C 0 -4.5E-13 0.8705 1.2274
Error 102 30.1782 0.2959

Accuracy of the experiment = 92.7980 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Pb treated Keszthely soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 8.0810 7.4818 6.9127 5.7603
5 7.8595 6.9861 6.2211 5.1396
8 6.8337 5.4786 4.6174 3.7132
12 5.8254 4.2592 3.5970 2.1760
15 5.0851 3.1930 2.4295 1.3064
17 4.4715 2.8121 1.8978 0.7711
19 3.9502 2.3360 1.5510 0.5321
22 3.3752 2.1122 1.3082 0.4363
24 2.7139 1.8805 1.0814 0.4134
26 2.3277 1.5298 0.8779 0.2804
29 1.9669 1.1450 0.4375 0.2025
31 1.2886 0.6265 0.2575 0.0980
33 0.7582 0.2601 0.0194 0.0158

0.6137 0

LSD 0.05 0.3404 1.2274
F 158.9213 58.0549

The shadow numbers are significantly negative with the controls



Table (8) Calculations of the variance analysis of emission of NO from Pb treated Gödöllő soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 168 167 739.4888 4.4281
Replications 3 2 0.0345 0.0172 1.0415 0.0476 0.0672
Treatment 56 55 737.6355 13.4116 811.0815 0.2058 0.2902
Time (A) 14 13 353.3668 27.1821 1643.871 0.1029 0.1452
Concentration (B) 4 3 346.3516 115.4505 6982.023 0.0550 0.0776
Lead (C) 1 0 0 0.0550 0.0776
A×B 39 37.9172 0.9722 58.7972 0.2058 0.2902
A×C 0 0 0.1029 0.1451
B×C 0 6.82E-13 0.0550 0.0776
A×B×C 0 0 0.2058 0.2902
Error 110 1.8189 0.0165

Accuracy of the experiment = 93.7148 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Pb treated Gödöllő soil with 60% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 8.5964 7.3295 5.7275 4.2913
4 7.2993 3.3911 2.6549 1.1751
5 6.1004 2.6959 1.4196 0.6280
6 5.0484 2.5779 1.0823 0.4475
7 4.7562 2.3014 0.9168 0.4232
9 4.6485 2.1963 0.7581 0.2319
13 4.4555 1.6314 0.7077 0.1848
15 3.3934 1.4891 0.6364 0.1365
17 3.6075 1.2643 0.6068 0.1315
20 3.3439 1.0514 0.5169 0.1289
24 2.8676 0.8564 0.4495 0.1254
28 2.3308 0.7281 0.3706 0.1236
30 2.4617 0.6872 0.3386 0.1142
33 2.1635 0.5859 0.2994 0.0866

0.1451 0

LSD 0.05 0.0776 0.2902
F 6982.023 811.0815

The shadow numbers are significantly negative with the controls



Table (9) Calculations of the variance analysis of emission of NO from Cd treated Keszthely soil 
with 60% WFPS at incubation temperature 37°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 120 119 674.0555 5.6643
Replications 3 2 0.1388 0.0694 0.4676 0.1689 0.2381
Treatment 40 39 662.3362 16.9830 114.3885 0.6166 0.8695
Time (A) 10 9 191.6484 21.2943 143.4271 0.3083 0.4347
Concentration (B) 4 3 460.8592 153.6197 1034.7030 0.1950 0.2750
Cadmium (C) 1 0 0 0.1950 0.2750
A×B 27 9.8286 0.3640 2.4519 0.6166 0.8695
A×C 0 0 0.3083 0.4347
B×C 0 -4.5E-13 0.1950 0.2750
A×B×C 0 0 0.6166 0.8695
Error 78 11.5805 0.1485

Accuracy of the experiment = 90.9322 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Cd treated Keszthely soil with 60% WFPS 
at incubation temperature 37°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

2 9.7300 7.1595 6.8588 4.6487
4 8.8877 5.9412 5.0502 3.0521
7 8.3471 4.9152 4.0108 2.1527
11 7.5572 4.6864 3.1893 1.8721
16 6.9318 4.5072 2.7615 1.6061
18 6.7560 4.4216 2.4947 1.3160
21 6.5693 4.2807 2.2977 1.2002
24 6.3344 4.1144 2.1086 1.2067
29 5.7775 3.5650 1.8771 1.0146
32 5.0597 2.9707 1.7838 0.9572

0.4347 0

LSD 0.05 0.2750 0.8695
F 1034.7030 114.3885

The shadow numbers are significantly negative with the controls



Table (10) Calculations of the variance analysis of emission of NO from Pb treated Keszthely soil 
with 60% WFPS at incubation temperature 37°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 120 119 526.5112 4.4245
Replications 3 2 0.0281 0.0140 0.1775 0.1233 0.1739
Treatment 40 39 520.3097 13.3413 168.5654 0.4502 0.6348
Time (A) 10 9 209.8483 23.3165 294.6009 0.2251 0.3174
Concentration (B) 4 3 307.1758 102.3919 1293.7100 0.1424 0.2008
Lead (C) 1 0 0 0.1424 0.2008
A×B 27 3.2856 0.12169 1.5375 0.4502 0.6348
A×C 0 0 0.2251 0.3175
B×C 0 6.82E-13 0.1424 0.2008
A×B×C 0 -9.1E-13 0.4502 0.6348
Error 78 6.1734 0.0792

Accuracy of the experiment = 92.1045 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of NO from Pb treated Keszthely soil with 60% WFPS 
at incubation temperature 37°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

2 9.2351 7.1903 6.0348 4.3621
4 6.7477 5.6660 4.2416 2.6643
7 6.0742 4.9109 3.3141 2.1076
11 5.7411 4.7173 2.8084 1.7972
16 5.5002 4.4968 2.2999 1.2517
18 5.2206 4.0699 1.9822 1.0321
21 5.1159 3.7476 1.8262 0.6426
24 4.7133 3.4539 1.6347 0.4547
29 4.4339 3.1353 1.5363 0.3965
32 4.0242 2.5181 1.2901 0.1373

0.3174 0

LSD 0.05 0.2008 0.6348
F 1293.7100 168.5654

The shadow numbers are significantly negative with the controls



4.5. EMISSIONS OF N2O UNDER THE STRESSES OF HEAVY METALS

Denitrification was the main process responsible for total N2O emissions from soil.  N2O 
emissions were influenced by the contamination of soil  by Cd or Pb and several  peaks were 
registered  for  each  treatment  during  the  experimental  period  at  low (15°C)  and  high  (37°C) 
incubation temperatures. For 5 cm soil layer, the total rate of N2O production decreased as the 
concentration of Cd or Pb increased. These results are consistent with a previous study at the same 
origin site where the soil cores for this study were collected. In this study, N2O emissions were 
suppressed for several weeks from test microcosms amended with a single application of different 
concentrations of Cd or Pb. Production of N2O by either net nitrification or net denitrification 
decreased  with  increasing  concentration  of  the  heavy  metal  that  contaminated  soil  samples. 
However,  the  relative  importance  of  nitrification  for  N2O  production  decreased  as  the 
concentration of Cd or Pb increased. Therefore, the total inhibitory effect of the heavy metals on 
nitrification was greater than that for denitrification in terms of N2O production. The degree of 
inhibition was depended on the degree of the contamination with Cd and Pb.

4.5.1. EXPERIMENT 4: AT LOW TEMPERATURE AND HIGH SOIL MOISTURE CONTENT

The N2O emissions under soil conditions of incubation temperature at 15°C and moisture 
regime of 60% WFPS, were detected in the two soil samples originated from two field sites under 
the impacts of different concentrations of Cd and Pb. In both soil samples, heavy metal free soil 
samples had the maximum detected amounts of N2O emissions throughout the incubation period. 
When the soil microcosms incubated at low temperature (15°C), the microcosms of Keszthely soil 
(Figure 18) contaminated by Cd showed decrease in N2O detected and the emission was more 
rapidly  decreased  than  those  obtained  from  the  microcosms  of  Gödöllő  soil  (Figure  19) 
contaminated by Cd.

In the Keszthely soil contaminated by Cd, the maximum N2O emission was 4.948 µg l-1 at 
the 3rd day of incubation in the microcosms of soil contaminated by 6 mg Cd, while the minimum 
amount  (0.6661  µg  l-1)  of  N2O  was  detected  at  33rd day  of  incubation  at  24  mg  Cd.  The 
microcosms of soil samples originated from Gödöllő had higher N2O amounts than those detected 
in the microcosms of Keszthely soil samples and their maximum N2O emissions at 6 mg Cd was 
8.1076 µg l-1 at the 3rd day of incubation. The minimum amount (0.3945) of the N2O emissions 
was detected at 32nd day of incubation at 24 mg Cd. In both soil samples (Keszthely and Gödöllő), 
similar  rates  of emissions were  recognized after  the  15th day of incubation ant  at  the  end of 
incubation time interval, the microcosms of Gödöllő soil samples showed that N2O emission rates 
were more sensitive property of the degree of contamination with Cd than those microcosms of 
Keszthely. (Figures A-18 and A-19) indicated the some statistical determinations (ccorrelation 
(R2), correlation coefficient (r), standard deviation (SD) and coefficients of variability (CV%) and 
the mode of regression lines of detected amounts of N2O in the microcosms of Keszthely and 
Gödöllő soil samples, respectively. Also, it was found that the values of CV% were increased by 
increasing  the  metal  concentrations.  These  decreases  in  N2O  were  statistically  negatively 
significant  in Keszthely soil  samples (Table 11) at  24 mg Cd throughout the incubation time 
intervals, and at the 12 mg Cd contamination dose except the detected amount between the 17 th 

and 22nd incubation days. But in soil samples contaminated by 6 mg Cd, the results were not 
significant  at  all  time  intervals  except  at  3rd,  12th,  and  26th incubation  days  were  negatively 
significant.  Table  12  shows  that  in  the  microcosms  of  Gödöllő  soil  samples,  there  was  no 
significant  difference  between  the  N2O  detected  amounts  at  the  6  mg  Cd  throughout  the 
incubation period except at the 7th day. While the ANOVA Table indicated negative significant 
differences when the contamination doses of Cd were 12 mg (except at the 4th, 24th, 28th, 30th, and 
32nd day) and 24 mg (except at 28th, 30th, and 32nd days). The LSD0.05 values of the observations of 
the microcosms from Gödöllő and Keszthely soil samples were 0.7237 and 0.5224, respectively. 
In case of contaminating the soil samples with different doses of Pb, the microcosms of Keszthely 
soil samples (Figure 20) illustrates much lower N2O emissions than those emitted from Gödöllő 
soil samples (Figure 21). The minimum detected amounts of N2O were 0.5802 (Keszthely soil 



sample) and 1.1124 (Gödöllő soil samples) at 160 mg Pb. The maximum amounts of N2O were 
detected was 5.821 µg l-1 at the 3rd day of incubation in Keszthely soil samples where it was 
13.7579 µg l-1 at  the 3rd day of incubation in  the microcosms of Gödöllő soil  samples when 
contaminated by 40 mg Pb. It can be noted that approximately double amounts of gas emissions 
wee detected in the microcosms of Gödöllő soil samples. (Figures A-20 and A-21) demonstrate 
some statistical determinations and the modes of regression lines of the amounts of N2O detected 
in Keszthely (Figure A-20) and in Gödöllő (Figure A-21) soil samples. Also, it was found that the 
values of CV% increased with the increasing applied doses of the heavy metals. However, Table 
13 and Table 14 illustrate the ANOVA and some statistical interactions between the investigated 
parameters in the microcosms of soil samples contaminated by different concentrations of Pb of 
Keszthely and Gödöllő, respectively.  The LSD0.05 for  the emissions of N2O from the two soil 
samples  were  0.5647  and  1.2039,  respectively.  It  was  found  that  no  significant  differences 
between the control Keszthely (Table 13) soil samples and the contaminated soil with 40 mg, also 
with 80 mg Pb except those detected at 3rd, 4th, 15th and at 33rd day of incubation. However, it was 
negatively  significant  differences  under  the  stresses  of 160  mg Pb throughout  the  incubation 
intervals except those detected at 24th, 26th and 29th day. While in the case of the microcosms of 
soil samples from Gödöllő, the results showed negative significant differences under the effect of 
80 and 160 mg Pb. Under the effect of 40 mg Pb contamination, the emissions of N2O were not 
significant differences except at 22nd, 28th, 30th, and 32nd incubation day.
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Fig. 18. Nitrous oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Cd and incubated at 15°C

Control
6 mg/kg
12 mg/kg
24 mg/kg

LSD0.05 = 0.5224
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Fig. 19. Nitrous oxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 60% WFPS treated 
with different concentrations of Cd and incubated at 15°C

Control
6 mg/kg
12 mg/kg
24 mg/kg

LSD0.05 = 0.7237
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Fig. 20. Nitrous oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Pb and incubated at 15°C

Control
40 mg/kg
80 mg/kg
160 mg/kg

LSD0.05 = 0.5647



Table (11) Calculations of the variance analysis of emission of N2O from Cd treated Keszthely soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 156 155 273.2996 1.7632
Replications 3 2 0.3620 0.1810 3.3771 0.0890 0.1255
Treatment 52 51 267.4702 5.2445 97.8417 0.3705 0.5224
Time (A) 13 12 244.4963 20.3747 380.1104 0.1853 0.2612
Concentration (B) 4 3 20.1366 6.7122 125.2229 0.1028 0.1449
Cadmium (C) 1 0 0 0.1028 0.1449
A×B 36 2.8373 0.0788 1.4704 0.3705 0.5224
A×C 0 0 0.1853 0.2612
B×C 0 0 0.1028 0.1449
A×B×C 0 2.27E-13 0.3705 0.5224
Error 102 5.4674 0.0536

Accuracy of the experiment = 90.9164 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of N2O from Cd treated Keszthely soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 5.5721 4.9486 4.4472 4.1098
5 5.2764 4.8575 4.3937 3.6689
8 4.6922 4.2269 3.9004 3.3009
12 4.2175 3.5663 3.3952 2.8700
15 3.3269 2.8693 2.7711 2.3839
17 2.9793 2.5932 2.4747 2.2637
19 2.6056 2.3736 2.1304 1.9476
22 2.3510 1.9866 1.8804 1.6388
24 2.1658 1.8410 1.5521 1.3853
26 2.0221 1.4443 1.1659 1.0681
29 1.8306 1.3916 1.1039 0.9638
31 1.6320 1.2256 1.0504 0.8609
33 1.2394 0.9991 0.9093 0.6661

0.26121 0

LSD 0.05 0.1449 0.5224
F 125.2229 97.8417

The shadow numbers are significantly negative with the controls



Table (12) Calculations of the variance analysis of emission of N2O from Cd treated Gödöllő soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 180 179 986.3628 5.5104
Replications 3 2 0.3170 0.1585 1.5410 0.1148 0.1618
Treatment 60 59 973.9074 16.5069 160.4681 0.5133 0.7237
Time (A) 15 14 947.5656 67.6833 657.9671 0.2566 0.3619
Concentration (B) 4 3 22.8196 7.6065 73.9451 0.1325 0.1869
Cadmium (C) 1 0 0 0.1325 0.1869
A×B 42 3.5222 0.0839 0.8153 0.5133 0.7237
A×C 0 0 0.2566 0.3619
B×C 0 -4.5E-13 0.1325 0.1869
A×B×C 0 9.09E-13 0.5133 0.7237
Error 118 12.1383 0.1029

Accuracy of the experiment = 91.7513 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of N2O from Cd treated Gödöllő soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 8.9641 8.1076 7.9036 7.3743
4 7.7479 7.4610 7.2678 6.8232
5 7.2810 7.0635 6.2417 6.0461
6 6.8759 6.2547 5.8059 5.5979
7 5.7951 5.1244 4.9375 4.6028
9 5.2886 4.7919 4.4266 4.2807
13 4.6985 4.1157 3.9434 3.7487
15 3.9515 3.4354 3.0090 2.8757
17 3.5333 3.2817 2.8734 2.7047
20 3.2147 2.6602 2.3931 2.2767
22 2.6667 2.5272 1.9758 1.7103
24 2.3482 2.0489 1.7317 1.4585
28 1.6402 1.5727 1.3832 1.1598
30 1.1531 1.0667 1.0142 0.7220
32 0.8623 0.6144 0.4631 0.3945

0.3619 0

LSD 0.05 0.18673 0.7237
F 73.9451 160.4681

The shadow numbers are significantly negative with the controls



4.5.2. EXPERIMENT 5: AT HIGH TEMPERATURE AND HIGH SOIL MOISTURE CONTENT

The effect of Cd on the N2O emissions in Keszthely soil samples when the water content 
was elevated to 60% WFPS and incubated at 37°C is illustrated in (Figure 22) shows increases in 
the emissions of N2O in the comparison with the emissions at  15°C (Figure 18) at  the same 
moisture regime. Maximum emission of the gas in soil contaminated with 6 mg Cd at the 4 th day 
of incubation was 5.9250 µg l-1 at the 4th day of incubation while the lowest value of emission was 
0.0817 µg l-1 at the at 31st day of incubation under the effect of 24 mg Cd. (Figure A-22) shows 
some statistical determinations and the linear regression model of the emissions of N2O under the 
conditions studied. It was found that the CV% increased by increasing the concentrations of Cd 
contaminations. Table 15 demonstrates the interaction relationship between the N2O emissions at 
the study parameters. The ANOVA test shows the LSD0.05 for the emissions of N2O was 0.9748, 
and also no significant differenced between the emission of N2O at control microcosms and in 
microcosms of treated soil samples, except the emissions of the gas at 4 th and 7th day of incubation 
under the effect of 12 mg and 24 mg Cd and 10th day of incubation in soil samples contaminated 
by 24 mg Cd. (Figure 23) indicates that under the similar incubation conditions, the emission rate 
of the gas under Pb stress at 37°C was little higher than those emitted at 15°C (Figure 20). The 
maximum emission rate at 37°C was 6.2861 µg l-1 at the 4th day of incubation while at 15°C was 
5.8231 µg l-1 at the 3rd day of incubation. It was found that at 15th day of incubation, the emission 
rates of the gas were 3.4944, 2.9097, 1.5153 µg l-1 when the incubation temperature was 37°C, 
and  they  were  3.5269,  3.2990  and  2.9758  µg  l-1 when  the  microcosms  incubated  at  15°C. 
Meanwhile, at 31st day of incubation, the emission rates of the gas were 1.2320, 1.0260, 0.9270 
µg l-1 at 15°C, but at 37°C were 0.6129, 0.4175, and 0.0594 µg l-1. This mean that the emission 
rate of the gas is limited by two factors the temperature and the heavy metal.

(Figure  A-23) illustrates  some useful  statistical  determinations  and  the  linear  regression 
model of the emissions of N2O under the conditions studied. It was found that the CV% increased 
by increasing Cd concentrations applied to the soil samples. Table 16 indicates the LSD0.05 for the 
emissions of N2O was 0.9341 under the effect of Pb. The ANOVA Table demonstrates that no 
significant  differences  between the investigated parameters  and the emission rates  of  the gas 
under the impacts of the 40 and 80 (except at 4th day of incubation) mg Pb concentrations. But it 
was  negatively  significant  differences  between  the  emission  rates  and  other  investigated 
parameters under the effects of 160 mg Pb except at the 31st day of incubation.
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Fig. 21. Nitrous oxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 60% WFPS 
treated with different concentrations of Pb and incubated at 15°C

Control
40 mg/kg
80 mg/kg
160 mg/kg

LSD0.05 = 1.2039
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Fig. 22. Nitrous oxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Cd and incubated at 37°C

Control
6 mg/kg
12 mg/kg
24 mg/kg

LSD0.05 = 0.9748
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Fig. 23. Nitrous oxide amounts detected in microcosm containing Ramann’s brown forest soil (Gödöllő) of 60% WFPS 
treated with different concentrations of Pb and incubated at 37°C

Control
40 mg/kg
80 mg/kg
160 mg/kg

LSD0.05 = 0.9341



Table (13) Calculations of the variance analysis of emission of N2O from Pb treated Keszthely soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 156 155 353.3783 2.27986
Replications 3 2 0.0324 0.016214 0.2589 0.0962 0.1356
Treatment 52 51 346.9581 6.8031 108.633 0.4005 0.5645
Time (A) 13 12 335.5691 27.96409 446.5353 0.2002 0.2823
Concentration (B) 4 3 9.9065 3.302152 52.7293 0.1111 0.1566
Lead (C) 1 0 0 0.1111 0.1566
A×B 36 1.4826 0.0412 0.6576 0.4005 0.5647
A×C 0 0 0.2002 0.2823
B×C 0 -4.5E-13 0.1111 0.1566
A×B×C 0 1.36E-12 0.4005 0.5647
Error 102 6.3877 0.0626

Accuracy of the experiment = 90.9164 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of N2O from Pb treated Keszthely soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 6.1736 5.8231 5.4627 5.0030
5 5.6629 5.2765 5.0152 4.7943
8 4.8756 4.6922 4.4998 4.0435
12 4.4116 4.2175 4.0568 3.7277
15 3.9766 3.5269 3.2990 2.9758
17 3.3993 3.1953 2.9793 2.8235
19 2.9949 2.7390 2.4638 2.3622
22 2.7735 2.5510 2.3350 2.1706
24 2.2055 2.1125 2.0633 2.0329
26 2.0221 1.9005 1.7627 1.5726
29 1.7972 1.5399 1.4331 1.2823
31 1.5302 1.2320 1.0260 0.9270
33 1.3466 0.9361 0.7152 0.5802

0.2823 0

LSD 0.05 0.1566 0.5647
F 52.7293 108.6330

The shadow numbers are significantly negative with the controls



Table (14) Calculations of the variance analysis of emission of N2O from Pb treated Gödöllő soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 180 179 1342.886 7.5022
Replications 3 2 0.2349 0.1175 0.4127 0.1909 0.2692
Treatment 60 59 1309.063 22.1875 77.9479 0.8538 1.2039
Time (A) 15 14 1070.55 76.4679 268.6425 0.4269 0.6019
Concentration (B) 4 3 213.4362 71.1454 249.9439 0.2205 0.3108
Lead (C) 1 0 0 0.2205 0.3108
A×B 42 25.0772 0.5971 2.0976 0.8538 1.2039
A×C 0 0 0.4269 0.6019
B×C 0 1.82E-12 0.2205 0.3108
A×B×C 0 -1.8E-12 0.8538 1.2039
Error 118 33.5882 0.2847

Accuracy of the experiment = 91.7513 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of N2O from Pb treated Gödöllő soil with 60% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 14.3482 13.7579 12.8976 10.8003
4 10.5425 9.9235 9.2068 8.7990
5 9.2974 8.1146 7.4623 7.1201
6 8.7951 7.7081 6.8311 6.4658
7 8.4146 7.5028 7.2129 6.1871
9 7.6985 7.1181 6.3909 5.9505
13 7.6667 7.0588 5.8354 5.3010
15 7.2886 6.7462 4.8125 4.4293
17 7.1144 6.5927 4.7172 4.3110
20 6.9735 5.8269 4.6085 4.0927
22 6.8814 5.2024 4.2847 3.9317
24 6.2849 5.0285 3.9578 3.3826
28 6.3019 4.4954 3.1611 2.6285
30 6.1531 4.3162 2.5824 2.1430
32 5.5333 3.0599 1.6122 1.1124

0.60194 0

LSD 0.05 0.3109 1.2039
F 249.9439 77.9479

The shadow numbers are significantly negative with the controls



Table (15) Calculations of the variance analysis of emission of N2O from Cd treated Keszthely soil 
with 60% WFPS at incubation temperature 37°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 84 83 287.7203 3.4665
Replications 3 2 1.2269 0.6135 3.2873 0.2263 0.3191
Treatment 28 27 276.4161 10.2376 54.8595 0.6913 0.9748
Time (A) 7 6 251.5627 41.9271 224.6711 0.3457 0.4874
Concentration (B) 4 3 18.4796 6.1599 33.0084 0.2613 0.3684
Cadmium (C) 1 0 0 0.2613 0.3684
A×B 18 6.3738 0.3541 1.8975 0.6913 0.9748
A×C 0 0 0.3457 0.4874
B×C 0 -2.3E-13 0.2613 0.3684
A×B×C 0 3.41E-13 0.6913 0.9748
Error 54 10.0772 0.1866

Accuracy of the experiment = 85.1400 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of N2O from Cd treated Keszthely soil with 60% WFPS 
at incubation temperature 37°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

4 6.4698 5.9250 4.6000 3.9573
7 5.4435 4.6404 4.3684 3.6487
10 4.6138 4.4563 4.03995 3.2432
15 3.5801 3.1441 2.9899 2.7557
17 2.6769 2.4309 2.0298 1.7636
24 1.2511 1.0665 0.7750 0.3310
31 0.5794 0.2544 0.2819 0.0817

0.4874 0

LSD 0.05 0.3684 0.9748
F 33.0084 54.8595

The shadow numbers are significantly negative with the controls



Table (16) Calculations of the variance analysis of emission of N2O from Pb treated Keszthely soil 
with 60% WFPS at incubation temperature 37°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 84 83 341.3736 4.1129
Replications 3 2 3.0699 1.5350 8.9569 0.2169 0.3058
Treatment 28 27 329.0495 12.1870 71.1140 0.6625 0.9341
Time (A) 7 6 296.8838 49.4806 288.7308 0.3313 0.4671
Concentration (B) 4 3 28.8890 9.6297 56.1912 0.2501 0.3531
Lead (C) 1 0 0 0.2504 0.3531
A×B 18 3.2768 0.1820 1.0623 0.6625 0.9341
A×C 0 0 0.3313 0.4671
B×C 0 0 0.2504 0.3531
A×B×C 0 2.27E-13 0.6625 0.9341
Error 54 9.254137 0.1714

Accuracy of the experiment = 85.1400 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of N2O from Pb treated Keszthely soil with 60% WFPS 
at incubation temperature 37°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

4 6.4698 6.2861 5.4846 4.8300
7 5.4435 5.3217 4.7207 3.8977
10 4.6138 4.3838 3.7511 2.8128
15 3.5801 3.4944 2.9097 1.5153
17 2.6769 2.4080 2.1760 0.9382
24 1.2511 0.6903 0.5106 0.0541
31 0.8229 0.6129 0.4175 0.0594

0.4671 0

LSD 0.05 0.3531 0.9341
F 56.1912 71.1140

The shadow numbers are significantly negative with the controls



4.6. EMISSIONS OF CO2 UNDER THE STRESSES OF HEAVY METALS

4.6.1. EXPERIMENT 6: AT LOW TEMPERATURE AND LOW SOIL MOISTURE CONTENT

The experiment  was carried out  to detect the amount of CO2 emission from two heavy 
metals contaminated soil samples with different concentrations of Cd and Pb in microcosms of 
low moisture  regime  (30% WFPS)  and  incubated  at  low temperature  (15°C).  In  case  of  Cd 
contamination,  (Figure  24)  shows  that  the  amount  of  CO2 emitted  from  the  microcosms  of 
Keszthely soil  samples contaminated by 6, 12 and 24 mg Cd kg-1 soil.  It  was found that the 
maximum emission rate (97440.74 µg l-1) of the gas was detected at 20th day of incubation from 
heavy metal free soil (control soil). While it was 98197.78 µg l-1 at 6 mg Cd contaminated soil 
samples and 100183.3 µg l-1 at 12 mg Cd and 67667.9452 µg l-1 in soil samples contaminated by 
24 mg Cd kg-1 soil. The Figure illustrates the gradual increases in the emission rates up to the 20th 

day of incubation and then started to decrease to the end of the detection time at 32nd day of the 
incubation. Also, it was found that the emission rates of the gas were increased by increasing the 
contamination doses up to 12 mg Cd and decreased in microcosms of contaminated soil samples 
with  24  mg Cd.  (Figure  A-24)  shows  the  positions  of  the  linear  regressions  at  different  Cd 
concentrations  in  comparison  with  the  control  soil  of  Keszthely  as  well  as  other  statistical 
determinants which gave the interactions between the amounts of gas emission and the ecological 
factors  that  influence  the  gas  emission.  One of  these  determinants  is  CV% which  shows an 
increasing with the increases the concentrations of Cd. Table 17 demonstrates the ANOVA test 
and the important  statistical  values e.g.,  LSD0.05 (40862.29) from ANOVA Table.  This  Table 
shows  that  no  significant  differences  between  the  amounts  of  gas  detection  at  the  different 
incubation time intervals under the effects of Cd concentrations. Similar conclusion was drown by 
the Table 18 which shows the statistical analysis carried out on the Gödöllő soil samples of 30% 
WFPS and contaminated with different concentrations of Cd and incubated at 15°C. The LSD0.05 

was 14493.66.  Other statistical  determinants were found in the (Figure A-25),  e.g.,  the CV% 
values show an increasing with the increasing the concentrations of Cd. (Figure 25) illustrates the 
impacts of Cd doses on the emission rates of CO2 from Gödöllő soil samples. It was found that the 
amounts of gas emissions were increased up to the 16th day of the incubation in Cd free soil 
microcosms and in 6 mg Cd contaminated soil samples in the microcosms and then decreased. 
While at 12 and 24 mg Cd contaminated soil samples the maximum emission rates were found at 
9th day of incubation  and then the gas  flux started to  decrease.  Also,  it  can be  seen  that  by 
increasing the Cd contamination in the soil samples the rate of emission decreased. Generally, 
under similar conditions it was found that the amounts of gas emissions from Keszthely were 
lower than emitted from  Gödöllő. But in case of Pb contaminations, it was found that the gas 
emissions increased with incubation time in Keszthely (Figure 26) contaminated soil samples and 
gave maximum emission rates of CO2 at 20th day of incubation and then decreased. The emission 
rates were depended on the doses of Pb contaminated the soil samples. (Figure A-26) indicates the 
linear  regressions of the gas emitted during the incubation time under  different  contaminated 
concentrations of Pb and also some statistical calculations to distinguish between the ecological 
factors  influencing  the  gas  emissions.  Table  19  demonstrates  the  ANOVA test  and  gave  the 
LSD0.05 (14811.26). However, the Table indicates that gas emission rates had positive significant 
differences between the Pb free soil samples and the Pb contaminated soil samples. However, the 
results of the microcosms of Gödöllő soil samples are shown in (Figure 27) which demonstrates 
the detected amounts of CO2 detected during 32 days of incubation. It was found that maximum 
emission rates were 147338.9  µg l-1 at 9th day of incubation in Pb free control microcosms and 
146862.4 µg l-1, 148249.9 µg l-1 at 16th day of incubation under the effects of 40 and 80 mg Pb, but 
it was 158428.4 µg l-1 at 21st day under the impacts of 160 mg Pb. (Figure A-27) indicates the 
linear  regressions of the gas emitted during the incubation time under  different  contaminated 
concentrations of Pb and also some statistical calculations to distinguish between the ecological 
factors  influencing  the  gas  emissions.  Table  20  demonstrates  the  ANOVA test  and  gave  the 
LSD0.05 (3006.36). The Table indicates only positive significant differences at 21st, 26th and 32nd 

day of incubation under the impacts of 160 mg of Pb, and negative significant differences at 9th 



under the effect of 80 and 160 mg Pb and 12th day under the stress of 160 mg of Pb. The amounts 
of gas emitted from Gödöllő soil samples were higher than those emitted from Keszthely soil 
samples.
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Fig. 24 Carbon dioxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 30% 
WFPS treated with different concentrations of Cd and incubated at 15°C
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Fig. 25. Carbon dioxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 30% 
WFPS treated with different concentrations of Cd and incubated at 15°C

Control
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LSD0.05 = 14493.66
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Fig. 26. Carbon dioxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 30% 
WFPS treated with different concentrations of Pb and incubated at 15°C

Control
40 mg/kg
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LSD0.05 = 14811.26
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Fig. 27. Carbon dioxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 30% 
WFPS treated with different concentrations of Pb and incubated at 15°C

Control
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LSD0.05 = 30061.36



Table (17) Calculations of the variance analysis of emission of CO2 from Cd treated Keszthely soil 
with 30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 108 107 68925768968 644166065.1
Replications 3 2 5545272063 2772636032 8.455275 8365.702 11795.64
Treatment 36 35 40426243600 1155035531 3.522331 28979.64 40861.29
Time (A) 9 8 26327658863 3290957358 10.03592 14489.82 20430.65
Concentration (B) 4 3 12277443715 4092481238 12.48020 9659.880 13620.43
Cadmium (C) 1 0 0 9659.880 13620.43
A×B 24 1821141022 75880875.91 0.231402 28979.64 40861.29
A×C 0 0 14489.82 20430.65
B×C 0 0 9659.880 13620.43
A×B×C 0 -0.00012207 28979.64 40861.29
Error 70 22954253305 327917904.4

Accuracy of the experiment = 75.9355 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Cd treated Keszthely soil with 30% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 39069.09 40886.84 42448.98 36878.2865
5 62941.05 63436.12 61583.14 48798.7320
8 77093.29 79053.21 76858.78 56772.5069
12 91367.11 94386.39 94421.95 65297.4463
15 91750.44 93524.65 97673.01 62239.7472
20 97440.74 98197.78 100183.3 67667.9452
24 93691.52 96009.46 96849.29 62639.5892
28 87659.00 89159.42 89777.44 58328.5030
32 78876.88 80966.34 82069.77 53001.2685

20430.65 0

LSD 0.05 13620.43 40861.29
F 12.4802 3.5223

No significant differences



Table (18) Calculations of the variance analysis of emission of CO2 from Cd treated Gödöllő soil 
with 30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 96 95 2.55E+11 2.69E+09
Replications 3 2 648318.70 324159.4 0.007857 3147.347 4437.760
Treatment 32 31 2.53E+11 8.15E+09 197.4431 10279.19 14493.66
Time (A) 8 7 2.02E+11 2.88E+10 697.9163 5139.597 7246.832
Concentration (B) 4 3 2.99E+10 9.98E+09 241.9461 3634.244 5124.284
Cadmium (C) 1 0 0 3634.244 5124.284
A×B 21 2.1E+10 1E+09 24.26107 10279.19 14493.66
A×C 0 0 5139.597 7246.832
B×C 0 0 3634.244 5124.284
A×B×C 0 -0.0002 10279.19 14493.66
Error 62 2.56E+09 41256959

Accuracy of the experiment = 93.2651 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Cd treated Gödöllő soil with 30% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 36371.66 28698.32 29582.94 25436.55
5 56911.12 46922.09 39058.68 36870.41
9 260672.2 187918.2 146871.0 122994.4
12 181234.2 135378.2 115174.5 111511.7
16 138682.0 128163.6 106550.4 99066.57
21 119076.0 98783.24 90779.13 90030.91
26 100444.5 85340.41 77229.23 69709.48
32 88296.66 76145.85 66756.63 55203.60

7246.832 0

LSD 0.05 5124.284 14493.66
F 241.9461 197.4431

No significant differences



Table (19) Calculations of the variance analysis of emission of CO2 from Pb treated Keszthely soil 
with 30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 108 107 4.8E+10 4.49E+08
Replications 3 2 4.5E+08 2.25E+08 5.216791 3032.371 4275.643
Treatment 36 35 4.45E+10 1.27E+09 29.53026 10504.44 14811.26
Time (A) 9 8 2.78E+10 3.47E+09 80.52536 5252.220 7405.630
Concentration (B) 4 3 1.44E+10 4.78E+09 111.0355 3501.480 4937.087
Lead (C) 1 0 0 3501.480 4937.087
A×B 24 2.42E+09 1.01E+08 2.343736 10504.44 14811.26
A×C 0 0 5252.220 7405.630
B×C 0 0 3501.480 4937.087
A×B×C 0 -0.00024 10504.44 14811.26
Error 70 3.02E+09 43084883

Accuracy of the experiment = 93.1888 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Pb treated Keszthely soil with 30% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 39069.09 53878.19 63253.57 83390.39
5 62941.05 78446.08 87074.66 111278.1
8 77093.29 97631.69 103537.1 123455.7
12 91367.11 111066.3 114578.1 130891.6
15 91750.44 109864.1 112005.7 127071.7
20 97440.74 111148.7 113145.6 124783.5
24 93691.52 105813.2 105848.2 114165.1
28 87659.00 97818.48 97857.49 103970.5
32 78876.88 86978.91 87968.61 92473.64

7405.63 0

LSD 0.05 4937.0870 14811.26
F 111.0355 29.5303

The bold numbers are significantly positive with the controls



4.6.2. EXPERIMENT 7: AT LOW TEMPERATURE AND HIGH SOIL MOISTURE CONTENT

The experiment was conducted to measure the amount of CO2 emission from two heavy 
metals contaminated soil samples with different concentrations of Cd and Pb in microcosms of 
high moisture regime (60% WFPS) and incubated at low temperature (15°C).

In case of Cd contamination, (Figure 28) shows the detected amount of CO2 emitted from 
the microcosms of Keszthely soil samples contaminated by 6, 12 and 24 mg Cd kg-1 soil. It was 
found that the maximum emission rate (84469.68 µg l-1) of the gas was detected at Cd free soil 
samples (control) at the 8th day of incubation, and on the same day, the maximum emission rate 
(130010.3245 µg l-1) of the gas was detected under the effect of 24 mg Cd. While the maximum 
emission  rates  under  the  effects  of  6  and  12  mg  Cd  were  103082.3  and  116200.6  µg  l-1, 
respectively at the 15th day of incubation. (Figure 28) illustrates that the rates of emissions were 
increased  by  increasing  the  dose  of  Cd contamination  up  to  29th day  of  incubation  the  then 
decreased.  It  should be noted that the control  soil  samples did not emit  CO2 with significant 
differences throughout the incubation period.

(Figure A-28) illustrates the linear regressions of the detected amounts of CO2 during the 
incubation time and some statistical determinants e.g.,  CV% values which increased with the 
increases  of  the  doses  of  heavy metal  contamination.  Table  21  shows the  ANOVA test  and 
statistical  analysis  of  the  experiment,  e.g.,  the  LSD0.05 value  (33504.49)  and  the  positive 
significant differences of the detected amounts of gas at 24 mg Cd during the incubation time 
except at the 3rd day. Also the result showed the positive significant differences of the detected 
amounts of gas at 12 mg Cd during the incubation time except at the 3rd, 5th and 29th day. While 
under the stress of 6 mg Cd, the result indicated no significant differences during the incubation 
except negative significant differences at the 31st and 33rd day.

Table 22 shows the statistical analysis of the emission of CO2 from Cd treated soil sample of 
Gödöllő with 60% WFPS contaminated with different concentrations of Cd. The Table indicated 
no significant differences between the emission rates of gas emitted from control and microcosms 
of contaminated soil. The LSD0.05 was 107486.8.

(Figure  29)  illustrates  that  maximum  emission  rates  were  found  at  the  15th day  of 
incubation.  The emission rates  were increased with increasing the dose of Cd contamination. 
(Figure 29) illustrates the statistical calculations and linear regressions of the detected mounts of 
gas at different concentration of Cd that contaminate the Gödöllő soil samples. Table 22 indicate 
that the LSD0.05 was 107486.8 and no  significant differences between the emission rates of gas 
emitted from control and microcosms of contaminated soil. In conclusion, the emission rates of 
gas  emitted  from  Gödöllő  soil  samples  were  more  than  those  emitted  from  Keszthely  Cd 
contaminated soil samples.

In the case of Pb contamination,  it  was observed that the gas emissions increased with 
increasing  dose  of  contamination  in  Keszthely  (Figure  30)  with  Pb.  The  Figure  shows  the 
maximum emission  rates  of  CO2 at  15th day  of  incubation  at  metal  free  soil.  The maximum 
emission rates of contaminated soil were found at 19th day of incubation. The lowest emission 
rates  were  detected  at  33rd of  incubation  time  interval  of  Pb  contamination.  (Figure  A-30) 
indicates  the  linear  regressions  of  the gas emitted during  the incubation time under  different 
contaminated concentrations of Pb and also some statistical calculations to distinguish between 
the ecological factors influencing the gas emissions. Table 23 demonstrates the ANOVA test and 
gave the LSD0.05 (6226.215). However, the Table indicates that gas emission rates had positive 
significant differences between the Pb free soil samples and the 160 mg Pb contaminated soil 
samples during the incubation intervals except at 3rd day. Under the effects of 80 mg of Pb, the 
emissions were positive significant differences during the incubation intervals except at 3rd, 5th, 8th 

and 15th day.  At  6 mg Pb contamination,  there was no significant  differences  throughout  the 
incubation time except positive significant differences were detected at 19th, 26th, 29th, 31st, and 
33rd day.

But  in  case  of  microcosms  of  Pb  contaminated  Gödöllő  soil  samples,  (Figure  31) 
demonstrates the amounts of CO2 detected during 32 days of incubation. It was found that the CO2 

emissions were increased to reach  maximum emission rates 234779.7, 240059.8, 261109.7 and 



277424 µg l-1 at 17th day of incubation in Pb free control microcosms and 40, 80 mg and 160 mg 
Pb contaminated doses,  respectively.  (Figure A-31) indicates the linear regressions of the gas 
emitted during the incubation time under different contaminated concentrations of Pb and also 
some statistical  calculations  to  distinguish  between the  ecological  factors  influencing  the  gas 
emissions. Table 24 demonstrates the ANOVA test and gave the LSD0.05 (16694.49). The Table 
indicates only positive significant differences under the effect of 160 mg Pb during the incubation 
period except at 3rd and 4th day of incubation and under the impacts of 80 mg of Pb, except at 3rd, 
4th, 5th and 9th day. Under the impacts of 40 mg Pb, no significant differences except at 20 th day 
which had positive significant difference. The amounts of gas emitted from Gödöllő soil samples 
were higher than those emitted from Keszthely soil samples.
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Fig. 28. Carbon dioxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Cd and incubated at 15°C
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LSD0.05 = 33504.49
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Fig. 29. Carbon dioxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 60% 
WFPS treated with different concentrations of Cd and incubated at 15°C

Control
6 mg/kg
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LSD0.05 = 107486.8
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Fig. 30. Carbon dioxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Pb and incubated at 15°C

Control
40 mg/kg
80 mg/kg
160 mg/kg

LSD0.05 = 6226.215



Table (20) Calculations of the variance analysis of emission of CO2 from Pb treated Gödöllő soil 
with 30% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 96 95 2.29E+11 2.41E+09
Replications 3 2 65338238 32669119 0.184068 6527.926 9204.375
Treatment 32 31 2.18E+11 7.03E+09 39.60273 21320.12 30061.36
Time (A) 8 7 1.82E+11 2.6E+10 146.631 10660.06 15030.68
Concentration (B) 4 3 7.69E+08 2.56E+08 1.443575 7537.799 10628.30
Lead (C) 1 0 0 7537.799 10628.30
A×B 21 3.5E+10 1.66E+09 9.377934 21320.12 30061.36
A×C 0 0 10660.06 15030.68
B×C 0 0 7537.799 10628.30
A×B×C 0 -0.00024 21320.12 30061.36
Error 62 1.1E+10 1.77E+08

Accuracy of the experiment = 86.4418 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Pb treated Gödöllő soil with 30% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 26371.66 26482.24 25036.24 24942.73
5 43911.12 32844.79 20432.72 20884.24
9 147338.9 118435.9 61727.66 46940.2
12 132234.2 130210.7 107517.6 88002.28
16 128682.0 146862.4 148249.9 156143.1
21 119076.0 139281.3 142913.4 158428.4
26 103777.8 122374.1 131996.2 150260.9
32 88296.66 102256.9 117588.8 134819.8

15030.68 0

LSD 0.05 10628.3 30061.36
F 1.4436 39.6027

The shadow numbers are significantly negative with the controls 
The bold numbers are significantly positive with the controls



Table (21) Calculations of the variance analysis of emission of CO2 from Cd treated Keszthely soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 156 155 82156681278 530043105
Replications 3 2 4475863757 2237931878 10.15079 5707.460 8047.519
Treatment 52 51 55193006574 1082215815 4.908704 23762.05 33504.49
Time (A) 13 12 16293059064 1357754922 6.158492 11881.03 16752.25
Concentration (B) 4 3 35643963993 11881321331 53.89118 6590.408 9292.475
Cadmium (C) 1 0 0 6590.408 9292.475
A×B 36 3255983517 90443986.58 0.410235 23762.05 33504.49
A×C 0 0 11881.03 16752.25
B×C 0 0 6590.408 9292.475
A×B×C 0 0 23762.05 33504.49
Error 102 22487810947 220468734.8

Accuracy of the experiment = 84.1723 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Cd treated Keszthely soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 69331.50 70813.25 82626.78 101234.4957
5 78145.45 81829.88 100621.5 123774.5693
8 84469.68 96766.35 112186.6 130010.3245
12 78253.47 99672.64 113703.3 129487.8122
15 76970.76 103082.3 116200.6 127725.9451
17 73957.49 101125.8 111875.7 121631.1606
19 73833.50 99275.24 111423.6 117972.2758
22 70159.99 94942.41 106687.0 115251.9348
24 69420.22 94736.69 104708.9 109382.7604
26 67100.90 93640.70 101413.1 104540.7114
29 62963.28 86455.41 90416.98 98998.7443
31 62579.01 79840.56 84758.08 92899.2380
33 62091.27 69247.40 79219.3 88736.7138

16752.25 0

LSD 0.05 9292.475 33504.49
F 53.89118 4.9087

The bold numbers are significantly positive with the controls



Table (22) Calculations of the variance analysis of emission of CO2 from Cd treated Gödöllő soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 180 179 1.16501E+12 6508432235
Replications 3 2 77570398219 38785199109 17.09288 17045.93 24034.77
Treatment 60 59 8.19687E+11 13892999095 6.122732 76231.74 107486.8
Time (A) 15 14 6.56669E+11 46904893902 20.67128 38115.87 53743.38
Concentration (B) 4 3 1.13758E+11 37919287268 16.71127 19682.95 27752.96
Cadmium (C) 1 0 0 19682.95 27752.96
A×B 42 49260570178 1172870719 0.5169 76231.74 107486.8
A×C 0 0 38115.87 53743.38
B×C 0 0 19682.95 27752.96
A×B×C 0 0 76231.74 107486.8
Error 118 2.67752E+11 2269084960

Accuracy of the experiment = 72.8004 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Cd treated Gödöllő soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

3 29956.55 37101.83 39491.47 33386.2608
4 48989.33 79471.72 69337.18 43491.5080
5 97973.67 100912.1 123676.6 55369.1600
6 128448.0 150312.9 176994.8 111854.7768
7 146793.4 184798.4 216500.9 206214.7484
9 152337.8 201857.4 234860.9 238621.7045
13 165219.5 221150.9 251219.4 253779.8302
15 168115.7 227130.0 251660.1 258244.5774
17 163492.9 224443.0 249452.2 253069.8246
20 158870.6 221949.7 241260.8 247393.2812
22 160007.7 222243.4 241320.8 243218.3348
24 152596.0 217464.8 237390.7 234974.5614
28 143047.2 211205.1 223583.0 214493.3200
30 144723.5 206594.7 218391.1 219284.8049
32 136916.4 197254.7 211690.6 206253.2267

53743.38 0

LSD 0.05 27752.96 107486.8
F 16.7113 6.1227

No significant differences



Table (23) Calculations of the variance analysis of emission of CO2 from Pb treated Keszthely soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 156 155 4.95E+10 3.2E+08
Replications 3 2 24956910 12478455 1.638973 1060.630 1495.488
Treatment 52 51 4.87E+10 9.55E+08 125.4915 4415.755 6226.215
Time (A) 13 12 4.31E+10 3.59E+09 472.0991 2207.878 3113.107
Concentration (B) 4 3 4.79E+09 1.6E+09 209.8623 1224.710 1726.841
Lead (C) 1 0 0 1224.710 1726.841
A×B 36 8.02E+08 22268220 2.924802 4415.755 6226.215
A×C 0 0 2207.878 3113.107
B×C 0 0 1224.710 1726.841
A×B×C 0 0.000244 4415.755 6226.215
Error 102 7.77E+08 7613583

Accuracy of the experiment = 96.9214 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Pb treated Keszthely soil with 60% WFPS 
at incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 59813.25 61416.12 63715.24 65051.50
5 78496.55 81603.61 84069.93 88279.92
8 92099.69 94732.22 97526.58 105954.1
12 97339.31 101649.0 105185.9 109272.6
15 103082.3 106444.6 108923.7 111854.1
17 101125.8 105757.9 112280.6 120060.5
19 100941.9 108021.9 115391.9 122568.2
22 94942.41 100017.6 102693.6 109088.3
24 85070.03 91148.61 96184.56 100708.5
26 67640.70 77735.81 88432.31 92430.31
29 66247.40 76037.76 79519.04 89297.08
31 60840.56 70280.49 72621.35 76190.93
33 58455.41 63833.22 66924.33 71640.60

3113.107 0

LSD 0.05 1726.841 6226.215
F 209.8623 125.4915

The bold numbers are significantly positive with the controls



4.6.3. EXPERIMENT 8: AT HIGH TEMPERATURE AND HIGH SOIL MOISTURE CONTENT

The experiment was designed to determine the amount of CO2 emission from two heavy 
metals  contaminated  Keszthely  soil  samples  with  different  concentrations  of  Cd  and  Pb  in 
microcosms of low moisture regime (60% WFPS) and incubated at low temperature (37°C).

(Figure  32)  illustrates  the  effects  of  Cd  concentrations  on  the  emission  of  CO2 from 
Keszthely soil samples. It was found that the emission of the gas was increased by increases the 
doses of soil contamination. Maximum emission rates were 306224.2 µg l-1 from soil free metal at 
15th day of incubation, while in Cd contaminated soil, the emissions were 328704.6, 380801.5 and 
388406.2154 µg l-1 at 17th day of incubation. (Figure A-32) shows the linear regressions of the gas 
emitted during the incubation time under different contaminated concentrations of Pb and also 
some statistical  calculations  to  distinguish  between the  ecological  factors  influencing  the  gas 
emissions.  Table 25  demonstrates the ANOVA table and gave the LSD0.05 (38878.62). Also, it 
shows positive significant differences during the incubation time under the effects of 24 mg Cd 
contamination. But under the effect of 12 mg Cd treated soil, the emissions at 2nd and 7th day had 
no significant differences and the rest of time intervals had the positive significant differences.

(Figure 33) demonstrates the effects of Pb on the emissions of CO2 from Keszthely soil 
samples. It was found that at 17th day of incubation, maximum rates of emissions were detected. 
The gas fluxes increased by increases the dose of contamination. (Figure A-33) shows the linear 
regressions  of  the  gas  emitted  during  the  incubation  time  under  different  contaminated 
concentrations of Pb and also some statistical calculations to distinguish between the ecological 
factors  influencing the gas emissions.  Table 26 demonstrates the ANOVA table and gave the 
LSD0.05 (39495.83).  Also,  it  shows positive  significant  differences  during the  incubation  time 
under the effects of 160 mg Pb contamination. While no significant differences under the effect of 
40mg Pb. It was concluded that gas emissions from Keszthely soil samples contaminated Pb were 
higher than emitted from soil samples contaminated with Cd.
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Fig. 31. Carbon dioxide amounts detected in microcosm containing brown forest clay loam soil (Gödöllő) of 60% 
WFPS treated with different concentrations of Pb and incubated at 15°C
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LSD0.05 = 16694.49
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Fig. 32. Carbon dioxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Cd and incubated at 37°C

Control
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24 mg/kg

LSD0.05 = 38878.62
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Fig. 33. Carbon dioxide amounts detected in microcosm containing Ramann’s brown forest soil (Keszthely) of 60% 
WFPS treated with different concentrations of Pb and incubated at 37°C

Control
40 mg/kg
80 mg/kg
160 mg/kg

LSD0.05 = 30495.83



Table (24) Calculations of the variance analysis of emission of CO2 from Pb treated Gödöllő soil 
with 60% WFPS at incubation temperature 15°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 180 179 6.07E+11 3.39E+09
Replications 3 2 1.84E+08 92106514 1.682686 2647.519 3733.001
Treatment 60 59 6E+11 1.02E+10 185.8021 11840.06 16694.49
Time (A) 15 14 5.39E+11 3.85E+10 703.3157 5920.032 8347.244
Concentration (B) 4 3 4.59E+10 1.53E+10 279.7753 3057.091 4310.499
Lead (C) 1 0 0 3057.091 4310.499
A×B 42 1.51E+10 3.6E+08 6.585219 11840.06 16694.49
A×C 0 0 5920.032 8347.244
B×C 0 0 3057.091 4310.499
A×B×C 0 0 11840.06 16694.49
Error 118 6.46E+09 54737776

Accuracy of the experiment = 95.5769 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Pb treated Gödöllő soil with 60% WFPS at 
incubation temperature 15°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

3 44231.86 47924.17 55768.50 60911.34
4 71559.48 77809.04 81805.05 87526.1
5 89588.51 94817.61 100912.1 109164.8
6 129669.2 143329.6 150312.9 155983.1
7 163519.8 169612.7 184798.4 195476.5
9 185814.8 193033.9 201857.4 206660.0
13 198302.2 208210.2 221150.9 228589.2
15 218095.8 231332.5 241463.4 257252.9
17 234779.7 240059.8 261109.7 277424.0
20 178390.4 195499.3 221949.7 236872.9
22 174590.5 185459.0 195000.8 222243.4
24 159256.4 174123.8 179098.6 217464.8
28 145843.7 156350.1 166520.2 211205.1
30 124642.6 133926.9 153341.7 206594.7
32 112652.4 120569.0 147488.0 197254.7

8347.244 0

LSD 0.05 4310.499 16694.49
F 279.7753 185.8021

The bold numbers are significantly positive with the controls



Table (25) Calculations of the variance analysis of emission of CO2 from Cd treated Keszthely soil 
with 60% WFPS at incubation temperature 37°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 108 107 2.93698E+11 2.74E+09
Replications 3 2 309881798.7 1.55E+08 0.5219 7959.780 11223.29
Treatment 36 35 2.72608E+11 7.79E+09 26.2366 27573.49 38878.62
Time (A) 9 8 1.66497E+11 2.08E+10 70.1057 13786.74 19439.31
Concentration (B) 4 3 91787198704 3.06E+10 103.0619 9191.163 12959.54
Cadmium (C) 1 0 0 9191.163 12959.54
A×B 24 14323670694 5.97E+08 2.0104 27573.49 38878.62
A×C 0 0 13786.74 19439.31
B×C 0 0 9191.163 12959.54
A×B×C 0 0 27573.49 38878.62
Error 70 20780718898 2.97E+08

Accuracy of the experiment = 94.1444 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Cd treated Keszthely soil with 60% WFPS 
at incubation temperature 37°C

Time 
(Days) Control 6 mg/kg 12 mg/kg 24 mg/kg LSD 0.05 F

2 193590.1 217172.5 226478.3 251571.4000
4 219045.9 234530.0 267991.4 271151.4943
7 276315.5 289085.8 312105.7 315726.6417
10 294288.1 302276.2 337961.8 346641.0197
15 306224.2 323965.4 366805.4 383097.1163
17 272326.8 328704.6 380801.5 388406.2154
22 261991.8 301341.0 327563.7 346710.3424
24 232668.6 293296.3 313677.4 340069.1878
31 211606.9 268243.0 270745.8 318695.3148

19439.31 0

LSD 0.05 12959.54 38878.62
F 103.0619 26.2366

The bold numbers are significantly positive with the controls



Table (26) Calculations of the variance analysis of emission of CO2 from Pb treated Keszthely 
soil with 60% WFPS at incubation temperature 37°C

Table of Variation F Interaction
Source of Variation n FG SQ MQ F SD 0.05 LSD 0.05

Total 108 107 3.45E+11 3.22E+09
Replications 3 2 1.4E+08 69973126 0.228396 8086.144 11401.46
Treatment 36 35 3.23E+11 9.24E+09 30.15351 28011.23 39495.83
Time (A) 9 8 2.29E+11 2.86E+10 93.38738 14005.61 19747.91
Concentration (B) 4 3 8.22E+10 2.74E+10 89.40284 9337.075 13165.28
Lead (C) 1 0 0 9337.075 13165.28
A×B 24 1.23E+10 5.11E+08 1.6694 28011.23 39495.83
A×C 0 0 14005.61 19747.91
B×C 0 0 9337.075 13165.28
A×B×C 0 0 28011.23 39495.83
Error 70 2.14E+10 3.06E+08

Accuracy of the experiment = 94.1668 %, t 0.05 = 1.96

Calculations of statistical analysis of emission of CO2 from Pb treated Keszthely soil with 60% 
WFPS at incubation temperature 37°C

Time 
(Days) Control 40 mg/kg 80 mg/kg 160 mg/kg LSD 0.05 F

2 182172.2 216191.0 248238.1 252241.7
4 219317.8 245055.7 261151.5 276917.9
7 229450.7 258296.4 290060.0 328487.0
10 306023.3 318274.7 319974.4 348533.7
15 333175.1 342117.1 349763.8 381800.7
17 340987.7 355918.5 368406.2 404947.9
22 293436.0 305096.7 346710.3 372114.1
24 278669.7 289745.4 330069.2 365223.5
31 213247.8 234922.8 265362.0 330250.4

19747.91 0

LSD 0.05 13165.28 39495.83
F 89.40284 30.1535

The bold numbers are significantly positive with the controls



5. DISCUSSION

Because of the harmful impact on the environment, there was an international agreement 
that the emissions of GHGs, including CO2, CH4 and NOx must be limited (UN, 1997). The 
Intergovernmental  Panel  on  Climate  Change  (IPCC)  has  been  established  by  the  World 
Meteorological  Organization  (WMO)  and  the  United  Nations  Environment  Programme 
(UNEP)  to  assess  scientific,  technical  and  socio-economic  information  relevant  for  the  
understanding  of  climate  change,  its  potential  impacts  and  options  for  adaptation  and 
mitigation (IPCC,  2004).  The United  Nations  Framework  Convention  on Climate  Change 
(UNFCCC)  was  negotiated  in  1992  (UNFCCC,  1992).  The  UNFCC  postulated  the 
stabilization  of  the  GHG  concentration  in  the  atmosphere  at  a  level  that  would  prevent  
dangerous  anthropogenic  interference  with  the  climate  systems (UNFCCC,  1992).  At  the 
Conference of the Parties to the UNFCCC in Kyoto in 1997, the basis was established to pass 
a  law.  In  the  Kyoto  Protocol,  the  developed  countries  committed  to  reduce  the  overall 
emissions of the main GHGs in the period from 2008 to 2012 under the level of the 1990 
(UNFCCC, 2004a). The government in Germany plans a reduction of emissions of about 21% 
compared to the 1990, while a reduction of 19% was achieved in 2004 (BUNDESREGIERUNG, 
2004b). This equals a reduction of overall N emissions from about 1100000 t−1 yr−1 in 1985 to 
about 700000 t−1 yr−1 in 2000 (BUNDESREGIERUNG,  2004a). The entry into force of the Kyoto 
Protocol was discussed at the 10th Session of the Conference of the Parties to the UNFCCC in 
Buenos Aires (2004). The Kyoto Protocol is scheduled to enter into force on February 16, 
2005 (BUNDESREGIERUNG, 2004c).

Agriculture accounts for approximately half of the anthropogenic N2O emission in the 
EU (UNFCCC, 1998). On a global scale, 47% of N2O emissions (IPCC, 2001) come from 
anthropogenic sources, particularly from the agricultural N cycle (MOSIER et al., 1998). The 
N2O emissions caused by human activities are mainly due to tillage (44%) and fertilization 
(22%) on agricultural soils, followed by burning of biomass (9%) and fossil fuels (10%). The 
chemical  production  contributes  15%  to  the  N2O  emissions.  The  high  emissions  from 
agricultural soils are mainly caused by the application of N fertilizer, which is transformed by 
nitrification and denitrification into N2O.

In the last 150 years, the atmospheric CO2 concentration has increased by approximately 
33% due to human activity, and is predicted to continue to rise by 0.4% per year (ALLEY et al., 
2007). A continued rise in CO2 may stimulate plant biomass production as well as root growth 
when sufficient mineral nutrients are available (CURTIS & WANG, 1998; GHANNOUM et al., 2000). 
This could result in greater C inputs into the soil due to higher rates of plant litter-fall, root 
turnover and rhizo-deposition (ROGERS et al., 1994;  COTRUFO &  GORISSEN, 1997;  SADOWSKY & 
SCHORTEMEYER, 1997; DELUCIA et al., 1999) as well as alterations in the chemical composition 
of plant tissues (e.g. higher C/N ratio) and root exudates (COTRUFO et al., 1994; JONGEN et al., 
1995; SCHORTEMEYER et al., 1996).

Amendments  of  plant  residue  enhanced  both  N2O and  CO2 emissions,  which  is  in 
accordance with the results from AULAKH et al. (1991) and FLESSA & BEESE (1995). Most soil 
microorganisms get their energy and substance from organic materials. N mineralization and 
the following transformation, i.e. nitrification and denitrification whereby N2O is produced as 
an immediate product, are intimately linked to the organic carbon decomposition. Since the 
responsible microorganisms operate under various optimum conditions it is generally assumed 
that nitrification is the predominant N2O producing process under moderately moist and that 
denitrification  is  the  predominant  process  under  wet  conditions  when NH4

+ and  NO3
- are 

available in soil (CONRAD,  1996a;  BOUWMAN,  1998). In our study there were conditions that 
should have been favorable for nitrification: moderately moist soil samples (water content of 
30% WFPS).  However,  the  relationships  between emissions  of  N2O and  CO2,  as  well  as 
between N2O emissions and DOC implied that denitrification might be a candidate for the 
active mechanism. GROFFMAN & CRAWFORD (2003) reported that denitrification enzyme activity 
was highly correlated with soil respiration.



Nitrous Oxide is potentially agriculture’s greatest contributor to the GHG Problem. N2O 
is a serious pollutant, implicated in virtually all current environmental problems (e.g. acid rain, 
GH effect, O3 depletion). N2O causes golobal warming and stratospheric O3 depletion. Model 
calculations suggest that atmospheric N2O may approach a value ranging from 354 to 460 ppb 
by  2100,  compared  with  the  present  concentration  of  316  ppb  (IPCC,  2001a).  Annual 
anthropogenic N2O emissions to the atmosphere are estimated to be 3–8 Tg N and recent 
estimates suggest that agricultural systems impart a large portion of anthropogenic emissions 
(MOSIER & KROEZE, 1998).

There are numerous agricultural practices that can influence the rate of CO2, N2O and 
NO fluxes from agricultural soils (KINNEY, 2002), however, only some of these influences can 
be investigated with soil incubation experiments. The gas emission depends on factors such as 
type of fertilizer and soil moisture (PATHAK & NEDWELL, 2001). The range of N2O production 
rates observed in this study is similar to those observed by others in fertilized soil incubation 
experiments (PARTON et al., 1988a,b; PATHAK & NEDWELL, 2001).

5.1. EFFECT OF HEAVY METALS ON THE SOIL RESPIRATION AND MICROBIAL CONTENT

Sludge  application  increased  soil  metal  concentrations  up  to  current  limits  with  the 
exception of Cd which was three to five times the maximum limit. However, in other studies 
with the same soils there were no effects of metal concentration on respiration rate. Therefore, 
the  respiration  rate  per  unit  weight  of  biomass  was  considerably  greater  in  the  metal-
contaminated  soil.  The  gradual  increase  in  atmospheric  CO2 concentration  and  potential 
climatic changes are likely to affect plant, soil and ecosystem processes, including C flux from 
plants to soil and from soil to atmosphere.

Soil microorganisms are the key processors of SOM and heavily rely on organic carbon 
supply for their growth. Any change in the amount and/or composition of plant material input 
into the soil in response to elevated CO2 is therefore likely to affect soil microbial growth and 
metabolism of plant-derived substrates, and consequently C and N cycling in soils (ZAK et al., 
1993).

Heavy  metal  pollution  in  agricultural  land  has  a  major  influence  on  soil  microbial 
processes. The soil pollution causes a decrease in microbial populations and increases the soil 
respiration rate, and there was also a remarkable change in microbial community structure of 
the  heavy  metal  amended  soil.  Soil  microorganisms,  the  living  component  of  SOM,  are 
responsible for mineralization of nutrients, decomposition, and degradation or transformation 
of toxic compounds. Being a labile fraction of SOM, the microbial biomass can be a useful 
early indicator of change and future trends and can reflect organic matter changes and soil 
development.  In contrast, an increase in CO2-production after adding Pb and Cd to the soil 
was observed. These observations were confirmed by CHANDER & BROOKES (1991) who found 
that  more  CO2-production  was  evolved  per  unit  biomass  C  in  soils  amended  with 
contaminated sewage sludge.

In the present study, it was found that an increase in soil respiration rate in cultivated 
and uncultivated brown forest soil samples contaminated with Cd, Co and Pb. These increases 
in the respiration rates were unspecifically in all contaminated soil samples in the first week of 
incubation. One reason for large increase in the soil respiration rate in these contaminated soil 
samples may be the need of living organisms to consume more energy to survive. This result 
is confirmed by CHANDER & BROOKES (1993) and BAYOUMI HAMUDA & KECSKÉS (2003).

However, there are some positive and negative interactions between metals upon their 
toxic effects on soil microorganisms in vitro. (BAYOUMI HAMUDA et al., 1996). One particular 
uncertainty is whether the toxic effects of combinations of metals are synergistic, additive, or 
antagonistic. There have been numerous reviews on the effect of metals on microorganisms 
(e.g., TREVORS et al., 1986, BAYOUMI HAMUDA et al., 1995) that have dealt mainly with in vitro 
studies of the biochemical and physiological mechanisms whereby metals exert their effects 
on microorganisms.



COOK &  ORCHARD (2008)  studied the interaction of soil  microbes with their  physical 
environment affects their abilities to respire, grow and divide. One of these environmental 
factors  is  the  amount  of soil  moisture.  The results  showed that  microbial  respiration  was 
linearly related to soil-water content and log-linearly related to water potential. The initial 
peak is due to the application of the work to studies on microbial processes. The second peak 
is associated with the rise of simulation modelling and the third with the relevance of the 
findings to climate change research.

The  available  fraction  or  soil  solution  containing  Pb,  Cd  and  Co  and  not  the  total 
concentration of the elements seem to be correlated well with the toxicity parameters (VIG et 
al., 2003). Different aspects of heavy metal toxicity towards microorganisms and microbial 
mediated processes in soil have been reviewed previously (e.g., BÅÅTH, 1989). These previous 
results are in accordance with the results found by DE HAAN et al. (1989) who reported that the 
supply of the mineralized C, N and P sources to soil SOM, the decomposition of the residues 
animals and plants and maintenance of soil structure all are depended upon the activities of 
microbial content in each ecosystem. Our results are also in agreement with investigation of 
HOSSAIN et  al.  (1995).  It  was  reported  that  P  and  N treatments  significantly  affected  soil 
microbial biomass C content. The N and P treatment increased biomass C content. Microbial 
specific respiratory activity was higher in the unfertilized treatments.  NANNIPIERI et al. (1990) 
stated  that  the  changes  in  CO2-release  were  related  to  glucose  concentrations  of  mineral 
nutrients. Higher initial rates of CO2-release were noted after the addition of P and glucose to 
N amended soil at C:P ratios greater than 30:1. Concerning heavy metal treatments (Pb, Cd 
and Co), the highest CO2-production was measured after the 1st week incubation followed by 
the  3rd and  6th week  respectively.  The  same  effect  was  found  at  counting  the  bacterial 
population in different ecosystems. It is also shown from such data presented in Figures 7 and 
9  that  heavy  metals,  Pb,  Cd  and  Co  have  significant  effect  on  CO2-production  of  tested 
uncultivated and wheat cultivated soil at different incubation periods (1st week, 3rd week, and 
6th week). It can be observed that the methods used for evolution of CO2-production (Figures 7 
and 9) and total aerobic bacterial counts (Figures 11 and 13) are both suitable to be indicators 
for detection of the soil contamination as well as an idea about the soil fertility. It is known 
that the microbial biomass plays an important role in mineral nutrition of soil.  BÅÅTH (1989) 
studied  the  effect  of  heavy  metals  in  soil  microbial  processes  and  populations.  Author 
established that the relative decreasing order toxicity of investigated metals incubation was Cd 
>Cu >Zn >Pb. These results were similar to our presented results in which our investigations 
showed that the relative toxicity of tested metals decreased in the order Cd >Co >Pb. On the 
other hand, our results on the microbial activities in an ecosystem treated with heavy metals is 
in accordance with the result of LEITA et al. (1995) who reported that the addition of Pb did not 
have any significant inhibitory effect on the level of microbial biomass C.

VAN DER HEIJDEN et al.  (2008) mentioned that soil microbes are important regulators of 
plant  productivity,  especially  in  nutrient  poor  ecosystems  where  plant  symbionts  are 
responsible for the acquisition of limiting nutrients. Mycorrhizal fungi and N2-fixing bacteria 
are responsible for 5–20% (grassland and savannah) to 80% (temperate and boreal forests) of 
all  N, and up to 75% of P, that is  acquired by plants annually.  Free-living microbes also 
strongly  regulate  plant  productivity,  through  the  mineralization  of,  and  competition  for, 
nutrients  that  sustain  plant  productivity.  Soil  microbes  play  key  roles  in  ecosystems  and 
influence  a  large  number  of important  ecosystem processes,  including nutrient  acquisition 
(SMITH & READ, 1997; SPRENT, 2001), N cycling (TIEDJE, 1988; KOWALCHUK & STEPHEN, 2001), C 
cycling (HOGBERG et al., 2001) and soil formation (RILLIG &  MUMMEY, 2006).  MORGAN et al. 
(2007) mentioned that risk assessment of metal-contaminated habitats based on responses in 
the field is complicated by the evolution of local, metal-resistant ecotypes. NADA et al. (1997) 
mentioned that in industrialized countries contamination of soil with a variety of heavy metals 
has become very common. Microorganisms connect the soil  and the plant,  and present an 
important indicator of change in soil biological activity and depending on the concentration 
and the parameters under investigation, as well as on the element applied. All tested elements 



reduced the total number of bacteria and fungi.  OLIVEIRA & PAMPULHA (2006) established that 
the  quantitative  analysis  of  soil  microbial  populations  shows  a  marked  decrease  in  total 
culturable numbers of the different microbial groups of the contaminated soil samples. Certain 
groups  of  soil  microbes  were  particularly  sensitive  to  long-term  contamination  (e.g., 
asymbiotic N2-fixers and heterotrophic bacteria).

This study is concerned with the effect of CNP and heavy metals  (Pb, Cd and Co) on 
CO2-production as well as bacteria populations of cultivated and uncultivated soils during one, 
three and six weeks incubation. After one week of incubation, the recovery of Pb, Cd and Co 
concentrations added to CNP treated cultivated soils was determined in the HNO3 soluble 
faction. Data presented in Figures 1–3 show that the addition of inorganic forms of Pb, Cd, 
and Co significantly increases the mobile (HNO3 soluble) fraction of these metals but after one 
week incubation their concentration does not reach the 100% recovery. It can be observed that 
the methods used for biomass, CO2-evolution and total bacteria number, are both suitable to be 
indicators  for  biomass  measurements  through  which  we  can  have  an  idea  about  the  soil 
fertility. It is known that microbial biomass plays an important role in mineral nutrition of soil. 
KÁTAI et al. (2005) realized that the maximum amount of CO2 production was found in the 
meadow chernozem, marshy meadow and brown forest soil, while the maximum amount of 
microbial biomass C was recorded in the meadow solonetz soil. VÁGÓ et al. (2005) found that 
the total number of microbes and the CO2 production slightly increased in both investigated 
soils compared to the control. The treatments significantly increased the microbial biomass 
values. The total number of bacteria in the typical meadow soil was 1.5-2 times higher than 
that in the calcareous chernozem soil.
These results were published in:

ALGAIDI et  al.  (2005):  Effect  of  heavy  metals  in  soil  microbial  processes  and 
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ALGAIDI et  al.  (2006): Impact  of lead,  cadmium, and cobalt  on soil  respiration and 
microbial  content under in vitro  conditions.  Proc.  VII.  Intern.  Ph.D. Students Conference. 
RNDr. M. Slábová, Ing. Z. Sýkorová (Eds.). 4th April 2006. University of South Bohemia, 
Faculty of Agriculture, České Budĕjovice, Czech Republic. pp.: 7-16. ISBN 
80-7040-847-2.

ALGAIDI et  al.  (2007):  A  szennyező  nehézfémsók  hatása  a  talajbaktériumok 
mennyiségére,  és  a  talajlégzésre  in  vitro körülmények között.  Agrokémia  és  Talajtan,  56: 
353-366.

5.2. FACTORS INFLUENCING TRACE GASES EMISSIONS

The rate and composition of nitrogenous gas production depend on many factors, e.g. on 
soil  temperature  and moisture  (MAHMOOD et  al.,  1998),  on the chemical  form of N in  the 
fertilizer (BERECZ et al., 2000; DEBRECZENI & BERECZ, 1998) and on the amount of available C 
(SIMARMATA et  al.,  1991).  The  emission  of  N2O  and  NO  from  soils  by  nitrification  and 
denitrification  processes  depends  not  only  on  environmental  and  agricultural  management 
factors, such as rain, temperature, fertilization, irrigation, and heavy metal accumulation, but 
also on soil properties such as pH, organic matter (OM) content, and particle size (SKIBA et al., 
1998; INUBUSHI et al., 2000; VENTEREA & ROLSTON, 2000; KHALIL et al., 2002).

Laboratory experiments described here were used to demonstrate that soil moisture, soil 
temperature and heavy metals  can influence  the production and net  fluxes of trace gases. 
These  studies  show  that  Cd  and  Pb  inhibit  N2O  and  NO  produced  by  nitrification  and 
denitrification, and that nitrification is the major source of N2O and NO at soil  moistures 
relevant to the site from where the soils were collected. In terms of N2O and NO production, 
nitrification was more sensitive to heavy metals application than denitrification. Furthermore, 
because a majority of NO production appears to occur from nitrification, heavy metals may be 
particularly effective at inhibiting NO emissions.



Soil aeration (SIMOJOKI & JAAKKOLA, 2000), N availability (BOUWMAN, 1996; DEL GROSSO et 
al.,  2000) and acidity (GRANLI &  BØCKMANN,  1994) have been identified  to  be key factors 
influencing exchange dynamics of N2O and NO between soils and the atmosphere. HOLLAND & 
LAMARQUE (1997) mentioned that the tropospheric and terrestrial N cycles are connected to one 
another through the emissions of NOx and NHx from soils and vegetation and the subsequent 
redeposition of these compounds and their  products elsewhere.  These connections play an 
important  role in  the Earth system influencing tropospheric concentrations of NOx,  ozone 
(O3), and CO2 Estimates of the biogenic sources of NOx, soil emissions and biomass burning, 
are amongst the most variable terms in the global budget of NOx and are eclipsed only by 
lightning.

Economic and energy budget analysis has to be done to verify the utility of agronomic 
impacts (JOLÁNKAI et al., 2007).  JOLANKAI & BIRKAS (2005) mentioned that the climate change 
phenomena may be related to the rise in atmospheric CO2. Long-term rise in atmospheric CO2 

highlights crop production regarding both adaptation and mitigation (JOLÁNKAI et al., 2005).
More  recent  findings  suggested  that  denitrification  can  occur  under  aerobic  soils. 

Though  conditions  in  our  incubation  study  might  be  favorable  for  nitrification,  soil 
amendment  with  heavy  metals  might  inhibit  microbial  growth  and  activity,  and  hence 
promoted O2 consumption that created temporary anaerobic micro-sites (SAHRAWAT & KEENEY, 
1986; GOEK & OTTOW, 1988). As a result, autotrophic nitrification might be reduced and N2O 
production  via  denitrification  enhanced.  MCKENNEY et  al.  (1993)  also  observed  higher 
denitrification rates in aerobic than in anaerobic conditions due to organic residues.

Management practices influencing GHG emissions from fertilizer  include application 
rate, application technique, application timing, tillage practices, the use of other chemicals, 
irrigation,  residual  N  and  C  from  crops  and  fertilizer.  Environmental  factors  influencing 
GHGs emissions from fertilizer include temperature, precipitation, soil moisture content, soil 
texture, soil N content, organic carbon content, O2 availability, porosity, pH, freeze and thaw 
cycle  annual  variation  and  microorganisms  (KULSHRESHTHLA et  al.,  1999).  The  impact  of 
increasing GHGs content in the atmosphere and climate change on the forest and the role of 
forestry in mitigating the impact of climate change were discussed by MUDRI et al. (2005).

5.2.1. NITRIC-OXIDE EMISSIONS (NO)
We  introduced  a  ‘microcosm’  concept  in  the  soil  model  to  better  account  for  the 

irregular nature of NO emissions, due to their dependence on soil conditions at the soil surface 
and particularly, in its topmost centimeters (JAMBERT et al., 1997; DUNFIELD & KNOWLES, 1999). 
The  thickness  of  this  layer  was  somewhat  arbitrarily  set  to  5  cm,  but  followed  the 
recommendations of  MAHRT &  PAN (1984),  MARTINEZ et al. (2001) and  NOILHAN &  MAHFOUF 
(1996). DUNFIELD & KNOWLES, (1999) have also shown the importance of a better simulation of 
surface water dynamics to simulate NO production. SUN et al. (2008) mentioned that nitrate 
concentrations  in  the  drainage  water  and  nitrate  leaching  increased  with  increasing  N 
application rate.  ROLLAND et al. (2008) presented the implementation of a soil NO emissions 
submodel within the environmentally-orientated soil crop model. The submodel simulates NO 
production  via the nitrification  pathway,  as  modulated  by soil  environmental  drivers.  The 
model provided accurate predictions of NO emissions. The introduction of a 2 cm thick micro-
layer  in  the  topsoil,  appeared  improved  the  timing  and  magnitude  of  the  predicted  NO 
emissions in response to rapid weather changes, such as a heavy rainfall occurring after a dry 
spell.  That  was  the  reason  of  used  5  cm  soil  layer  in  our  microcosms  in  the  present 
investigations.

Previous studies  have also shown that  NO production in  soils  results  predominantly 
from nitrification (ANDERSON &  LEVINE, 1986;  GÖDDE & CONRAD, 1999). The response of NO 
production to soil moisture was different than for N2O. With only one exception, maximum 
production of NO typically occurred at soil moistures 30% WPFS. Our results recognized that 
at 30% WFPS and when the soil microcosms incubated at 15°C, NO emission from Ramann-
type brown forest soil of Keszthely soil microcosms was more inhibited by Cd than by Pb. But 



Pb more inhibited the NO emission than Cd in clay loam brown forest soil of  Gödöllő soil 
microcosms. As regards diffusion control, linked with moisture content (due to low solubility 
of O2) and soil structure, studies showed that the emission of NO may be limited by gaseous 
diffusion  in  soils,  because  of  the  high  solubility  of  NO.  Near  the  soil  surface,  any  NO 
produced would be ready emitted due to a short diffusion path while in lower depths, NO 
tended to be converted to N2O (MCKENNEY & DRURY 1997). Experiments also showed that NO 
may be reduced with lateral diffusion while increasing emissions from adjacent areas (VENTERA 
& ROLSTON 2000).  VENTERA & ROLSTON (2000) proposed a mechanistic modeling of chemical 
transport and transformation of the nitrification components (NH4

+, NO2
−,  NO3

−, NO), with 
introducing a diffusion-reaction for each component for the different phases (solid, aqueous 
and gaseous). Our presented results are in agreement with one or with both suggestions. This 
model  may improve simulations  of NO emissions  in  accordance with  soil  gas  diffusivity 
levels. With high soil moisture regime, simulated rates of NO emission peaks may be reduced 
to N2O. Similar results were obtained in the presented study.

In the presented study, it was found that when the soil samples had 60% WFPS and 
incubated at 15°C, the amounts of NO detected were the lowest when compared with the soil 
samples incubated at 37°C or had 30% WFPS and incubated at 15°C. These results are in 
agreement  with  the  following  authors.  WILLIAMS (1995)  established  that  nitrification  is 
regulated by a soil temperature factor, a soil moisture factor, and a soil pH factor. FANGUEIRO et 
al. (2008) stated that total N emissions (N2O + N2) as well as the sources of the N emissions 
(nitrification or denitrification) were also studied during this period. PÉREZ et al. (2007) found 
that soil water content and pH related negatively to NO emissions. NO emissions also showed 
an inverse relationship with WFPS in our linear regression models. This is in agreement with 
the ‘‘hole-in-the-pipe’’ model (FIRESTONE & DAVIDSON 1989) where the high emission of NO 
are  explained  by combined  physical  (lower  water  content)  and  biological  processes.  This 
could be explained if we consider that the sun heats on the soil directly. This would favor 
lower  moisture  in  the  surface  soil  layer  enhancing  NO  emissions.  This  assumption  is 
supported  by  our  linear  regression  analysis  where  the  only  variable  that  was  statistically 
significant and negatively related to NO emissions was WFPS.

A recent statistical model of global soil NOx emissions (YAN et al. 2005), uses field 
measurement results of NOx emissions with associated soil properties such as SOC content, 
pH, N fertilization rates, vegetation type, surface soil moisture, temperature and climate type, 
collected from the literature, to produce estimates of global soil NOx emissions. These authors 
found  that  those  parameters  significantly  influence  NOx emissions  and  that  pH  was  the 
variable that mostly account for the variability in NOx fluxes, which agree with our findings.

The  hypothesis  of  a  fixed  ratio  between  NO emissions  and  nitrification  rates  from 
LAVILLE et al. (2005) may be challenged. Soil temperature was relatively high and may have 
enhanced this ratio (LI 2000). We thus tested the relationship of soil temperature and the NO 
to nitrification ratio proposed by the latter authors. The simulated NO emissions were closer to 
measurements in some cases. The net production of N2O increased as soil moisture increased. 
The rate of NO production was greatest at the intermediate moistures investigated, between 14 
and 19% gravimetric soil moisture, suggestive that nitrification is the dominant source of NO 
(KINNEY et al., 2005).

This is consistent with the results of experiments by  PARTON et al. (1988b, 2001) and 
PATHAK & NEDWELL (2001). These results confirm that at moistures relevant to this field site, 
nitrification is the dominant source of N2O (MOSIER & PARTON, 1985;  PARTON et al., 1988a,b, 
1996a).  From soil  incubations,  BOLLMANN et  al.  (1999)  observed  a  steady decrease  in  NO 
production as soil moisture was increased. A similar phenomenon was observed with the NO 
production  rates  in  this  study  above  30%  WFPS  soil  moisture.  This  demonstrates  that 
nitrification  is  the  dominant  source  of  NO,  which  is  supported  by the  results  of  the  soil 
incubations and is consistent with  ANDERSON &  LEVINE (1986) and  GÖDDE &  CONRAD (1999). 
Other  research  has  demonstrated  that  increased  temperature  and  C  sources  can  result  in 
enhanced N2O and NO production in soil (TORTOSO &  HUTCHINSON, 1990;  GÖDDE &  CONRAD, 



1999).  Such  variables  were  not  addressed  in  this  study.  However,  the  soils  used  in  the 
incubations of this study are not C rich, and would likely have a similar response to an added 
C source (MOSIER et al., 1996a,b).

Since  the  pioneering  work  of  GALBALLY &  ROY (1978),  main  controllers/influencing 
factors were identified. These are the soil water content, the soil temperature, the ambient NO 
concentration, and the substrate N availability. Coarse-scale models have already incorporated 
corresponding  parameterizations  to  study  the  influence,  interactions,  and  dynamics  of 
influencing factors on regional to global and seasonal to inter-annual scales (HUTCHINSON et al., 
1997). However, these algorithms/models usually fail when small scale, especially temporal 
effects of biogenic NO emissions are addressed.

There is a demand for more appropriate descriptions of the large pulses of biogenic NO 
emission commonly observed on a time scale of a few hours to a day following (a) wetting of 
dry soils by precipitation, thawing, and irrigation and (b) agricultural management practices 
like tilling, fertilization, harvesting, and burning (HUTCHINSON et al., 1997; MATSON, 1997). On 
comparative spatial scales (i.e., a few meters to kilometers), we need better descriptions of (a) 
the so-called ‘canopy reduction’ of soil NO emission (owing to its rapid conversion to NO2, 
which is taken up by vegetation elements by an order of magnitude faster than NO) and (b) the 
consequences of atmospheric deposition of anthropogenic N on biogenic NO emission from 
soils (MATSON, 1997).

In this context, results of some recent models (POTTER et al., 1996a,b) and algorithms 
(YANG &  MEIXNER, 1997;  OTTER et  al.,  1999)  are  encouraging.  Since  they  are  based  on 
mechanistic understanding of NO exchange, they enable description of biogenic NO emission 
(a)  on the temporal  and spatial  dynamics of more general  ecosystem variables (like gross 
mineralization) and (b) on rather short time scales. It should be mentioned in particular that 
present mesoscale meteorological – air chemistry models (VOGEL et al., 1995;  GANZEVELD & 
LELIEVELD, 1995) are already able to tackle the problems of ‘canopy reduction’ of soil emitted 
NO, as  well  as  dry and wet  deposition  of anthropogenic  N by chemistry  and  small-scale 
surface exchange modules.

HORVÁTH et al. (2005) mentioned that during one year (2002–2003), emissions of NO 
and  N2O  were  measured  from  Sessile  oak  and  Norway  spruce  forest  soils  in  northeast 
Hungary.  Accumulation  in  small  static  chambers  followed  by  gas  chromatography-mass 
spectrometry detection was used for the estimation of N2O emission flux. Because there are 
rapid chemical reactions of NO and O3, small dynamic chambers were used for in situ NO flux 
measurements. Average soil emissions of NO were 1.2 and 2.1  µg N m−2 h−1, and for N2O 
were 15 and 20 µg N m−2 h−1, for spruce and oak soils, respectively. Thus, about 10–13% of N 
compounds deposited to the soil, mostly as NH3/NH4

+ and HNO3/NO3
−, are transformed in the 

soil and emitted back to the atmosphere, mostly as N2O.

5.2.2. NITROUS-OXIDE EMISSIONS (N2O)
Agricultural soils contribute approximately 80% of the total N2O in the atmosphere, and 

as  such  are  the  most  important  anthropogenic  source  of  N2O  (ISERMANN,  1994).  N2O  is 
produced in soils mainly by nitrification and denitrification processes.  Microbial activities, 
including nitrification and denitrification, are generally greatest during seasons with high soil 
temperatures  (SOMMERFIELD et  al.,  1993).  However,  N2O  emissions  have  shown  a  great 
temperature anomaly.

Several  parameters  have  been  identified  that  affect  the  rate  of  N2O emission  from 
agricultural system, including N supply (BOUWMAN, 1996; BROWN et al., 2000; MAGGIOTTO et al., 
2000),  temperature (GOODROAD and  KEENEY,  1984;  CASTALDI,  2000),  pH (DAUM and  SCHENK, 
1998; MOGGE et al., 1999) and soil moisture (DOBBIE et al., 1999; ZHENG et al., 2000, 2002).

As a practical manner to improve soil fertility, amendment of local organic residues has 
been gaining worldwide support. Incorporation of crop residues provides a source of readily 
available C and N in the soil, and subsequently influences the CO2 and N2O emissions (FLESSA 
& BEESE, 1995; COCHRAN et al., 1997; LEMKE et al., 1999). The residue type was thought to be 



an important factor affecting N2O emission (AULAKH et al., 1991; MCKENNEY et al., 1993; SHELP 
et al., 2000). Although the amount of N that recycles into agricultural fields through residues 
may add 25–100 Tg N yr-1 into agricultural soils. NO and N2O are known as intermediate 
products  of  nitrification  and  denitrification  processes  in  soils,  and  forest  soil  may  be  an 
important source for these compounds. Recent research has shown that the emission of NO 
and N2O depends, among other things, on forest type, soil characteristics, and on atmospheric 
deposition of N to the forest ecosystem (GROFFMAN & TIEDJE, 1989; HENRICH & HASELWANDTER, 
1997; VERMES & MYROLD, 1992). In a cross-site study of 15 European forests sites (PILEGAARD 
& NOFRETETE Team, 2004), the ratio of NOx emission to N-deposition ranged from very 
little  up  to  50%.  Although  denitrification  has  shown  to  be  insignificant  in  many  forest 
ecosystems (e.g.  GUNDERSEN, 1991;  MYROLD et al., 1989), it is clear that in some forests, and 
soils may contribute to the atmospheric N-budget at both a local and a global scale. As a large 
part  of these N emissions may occur in the form of N2O, such emissions have significant 
implications for global warming.

In accordance with our results, it was found that the emissions of NO and N2O were 
depended on the incubation temperature of the soil microcosms and the moisture regime in the 
soil.  The rate  of N2O production  and  emission primarily  depends  on the  availability  of a 
mineral  N  source  (substrate  for  nitrification  or  denitrification),  O2 supply  or  WFPS,  soil 
temperature,  pH  and  salinity  and  (for  denitrification)  the  availability  of  labile  organic 
compounds (SMITH et al., 2003). These variables operate in different combination and order of 
importance in both space and time (SKIBA & SMITH, 2000; DALAL et al., 2003).

In  our study,  all  gas  flux  rates  were  positively correlated  with  soil  temperature  and 
emission rates were negatively correlated with soil moisture. The positive correlation with soil 
temperature is not surprising, as many indices of soil microbial activity, such as respiration, 
are  positively  related  to  temperature  (CHEN et  al.,  2000;  CURIEL YUSTE et  al.,  2004; 
FRANZLUEBBERS et al., 2002). The negative correlation with soil moisture was surprising, as soil 
microbial  processes are  usually  positively correlated  with  soil  water,  or  other  factors  that 
control the supply of readily mineralisable substrates (QI &  XU, 2001;  FRANZLUEBBERS et al., 
2002). Only when soil moisture becomes too high does microbial respiration tend to decrease 
(CHEN et al., 2000). This negative correlation suggests that our soils were wet enough that N2O 
production was decreasing, and perhaps N2 emissions from denitrification were increasing.

The properties of brown forest soil samples used in the present study of Ramann-type of 
Keszthely with pH 7.55 and clay loam of Gödöllő with pH 5.56 may gave up the differences 
in  the  emissions  of  trace  gases.  The  pH  was  significantly  positively  correlated  with  the 
production of N2O when soil  was incubated at  50% WHC, but not  at  100% WHC. Total 
gaseous emissions to the atmosphere (N2O, NO and N2) have repeatedly been shown to be less 
from acidic than in neutral or in slightly alkaline soils (ŜIMEK & COOPER, 2002). This may be 
due to an effect on nitrification and/or denitrification (SUZUKI et al., 1974; WEIER et al., 1993; 
ELLIS et al., 1996; VAN CLEEMPUT & SAMATER, 1996; BRADY & WEIL, 1999). The organic carbon 
and total  soil  N were significantly  positively correlated with N2O production at both 50% 
WHC and 100% WHC. It has often been reported that the C and N content of soils has a 
positive effect on N2O production (WILLIAMS et al., 1998; RUDAZ et al., 1999; WULF et al., 1999; 
HADI et al.,  2000), but not always (ANGOA PÉREZ et al.,  2004). Larger amounts of soil OM 
content will lead to larger amounts of N being mineralized and formation of more NH4

+, which 
will increase nitrification and thus production of N2O (DALAL et al., 2003). Comparatively, it 
was observed that at 60% WFPS and the microcosms incubated at 15°C, the amounts of N2O 
emitted from Keszthely soil  samples were more sensitive to Cd than the amounts of N2O 
emitted from soil of Gödöllő.  The N2O release was larger at 100% WHC than at 50%. It is 
well  known  that  increases  in  soil  moisture  content  increase  production  of  N2O  as 
denitrification is induced (BOLLMANN & CONRAD, 1997). Nitrification is the main source of N2O 
emissions at lower moisture contents (YOSHIDA &  ALEXANDER, 1970;  BLACKMER et al., 1980). 
The  balance  between  the  two  processes  contributing  to  the  N2O emission  will  vary  with 
climate, soil conditions and soil management. Generally, high rainfall, poor drainage, fine soil 



texture  and  high  organic  carbon  content  promote  denitrification  and  associated  N2O 
production,  whereas  low rainfall,  good drainage  and  aeration  and  coarse  texture  promote 
nitrification and associated N2O production (GROFFMAN &  TIEDJE,  1991).  However,  in  most 
soils the dominance of nitrification or denitrification as the main source of N2O is not static 
and  can  switch  very  rapidly  as  the  soil  aeration  state  within  the  biologically  active  sites 
changes  due  to,  e.g.  rainfall  or  increased  O2 demand  caused  by  the  presence  of  easily 
mineralisable OM (SKIBA & SMITH, 2000).

There are several studies on the high N2O fluxes at low soil temperatures in northern 
European and North American soils, showing that from 38 to 70% of the annual emissions can 
take place during winter (VAN BOVHOVE et al., 1996; WAGNER-RIDDLE et al., 1997; RÖVER et al., 
1998; ALM et al., 1999; TEEPE et al., 2000). The highest N2O fluxes at low temperatures have 
been associated with freezing and thawing cycles (FLESSA et al.,  1995;  KAISER et  al.,  1998; 
PREMIÉ & CHRISTENSEN, 2001; TEEPE et al., 2001).

Several  alternative mechanisms have been proposed to explain the high N2O release 
during thawing including physical release of the trapped N2O (BURTON & BEAUCHAMP, 1994), an 
increase in the availability of substrates and associated denitrification activity (CHRISTENSEN & 
TIEDJE, 1990;  CHRISTENSEN &  CHRISTENSEN, 1991), a combination of physical N2O release and 
increased microbial activity (GOODROAD &  KEENEY,  1984;  KAISER et al.,  1998) and chemical 
production of N2O (Christianson & CHO, 1983). Many observations have recorded of on high 
N2O emissions from Finnish agricultural soils in situ during winter without freezing–thawing 
cycles (MALJANEN et al., 2003). The mechanism for these emissions is unknown. When soil 
temperature was lowered in a stepwise manner each of the two soils showed an increase in 
N2O release at 15°C. However, the release rates were dependent on the soil type and soil water 
content. The liberation of N2O stored in soil does not explain these increases, because the 
solubility of N2O in water increases with decreasing temperature. Therefore, we consider that 
microbial processes were responsible for the increased N2O production. Since the responsible 
microorganisms  operate  under  various  optimum  conditions  it  is  generally  assumed  that 
nitrification  is  the  predominant  N2O  producing  process  under  moderately  moist  and  that 
denitrification  is  the  predominant  process  under  wet  conditions  when NH4

+ and  NO3
− are 

available in soil (CONRAD, 1996a,b; BOUWMAN, 1998).
More  recent  findings  suggested  that  denitrification  can  occur  under  aerobic  soils. 

MÜLLER et  al.  (2003)  found  that  the  process  of  NO3
− reduction  is  the  predominant  N2O 

producing mechanism even under aerobic conditions in a temperate grassland soil. Their field 
observations indicated that soil volumetric water in the main rooting zone (top 10 cm) stayed 
at approximately 0.3 cm3 cm-3 during the main growth period and O2 concentrations in the 
entire soil profile stayed between 15 and 21% throughout most of the observation period.

Though conditions in our incubation study might be favorable for nitrification, residue 
amendment  might  stimulate  microbial  growth  and  activity,  and  hence  promoted  O2 

consumption that created temporary anaerobic micro-sites (SAHRAWAT & KEENEY, 1986;  GOEK 
& OTTOW, 1988; CANNAVO et al., 2003). As a result, autotrophic nitrification might be reduced 
and N2O production via denitrification enhanced. MCKENNEY, et al. (1982, 1993) also observed 
higher denitrification rates in aerobic than in anaerobic conditions due to organic residues.

We simply don’t know the contribution of nitrification and denitrification to the overall 
N2O emission, because we didn’t make any measurements under acetylene inhibition which is 
believed to block the build-up of NO3

− and the subsequent N2O production via denitrification. 
A further investigation is required to identify N2O production via denitrification under aerobic 
conditions when organic C is incorporated.

Generally,  a  small  amount  of  the  N  in  the  fertilizer  ends  up  being  released  to  the 
atmosphere  as  N2O  and  NOx (the  rest  ends  up  in  the  crop,  in  the  soil,  in  water,  in 
microorganisms, or in the air as N2). The net amount of N2O and NOx released depends on 
many factors,  including:  the  type  of  biomass  being  grown;  the  amount,  type,  depth,  and 
frequency of application of fertilizer; the temperature, water content, and acidity of the soil; 
agricultural and harvesting practices; and others (BOWDEN et al., 1990; BRUMME & BEESE, 1992; 



EICHNER, 1990; CONRAD et al., 1983; ANDERSON & LEVINE, 1987; LI et al., 1994, 1996; GROFFMAN 
et al., 2000)

N2O  is  produced  from  complex  microbial  nitrification,  denitrification,  and 
decomposition processes in soils. Increases in the amount of N added to the soil typically 
result in increased N2O emissions (WILLIAM et al., 1992a). One study suggests a roughly linear 
relationship between N lost as N2O and N input, over a range of 0 to 600 kg of fertilizer N ha -1 

added to several different soil types (VELTHOF & OENEMA, 1995). Several studies have shown 
that typical values for the percentage of applied N that is emitted as N2O-N range from about 
0.2%  to  3%,  for  corn,  barley,  and  wheat  fields  in  the  U.S.  and  Europe,  and  that  these 
emissions may represent increases of from a few to a few hundred percent above background 
levels (LI et al., 1994;  VELTHOF & OENEMA, 1995). N2O emissions are higher from saturated 
than from dryer soils, and peat soils and soils high in NO2 and CaCO3 content seem to have 
particularly high N2O emissions (VELTHOF & OENEMA, 1995; BANDIBAS et al., 1994).

In general, researchers have a good understanding of many of the individual factors that 
regulate N2O production from soils, but they cannot yet predict how these factors will interact 
to produce reliable N2O emissions estimates for specific crop, soil, fertilizer, and management 
combinations. Thus, the direct and even total emissions of N2O from soil fertilization can in 
principle  be  quantified,  but  pending  further  study there  will  be  significant  uncertainty  in 
estimates  of both direct  and indirect  emissions.  GROFFMAN et  al.  (2000) come to a  similar 
conclusion,  suggesting  that  there  are  indeed  coherent  patterns  in  annual  N2O flux  at  the 
ecosystem scale in forest, cropland, and rangeland ecosystems but that these patterns vary by 
region and emerge only with continuous flux measurements over multiple years.

VERHAGEN & BOUMA (1998) postulated that farm management should aim at N profile in 
the fall that has a low risk of exceeding the present NO3

− leaching limit during the wet season. 
Thus, the N application should match the crop demand on a spatial and on a temporal scale.

However, O2 availability was not the key factor for the observed high N2O production at 
low temperatures.  When soil  temperature is 15°C with constant soil  water content,  the O2 

content normally increases with decreasing temperature as a result of the decrease in microbial 
O2 consumption (SMITH et al.,  1998). This means that the developing O2 conditions do not 
favour an increase in the total denitrification rate (sum of N2O and N2) when the temperature is 
15°C.  O2 deficiency,  and an  associated  increase  in  N2O production,  could  occur  at  lower 
temperature  in  soils  with  high  microbial  activity.  With  good  soil  aeration  (30  and  60% 
WFPS),  Ramann-type  soil  samples  of  Keszthely  and  clay  loam  soil  samples  of  Gödöllő 
revealed increase in N2O production at a lower temperature, which could be associated with 
the higher respiration rate (O2 consumption). High soil water content favours denitrification 
associated with the limitation of O2 diffusion. Here, N2O production was favoured by high soil 
water content in three out of the two soils. The increased N2O release took place at a lower 
temperature with higher soil water content (lower O2 diffusion rate) Gödöllő soil samples.

It is known that the ratio of N2O-to-N2 in denitrification increases with a decrease in 
temperature, and thus enhances N2O production (KEENEY et al., 1979; MAAG & VINTHER, 1996). 
Presently, we do not have results to show the possible changes in the ratio of N2O-to-N2 in our 
soils. One possible explanation for the increase in the N2O emissions lies in the temperature 
history of the soil during the experiment. In microcosm’s studies, KOPONEN et al. (2004) found 
that stepwise decrease in soil temperature from 15ºC induced an increase in the N2O emissions 
close to the 0ºC. These emissions peaked between –0.4 and 2.5ºC depending on the soil type 
and water content. The results show that in addition to the well-documented thawing peak, 
soils  also  can  have  a  maximum  in  their  N2O  emission  near  0ºC  when  soil  temperature 
decrease.  The  correlations  between  the  N2O  and  CO2 emissions  were  weak.  The  results 
suggest that N2O is produced in soils down to a temperature of –6ºC.

The incubation of soil for 35 days at rather low and high temperatures (15 and 37ºC), 
allows good conditions for  growth of the microbial  community.  When the temperature  in 
reaches  at  certain  critical  point,  the  populations  probably  started  to  decline  and  the 
decomposing cells released nutrients for the surviving microbes. This sudden increase in the 



substrate  availability  could  then  account  for  increase  in  N2O  production.  An  interesting 
observation was that denitrifiers might benefit more from the extra substrates than the other 
heterotrophic microbes (CO2 production) in general.

The high  N2O emissions during  the incubation at  low temperature  of  soils  are  well 
documented  (SOMMERFIELD et  al.,  1993;  RÖVER et  al.,  1998;  TEEPE et  al.,  2000;  PREMIÉ & 
CHRISTENSEN,  2001).  However,  the  experiments  on low temperature  have  not  differentiated 
between the actual production and diffusion of N2O at a particular temperature.  When the 
incubation temperature of the soils microcosms was 37ºC, the N2O release increased. These 
emissions were much higher than the peaks in the N2O release when the soil temperature was 
low. The key questions are,  whether there was an extremely high production of N2O just 
below 15ºC, or was there liberation of the N2O entrapped in the soils microcosms when the 
soil incubated at 37ºC? Furthermore, the results from the gas sampling system in the soils 
show that there was an accumulation of N2O in the soils at 37ºC.

CONEN &  SMITH (2000)  predicted  that  N2O  concentration  increases  in  the  soil  air 
immediately after closure of the chamber due to high gas concentrations in the upper part of 
the soil profile. CHRISTENSEN et al. (1996) compared 10 different closed, dynamic chambers and 
micro-meteorological methods and found a good agreement between results. However, they 
also reported that the magnitude of underestimation is 20% using small chambers.

DEBRECZENI et  al.  (2002)  were  conducted  an  experiment  on  the  nitrogenous  gas 
production in the rooting zone at two soil moisture levels, with or without the incorporation of 
maize crop residues into the soil, and with or without test plants. Gas traps were placed in the 
post at a soil depth of 20 cm. During the growing season, the trapped  soil air was analysed for 
Nox, N2O and N2  .Practically the same N amounts evolved in the soil air with both chemical 
forms of N fertilizer at both soil moisture levels. Expressed as a percentage of fertilizer N, the 
total amount of gaseous N evolved averaged 12.8% and 12.9% in the planted, and 23.8% and 
24.3%  in  the  unplanted  pots  with  KNO3 and  NH4Cl  fertilizer,  respectively.  Higher  soil 
moisture and the incorporation of crop residues resulted in higher NOx –N2 and N2O-N ratios 
within the total gaseous N evolved in the rooting zone.  CHENG et al. (2004) determined the 
nitrification activities of soils by adding 200 mg N ((NH4)2SO4) kg-1 soil and incubating for 3 
weeks at 25°C and 60% WFPS. The net nitrification rates obtained fitted one of two types of 
models, depending on the soil pH: a zero-order reaction model for acidic soils and one neutral 
soil; or a first-order reaction model for one neutral soil and alkaline soils. YANG et al. (2008) 
examined total  denitrification losses using the acetylene inhibition technique and have not 
separated N2O emissions from N2 emissions. Additional studies would be required to separate 
out  the influence  of  these  treatments  and soils  on the  speciation  of  denitrification  gasses. 
During nitrification, N2O can be formed by the oxidation of HNO or reduction of NO2

− under 
low O2 concentrations (GOREAU et al., 1980; POTH & FOCHT, 1985; FIRESTONE & DAVIDSON, 1989). 
NO is  believed to  also be  formed  from oxidation of  HNO and reduction  of NO2

− during 
nitrification, although it may also be an intermediate between HNO and NO2

− (FIRESTONE & 
DAVIDSON, 1989; CONRAD, 1996b).

5.2.3. CARBON-DIOXIDE EMISSIONS (CO2)
In our experiments,  the CO2 production also showed a sudden increase just at  15ºC, 

which might  indicate  the release of the accumulated CO2.  It  has  been suggested that  low 
temperature  inhibited  the  soil  microbes  and  soil  aggregates,  increasing  the  availability  of 
substrates for heterotrophic microbes including denitrifying bacteria (CHRISTENSEN &  TIEDJE, 
1990;  CHRISTENSEN & CHRISTENSEN, 1991;  SCHIMEL & CLEIN, 1996;  DENEF et al., 2001). In fact, 
CO2 production at 15ºC was higher with Cd contaminated soil than that contaminated with Pb. 
However, there was no close association between N2O and CO2 production, indicating that the 
denitrifying  bacteria  had  the  capability  to  utilize any extra  substrates  released  during soil 
temperature stress. The denitrifying bacteria might have increased their activity although the 
overall  microbial  communities  did  not  increase  their  activity  as  assessed  here  by  CO2 

production. Our results suggested that there was N2O production in soils at 15ºC. CAUSARANO et 



al.  (2008)  mentioned  that  these  results  agree  with  a  threshold  value  of  2  to  distinguish 
historically degraded soils with improved soil conditions from degraded soils. This on-farm 
survey  of  SOC complements  experimental data  and  shows that  pastures  and  conservation 
tillage will lead to significant SOC sequestration throughout the region, resulting in improved 
soil quality and potential to mitigate CO2 emissions.

5.3. HEAVY METAL INFLUENCE TRACE GASES EMISSIONS

The effect of heavy metals or soil moistures on NO production has not previously been 
measured in  soil  incubation experiments.  However,  because NO is  produced by the same 
general pathways as N2O, previous studies that investigated the effects of heavy metals on 
N2O production, nitrification, and denitrification likely apply to NO production (TU, 1994). As 
mentioned above, because Cd and Pb inhibited nitrification (TU, 1994), the observed decrease 
in NO production  via nitrification that resulted from heavy metal amendment was expected. 
Consequently, such heavy metals may be particularly effective at reducing NO emissions from 
soils, as most of the NO production appears to result from nitrification.

With increased concentration of heavy metal, the total production of NO decreased, and 
NO  production  from  both  nitrification  and  denitrification  decreased.  The  fact  that  NO 
production by denitrification is inhibited by addition of Cd and Pb is contrary to previous 
research (TU, 1994). However, as the concentration of Cd or Pb was increased, their inhibitory 
effect on NO production by nitrification was greater than that by denitrification. Compared to 
the fertilized control soils, the relative importance of nitrification to NO production decreased 
from approximately 84 to 52% and from approximately 83 to 43%, as Cd and Pb were added 
at  the  normal  field  application  concentration.  This  is  similar  to  the  general  trends  also 
observed for N2O production. Nitrification was the most significant source of NO production 
for the entire range of soil moistures tested. Cd inhibits NO production to a lesser degree than 
Pb. NO production is inhibited by Cd to a lesser amount than N2O production. Nonetheless, 
nitrification  still  appears  to  be  more  sensitive  to  Cd  than  denitrification.  With  increasing 
amounts of Cd, inhibition of NO production via nitrification was proportionally greater than 
NO produced by denitrification.

The effect  of  the  soil  temperatures  on N2O and NO production  by nitrification  and 
denitrification at varying soil moistures and heavy metals concentrations was determined in 
microcosm’s experiments. For the range of soil moistures (30 and 60% WFPS), nitrification 
was the most significant source of N2O in the control and treated soil samples for Keszthely 
and Gödöllő soil sites. This is in agreement with previous studies at this field site (MOSIER & 
PARTON, 1985;  PARTON et al., 1988a,b, 1996a,b). However, the rate of N2O production from 
fertilized control incubations markedly increased as soil moisture increased from 30% to 60% 
WFPS. This suggests that denitrification, which will be favored under wetter conditions, is 
more proficient at producing N2O in fertilized soils.

HOLTAN-HARTWIG et  al.  (2002)  reported  that  the  immediate  effect  (after  1  day  of 
application)  of  heavy  metals  on  denitrification.  They  found  a  general  reduction  of  the 
denitrification rate, but also a decrease in N2O reduction that was more pronounced than the 
decrease in N2O production. Therefore, production of N2O increased.

The production of N2O was significantly negatively correlated to heavy metal content in 
soil  incubated  at  30%  WFPS  and  60%  WFPS,  i.e.  production  of  N2O  decreased  when 
concentrations of heavy metals in soil increased. Heavy metals affected both nitrification and 
denitrification.  It  has  often  been  reported  that  nitrification  is  inhibited  by  heavy  metals 
(INUBUSHI et al., 2000; HINOJOSA et al., 2004). As such, production of N2O through nitrification 
will also be reduced (INUBUSHI et al., 2000). The different steps in the reduction of NO3

− to N2 

in  denitrification  appear  to  differ  in  their  heavy  metal  tolerance.  The  reduction  of  NO2
− 

appears to be more sensitive than the reduction of NO3
− (BOLLAG & BARABASZ, 1979; MCKENNEY 

&  VRIESACKER,  1985);  the  same seems to  be true  for  N2O reductase  (BOLLAG &  BARABASZ, 
1979).



The total inhibitory effects of the heavy metals on nitrification were greater than that on 
denitrification. There is also a change in N2O production rates with changes in soil moisture. 
In particular, the N2O production rate tends to increase as the soil moisture and denitrification 
potential  increases.  This  suggests  that  denitrification  can  potentially  result  in  greater  N2O 
production  than  nitrification,  particularly  at  higher  soil  moisture.  At  moisture  levels  30% 
WFPS  denitrification  will  become  more  important  for  N2O  production  than  nitrification. 
Because the heavy metals tested here appeared to have a stronger effect on nitrification, they 
may have relatively less influence on N2O production and emissions when applied to soils of 
higher moisture content or denitrification potential.

A  similar  trend  was  observed  for  denitrification,  as  NO  and  N2O  production  by 
denitrification is not inhibited to the same degree. This suggests that various reduction steps in 
denitrification might be inhibited by heavy metal differently, thereby inhibiting NO and N2O 
production by varying degrees (FIRESTONE & DAVIDSON, 1989; CONRAD, 1996b).

Independent of the amount of heavy metal added in this study a decrease in the rate of 
N2O and NO and an increase in the rate of CO2 production was measured as the soil moisture 
of the incubation was increased to more favorable conditions for denitrification. In general, 
larger  fluxes of N2O were  observed  at  the  field  site  with  increasing temperature  (KINNEY, 
2004a,b),  but  this  can  be  complicated  when  excessive  desiccation  occurs,  which  can 
subsequently inhibit N2O production (STARK & FIRESTONE, 1995).

The influence of heavy metals on trace gas fluxes has not historically received little 
attention. The above description of agricultural practices that influence N2O and NO fluxes 
helps assess  the importance of the net  effects  that  Cd and Pb can have on NO and N2O 
production. Regardless of the soil moisture conditions of the incubations, total N2O and NO 
production was substantially inhibited by addition of the heavy metals. It is common practice 
to add both of the heavy metals throughout the growing season and therefore this might lead to 
greater effects than observed here and in KINNEY et al. (2004a,b). Like soil type and weather, 
heavy metals use may also mask the effects of various other agricultural practices on soil trace 
gas fluxes (HÉNAULT et al., 1998). Due to a general lack of investigation of the effects that 
heavy metals  have  on  soil  trace  gas  fluxes,  it  may  be  difficult  to  ascertain  how various 
individual agricultural practices affect the production and consumption of traces gas in soils.

No  significant  difference  in  production  rates  of  CO2 was  observed  between  soil 
incubated at 50% WHC and 100% WHC. The addition of C2H2 had a small, but significant 
effect on the production of CO2. Increasing the O2 concentration in the headspace to 100% 
also  increased  the  production  rate  of  CO2 because  it  aerated  the  anaerobic  micro-sites 
(DENDOOVEN et al., 1996).

Our results showed that the CO2 production rate was affected by heavy metals. These 
results were consistent with those of  BROOKES et al. (1986a,b). They reported a decrease in 
CO2–C evolution (ca. 30%) in presence of Cu, Ni, Zn and Cd. DAI et al. (2004) also found that 
the respiration rate  was negatively correlated  with Zn,  Pb,  Cu and Cd content.  There  are 
different explanations for this (GILLER et al., 1998). First, the decrease in CO2 production rate 
might be due to a decrease in substrate availability as CO2 production rate was significant 
positive correlated with SOC content. Second, microbial activity might have been inhibited by 
increases in heavy metal concentrations. The effects of other soil characteristics, such as pH 
(e.g. SAGGAR et al., 1999), CEC, soil structure (AMATO & LADD, 1992), sodicity (NELSON et al., 
1996), clay content (e.g. VAN VEEN et al., 1985), and specific surface area of the clay and the 
nature  of  the  clay  mineral  (SAGGAR et  al.,  1996)  on  the  production  of  CO2 could  not  be 
excluded, either.

The temporal changes of N2O and CO2 concentration demonstrated the impact of the 
coupled microbial processes resulting in these GHGs. The gas production depended on the soil 
moisture level, temperature and C/N ratio significantly. The inhibitory effect of toxic heavy 
metals  (e.g.  Cd)  could  also  be  affected  by  the  C/N  ratio.  The  appearance  of  NO as  an 
intermediate  of microbial  processes was observed as  well  (KAMPFL at  al.,  2007).  To some 
extend, our results showed an agreements with the above mentioned recent works when the 



presented results illustrated that At moisture regime was 30% WFPS and incubated at 15°C, 
the rates of CO2 emissions were increased by Pb contamination in the soil microcosms of both 
brown forest soil samples from Keszthely (Ramann-type) and  Gödöllő (clay loam). But the 
rates were decreased by increasing the concentrations of Cd in Gödöllő soil samples and in 
Keszthely soil  samples; the emissions were decreased at 24 mg Cd. While,  when the soil 
moisture  regime was at  60% WFPS and soil  microcosms contaminated  by Cd or  Pb and 
incubated at  15°C, the amounts of CO2 emitted from microcosms of  Gödöllő soil samples 
were more than those amounts emitted from Keszthely soil samples. The rate of emission from 
microcosms of clay loam soil of Gödöllő was approximately the double amount emitted from 
microcosms of Ramann-type brown forest  soil  samples of Keszthely.  The increases in the 
emission may be due to the increases in concentrations. Based on these results, it appeared that 
soil characteristics were the primary factor affecting spatial emission variability in the soil 
sites. However, some of the spatial emission variability remained explained by simple linear 
regression and other statistical analyses. The correlation between the effects and measured gas 
emission  provided  information  about  the  strength  of  the  soil  parameter  affecting  the  N 
transformation within these soil sites. Additionally an optimum uniform management and an 
optimum variable-rate management were developed and measured. For these strategies also 
the different soil conditions patterns were taken into account (soil pH, soil temperature, soil 
moisture, soil contamination with cadmium or lead). All results were evaluated based on the 
influences of soil conditions.

It can be concluded that incubation time is an important factor for metal recovery in soil, 
soil respiration is a detectable method for measurement the toxicity of the metal and it can be 
considered that  this  method might  be an indicator of  soil  metal  contamination,  and the heavy 
metals have the important concern in microbial populations in the investigated soil samples.

It can be stated that the applied microcosm experimental model proved to be a suitable tool 
for detecting the effect of factors influencing the CO2, N2O and NO release from agricultural soil. 
This study underlines the key role of contamination of soil sample with different concentrations of 
two heavy metals (Cd and Pb) in emissions of  NO, N2O, and CO2 from 60% WFPS soils under 
different  incubation  temperatures  conditions. The  management  of  soil  contamination  and  the 
temperature  are  key  considerations  for  mitigating  trace  gases  emissions  from  these  micro-
agroecosystems. It is necessary to take into account the incubation temperature at 37°C increased 
the production rates of the NO, N2O, and CO2 more than at 15°C., Pb concentration over 40 mg 
kg-1 soil caused a reduction in trace gas production. Cd had lower toxicity toward the nitrification 
or denitrification at all concentrations compared with Pb effects. Cd and Pb significantly reduced 
the rate of NO production especially at 15°C. At 37°C, the higher rates of NO, N2O production 
found in Cd contaminated soil at all tested concentrations.
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Further research is required to investigate how the large heavy metal concentrations might 
affect plant characteristics. The inhibitor/suppression technique used was confirmed to be flawed 
as  negative  values  for  nitrifier  denitrification were  obtained.  Our  study showed that  the  main 
factors that regulate the NO emissions in our studied soils are pH and WFPS. Our results can be 
used to improve current estimates of NO and N2O emissions from the investigated ecosystems 
where information is limited.

Incorporation of heavy metals reduced NO, N2O and CO2 emissions (in some cases). This 
reduction was quantitatively dependent  on heavy metal  concentration,  lower  concentrations  of 
heavy metals inducing higher emission rates than higher heavy metal concentrations. A further 
conclusion is that the trace gases emissions in soils amended with heavy metal is not a constant but 
dependent on other environmental factors such as soil conditions, moisture, temperature, etc.

6. SUMMARY

The present study titled “Predicting NO, N2O and CO2 emission from agricultural soil 
through related environmental parameters”.  The background for  the investigation could be 
seen  in  the  increasing  number  of  environmental  pollution  by  agricultural  land  use.  The 
dissertation  was  embedded  in  the  context  of  the  Framework  of  the  Research  Programme 
“Strategies to Reduce the Emission of Greenhouse Gases and Environmental Toxic Agents 
from Agriculture and Land Use” in the Department of Chemistry and Biochemistry, Institute 
of Environmental Science, Faculty of Agricultural and Environmental Science at the Szent 
István University, Gödöllő, Hungary. The present study is summarized in the followings:
A. Effect of heavy metals on the quantity of soil aerobic bacteria and soil respiration 

under in vitro conditions:
The effect of Pb, Co and Cd ions on the activity of aerobic soil  heterotrophic bacteria 

was studied in cultivated and uncultivated soil samples of clay loam brown forest originating 
from Gödöllő. Soil samples each of were 500 g with 40% WFPS were activated by substrate-
induced respiration (SIR) and contaminated by different  concentrations of the investigated 
heavy metals. The soil samples of heavy metals free contaminations were investigated as main 
control for the run experiment. The soil samples were filled into glass vessels of 1500 cm3 

containing small beaker filled with NaOH to trap the CO2 release from soil. The glass vessels 
containing treated soil samples were incubated in the greenhouse at 28°C for one, three or six 
weeks. The metabolism of soil-borne aerobic heterotrophic bacteria was activated by adding 
C, N and P in the form of glucose, sodium nitrate and potassium phosphate, respectively, prior 
to the determination of SIR. Measurements were made on changes in the total mobilizable 
heavy metal fraction, the total aerobic  heterotrophic  bacterial count and the quantity of CO2 

produced  during  the  incubation  periods.  The  heavy  metal  compounds  examined  became 
immobilized largely within a week, but after further incubation, they gradually became re-
mobilized. The results indicated that the addition of heavy metal ions reduced the total aerobic 
bacterial count and the physiological activity of the bacteria in the soil. In general, the aerobic 
bacterial  populations declined to a similar extent as the CO2 production in response to the 
toxic effect of the tested metal ions. The inhibition in the biological activity of the soil samples 
could already be observed at 3rd week, but this effect only became substantial at the end of the 
6th week  incubation  period.  Pb2+ reduced  the  CO2 emission  from  both  cultivated  and 
uncultivated soils  in  various phases of incubation to  the lowest  extent.  Gas emission was 
inhibited to the greatest  extent  by the Cd2+ ions,  but  a considerable decline could also be 
observed in the presence of Co2+ ions. The results of this experiment can summarize as:

1. The recoveries of the amounts of Pb, Cd and Co were significantly higher at the 6 th 

week of the incubation intervals than at 1st and 3rd incubation week. Linear regression and 



correlation  indicated  no  significant  differences  between  the  metal  recoveries  in  the 
uncultivated and wheat cultivated brown forest soil samples originated from Gödöllő.

2. The CO2-released  from uncultivated  soil  samples  was  more  than  CO2-released 
from cultivated soils. Soil samples treated with SIR activated the biological processes in both 
soil  samples.  It  was  recognized  that  Cd  was  more  inhibiting  metal  than  Co  and  Pb  in 
investigated  soil  samples.  The  amounts  of  CO2-released  were  reduced  by  increasing  the 
concentrations of heavy metals.

3. Cd  was  more  toxic  metal  and  causes  a  decrease  in  the  population  density  of 
aerobic bacterial  structure in both soil  samples followed by Pb and Co.  The inhibition of 
population density of aerobic bacterial structure was increased by increasing the incubation 
periods. The toxicity decreasing order of the tested metals was Cd > Co > Pb.
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B. Impact of incubation temperature,  moisture regime on the trace gases emission 
from heavy metals contaminated soils
Trace gases are produced in soil primarily by microbial processes. Soil temperature and 

moisture regime are the key factors controlling both decomposition and denitrification. Their 
production and emission from the soil are controlled by a number of environmental variables, 
including  inorganic  N  availability,  WFPS,  soil  temperature  and  soil  contamination. 
Agricultural  management  practices,  such  as  fertilization  and  irrigation,  affect  these 
environmental variables and thus have the potential to dramatically alter NO, N2O and CO2 

emissions from the soil. Current models incorporate some of these variables, such as WFPS, 
heavy metal contamination and soil temperature as well as the soil types. The trace gases 
emission losses from two different soil types: 1) Ramann-type brown forest soil originated 
from Keszthely and 2) clay loam brown forest soil originated from Gödöllő contaminated with 
various concentrations of Cd and Pb at 30 and 60% WFPS were studied in a static closed 
microcosm model experiment at two incubation temperatures (15 and 37°C) for 35 days. The 
trapped soil  air  was  analysed  for  N2O and CO2 by gas  chromatography  and  for  NO was 
measured using chemiluminescent method.

Independent  soil  microcosm experiments  were  used  to  investigate  the  effects  of  the 
different concentrations heavy metals Cd and Pb, under different soil conditions (soil pH, soil 
moisture, soil temperature), on N2O, NO and CO2 production by nitrifying and denitrifying 
bacteria in different soil sites. Soil sub-samples were amended with different concentrations of 
Cd or  Pb,  and  the  N2O,  NO and CO2 concentrations  were  monitored  periodically  during 
approximately 35 days following amendment. Nitrification is the major source of N2O and NO 
in  these  soils  at  soil  moistures  relevant  to  those  observed  at  the  field  site  where  the  soil 
samples were collected. At Cd concentrations from 6 mg kg-1 soil to 24 mg kg-1 soil and Pb 
concentrations from 40 mg kg-1 soil to 160 mg kg-1 soil, N2O and NO production was inhibited 
by all concentrations of heavy metals. Generally N2O production was inhibited by the heavy 
metal from 10 to 62% and 20 to 98% at the lowest and highest dosages, respectively. NO 
production was generally inhibited from about 5 to 47% and by 20 to 97% at the lowest and 
highest dosages, respectively. N2O and NO production by nitrification were more susceptible 
to inhibition by these heavy metals than denitrification. Production of both N2O and NO by 



nitrification was inhibited by as much as 99%, at the highest concentration of heavy metal 
applied.

The results of this experiment can summarize as:
A.               Emission of nitric oxide:  

1. At  30% WFPS, and when the soil microcosms incubated at  15°C:  The NO 
emission in Gödöllő soil samples was approximately 2 times more than the amounts emitted 
from  Ramann-type  brown  forest  soil  samples  of  Keszthely  when  contaminated  by  Cd  at 
different concentrations. NO emission rates were decreased by increasing the concentration 
and the time of incubation. But when Pb contaminated soil samples incubated in microcosms 
at  15°C, the detected NO emissions were higher in  Ramann-type of  Keszthely microcosms 
than those emitted from clay loam brown forest soil of Gödöllő soil samples. The amounts of 
NO were influenced by the metal  contaminated doses and time of incubation. The results 
showed that when the soil microcosms incubated at  15°C, NO emission from Ramann-type 
soil microcosms was more inhibited by Cd than by Pb. But Pb more inhibited the NO emission 
than Cd in clay loam soil microcosms.

2. At 60% WFPS, and when the soil microcosms incubated at 15°C: When soil 
samples contaminated by Cd and incubated at  15°C, the NO emissions from Ramann-type 
were less than the NO emitted from clay loam soil  samples.  Clay loam brown forest  soil 
samples were more sensitive to the highest concentration (24 mg Cd).

Pb concentrations were more inhibiting the NO emission in clay loam brown forest 
soil originated from Gödöllő than from Ramann-type brown forest soil type collected from 
Keszthely. Also, the NO emission rates from Keszthely and Gödöllő were more inhibited by 
Pb than Cd.

3. When Ramann-type soil microcosms of 60% WFPS incubated at 37°C:  The 
amounts of NO detected from microcosms of soil contaminated by Pb is smaller than those 
detected when the soil contaminated by Cd.

4. It was found that when the soil samples had 60% WFPS and incubated at 15°C, 
the amounts of NO detected were the lowest when compared with the soil samples incubated 
at 37°C or had 30% WFPS and incubated at 15°C.

B.               Emission of nitrous oxide:  
1. At 60% WFPS,  it  was  found that  N2O emission rates  were  more  inhibited by 

highest  concentrations  of  Cd  than  of  Pb,  when  the  soil  samples  incubated  at  15°C.  The 
amounts of N2O emitted from Ramann-type from Keszthely soil samples were more sensitive 
to  Cd than the amounts  of N2O emitted from clay loam soil  samples from Gödöllő.  The 
amounts  of N2O emitted from Keszthely soil  samples were less than the amounts  of N2O 
emitted from Gödöllő when the soil samples contaminated by Pb.

2. In Ramann-type brown forest soil of Keszthely, N2O emission rates were more 
inhibited by Pb than Cd when the soil microcosms contain 60% WFPS moisture regime and 
incubated at 37°C.

C.               Emission of carbon dioxide:  
1. When the two brown forest soil samples of Ramann-type and clay loam contained 

30% WFPS, contaminated by different concentrations of Cd and Pb and incubated at 15°C, the 
detected  amounts  of  CO2 were  lower  in  Keszthely  Ramann-type  soil  samples  that  those 
amounts of CO2 emitted from microcosms of clay loam of Gödöllő.

2. The amount of CO2 emitted was less in Cd contaminated soil samples than those 
contaminated by Pb from Ramann-type and clay loam soil  originated from Keszthely and 
Gödöllő, respectively, at moisture regime 30% WFPS and incubation temperature 15°C.

3. At  moisture  regime was  30% WFPS and incubated  at  15°C,  the  rates  of  CO2 

emissions  were  increased by Pb contamination  in  the soil  microcosms of both soils  from 
Keszthely and Gödöllő. But the rates were decreased by increasing the concentrations of Cd in 
Gödöllő soil samples and in Keszthely soil samples; the emissions were decreased at 24 mg 
Cd.



4. When  the  soil  moisture  regime  was  at  60%  WFPS  and  soil  microcosms 
contaminated  by  Cd  or  Pb  and  incubated  at  15°C,  the  amounts  of  CO2 emitted  from 
microcosms  of  clay  loam  soil  of  Gödöllő  were  more  than  those  amounts  emitted  from 
Ramann-type soil of Keszthely. The rate of emission from clay loam soil microcosms was 
approximately  the  double  amount  emitted  from  Ramann-type  soil.  The  increases  in  the 
emission may be due to the increases in concentrations.

5. Emission rates of CO2 from Ramann-type soil with 60% WFPS contaminated by 
Cd  and  incubated  at  the  37°C  were  higher  than  those  emitted  from  microcosms  of  Pb 
contaminated soil.

Based  on  these  results,  it  appeared  that  soil  characteristics  were  the  primary  factor 
affecting spatial emission variability in the soil sites. However, some of the spatial emission 
variability remained explained by simple linear regression and other statistical analyses. The 
correlation between the effects and measured gas emission provided information about the 
strength of the soil parameter affecting the N transformation within these soil sites.

Additionally  an  optimum  uniform  management  and  an  optimum  variable  rate 
management  were  developed  and  measured.  For  these  strategies  also  the  different  soil 
conditions patterns were taken into account (Soil type, soil pH, soil temperature, soil moisture 
regime, soil contamination with cadmium or lead). All results were evaluated based on the 
influences of soil conditions.

It  was obvious,  that variable rates  of trace gases emissions were  most  advantageous 
compared to the control, especially, when the emission rates were differentiated for low and 
high  moisture  conditions.  Adapted  gas  emission  strategies,  as  variable  rate  management 
indicated a potential to reduce the amount of N, which is left in the soil after harvest. In a case 
study the denitrification under these soil conditions over the incubation time was reduced. The 
results indicated a reduction of cumulative denitrification under adapted ecological factors.
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7. ÖSSZEFOGLALÁS

Disszertációm címe: „Az NO, N 2 O és CO 2  emisszió előrejelzése mezőgazdasági talajokból a 
környezeti paraméterek függvényében”. A munkám kapcsolódott a Szent István Egyetem Kémia és 
Biokémia Tanszékén folyó OTKA kutatási  programokhoz, amelyeknek keretében az üvegházhatású 
gázok (CO 2 , N 2 O, NO) kibocsátását befolyásoló agroökológiai tényezők hatásait mérik fel. Ennek 
keretében kísérleteim célkitűzését két fő pontban fogalmaztam meg:

1. A  nehézfémek  (Cd,  Co,  Pb)  hatásának  felmérése  a  vizsgált  talajok  légzésére  és 
baktérium populációjára.

2. Mikrokozmosz  kísérletekben  tanulmányozni  a  nehézfémek,  a  talajtulajdonságok,  a 
nedvesség,  a  hőmérséklet  hatását  az  üvegházhatású  gázok  (NO,  N 2 O  és  CO 2 ) 
kibocsátásának mértékére. 

Disszertációm  második  fejezetében  részletesen  irodalmi  áttekintést  adtam  az  üvegházhatású 
gázok (NO, N 2 O és CO 2 ) kibocsátását befolyásoló hatásokról a nitrogén biogeokémiai ciklusaiban. 

Az első célkitűzésnek megfelelő kísérleteimben nehézfémekkel kezelt talajokban vizsgáltam az 
alkalmazott  nehézfémek  (Cd,  Co,  Pb)  mobilizálható  frakciójának  változását,  továbbá  az  aerob 
heterotróf baktériumok mennyiségére, aktivitására gyakorolt nehézfém-hatást, ill. mértem a talajlégzést 
(CO 2  kibocsátást), mint a talaj szennyezettségének bioindikátorát. Ehhez ólom- (Pb +2 ), a kobalt- (Co

+2 ) és a kadmium- (Cd +2 ) ionok különböző koncentrációjú vizes oldatait használtam. A nehézfémeket 
háromféle dózisban alkalmaztam: Cd (1,5, 3 és 6 mg/kg) CdCl 2  formában, Co (4, 8 és 16 mg/kg) CoCl

2  formában  és  Pb  (40,  80  és  160  mg/kg)  PbCl 2  formában.  A  talajminták  Gödöllőről  származó, 
mezőgazdasági művelés alatt álló (továbbiakban: művelt) és nem művelt barna erdőtalajok voltak. Az 
üvegedényekbe  töltött  talajmintákat  üvegházban,  28°C-on  inkubáltuk  egy,  három  és  hat  hétig.  A 
talajban élő baktériumok anyagcseréjét C, N és P hozzáadásával aktiváltuk, a tápanyagokat nátrium-
nitrát, kálium-foszfát és glükóz formájában adtuk a talajhoz a szubsztrát-indukált légzés vizsgálatára 
(SIR:  substrate  induced  respiration).  Meghatároztam az  összes  mobilizálható  nehézfém frakció,  az 
összes aerob baktérium csíraszám és a fejlődött CO 2  mennyiségének változását az inkubációs idő alatt. 
Megállapítottam,  hogy  a  vizsgált  nehézfémek  vegyületei  egy  héten  belül  nagymértékben 
immobilizálódtak,  majd  további  inkubáció  után  fokozatosan  újramobilizálódtak.  A  nehézfémionok 
adagolása csökkentette a talaj teljes aerob baktérium számát, valamint fiziológiai aktivitását. Az aerob 
baktérium-populációk  általában  a  CO 2 ─ termeléshez  hasonlóan  csökkentek  a  vizsgált  fémionok 
toxikus hatására. A talajminták biológiai aktivitásában bekövetkezett gátlások már három hét után is 
érvényesültek,  de  igazán  jelentős  hatásokat  a  6  hetes  inkubációs  periódus  végén  tapasztaltam.  A 
különböző inkubációs szakaszokban az Pb +2  csökkentette a legkisebb mértékben a művelt és a nem 
művelt  talajok CO 2 -kibocsátását.  A gázkibocsátást  a  Cd +2 ─ionok gátolták  a  leginkább,  de  Co +2

─ionok jelenlétében is érzékelhető volt határozott csökkenés.

Második  célkitűzésemnek  megfelelő  kísérleteimben kadmiummal  (Cd)  és  ólommal  (Pb) 
szennyezett  Keszthely  környékéről  származó  barna  erdőtalaj  és  gödöllői  barna  erdőtalaj 
gázkibocsátását (NO, N 2 O, CO 2 ) vizsgáltam gázkromatográfiás és kemilumineszcenciás módszerrel 
zárt  rendszerű,  különböző  hőmérsékleten  (15  és  37°C),  35  napig  inkubált  kísérleti  modellben.  A 
mikrokozmosz rendszerű kísérletet hermetikusan, szilikon szeptummal lezárt, 1200 cm 3  térfogatú üveg 
edényekben  végeztük,  amelyekbe  200  g  jól  homogenizált  (2  mm-nél  kisebb  szemcseméretű),  kis 
humusztartalmú talajmintát helyeztünk. A talajmintákat különböző mértékben szennyeztük a következő 
vegyületekkel: Pb(CH 3 COO) 2  · 3H 2 O 40, 80 és 160 mg Pb kg-1 talaj, illetve CdCl 2  · 2,5H 2 O 6, 12 
és  24  mg  Cd  kg-1  talaj  koncentrációban.  Azt  tapasztaltam,  hogy  a  harmadik  napon  a 
kemilumineszcenciás  detektorral  mért  NO-kibocsátás  fokozatosan  csökkent  az  alacsonyabb 
hőmérsékleten,  és  a  8.  napon  már  nem  volt  mérhető  a  NO  mennyisége.  A  37°C-on  inkubált, 
kadmiummal szennyezett talaj N 2 O─kibocsátása napról napra emelkedett a kísérlet első hetében, majd 



fokozatosan csökkenni kezdett. A CO 2 ─kibocsátás mértéke nem változott a kísérlet 15. napjáig, utána 
viszont  csökkenő  tendenciát  mutatott.  Megállapítottuk,  hogy  a  Cd─szennyezett  talajminták 
gázkibocsátása  nagyobb  volt,  mint  a  mikrobákra  toxikusabb  Pb-szennyezett  mintáké.  A  magasabb 
hőmérsékleten  a  talajminták  gázkibocsátása  meghaladta  az  alacsonyabb  hőmérsékleten  kapott 
gázkibocsátási értékeket. 

Általánosságban elmondható, hogy a talajminták helyspecifikus jellemzői és a hőmérséklet volt a 
legfontosabb meghatározó tényező a gázkibocsátás mértékére. Az összes kísérletben az találtam, hogy a 
denitrifikálás  volt  a  legfőbb  oka  a  gázkibocsátásnak,  mivel  a  vízzel  kitöltött  talajhézag  tartalom 
(WFPS) 60%-os volt  a legtöbb esetben,  ami  anaerob körülményeket  teremtett,  és ez elősegítette  a 
mikrobák számára a NO-gáz újrafelhasználását. A kísérlet kezdeti szakaszában mind a CO 2  és az N 2

O  kibocsátás  emelkedett,  mivel  a  talaj  mikrobiológiai  tevékenysége  és  a  talaj  szervesanyag 
mineralizációja is fokozódott a talajminták szárítása és az újra nedvesítés következtében.

Kulcsszavak: nehézfémsók hatása, talajbaktériumok mennyisége, talajlégzés, NO─, N 2 O─, és 
CO 2 ─emisszió, mikrokozmosz, hőmérséklet, talajnedvesség, talajszennyezettség.

8. NEW SCIENTIFIC RESULTS

The  highlight  of  the  most  important  results  recognized  from  the  present  study  can 
summarize as:

1. Heavy metal contamination strongly influences the respiration and aerobic bacterial community in 
agricultural soil.  The recoveries and bioavailability of contaminant  amounts of Pb, Cd and Co 
were significantly higher at the 6th week of the incubation intervals than at 1st and 3rd incubation 
week.  Linear regression and correlation indicated no significant differences between the metal 
recoveries in the uncultivated and wheat cultivated clay loam brown forest soil samples originated 
from Gödöllő. Also, the CO2-released was more from uncultivated than cultivated soil samples. Cd 
was more toxic metal and causes a decrease in the bacterial population density in both soil samples 
followed by Pb and Co. The toxicity decreasing order of the tested metals was Cd > Co > Pb.

2. The microcosm’s experimental model proved to be a suitable tool for detecting the effect of factors 
(moisture,  temperature  and  heavy metal)  influencing  the  CO2, N2O and NO release  from two 
agricultural soil types (1. Ramann-type brown forest soil originated from Keszthely, and 2. clay 
loam  brown forest  soil  originated from Gödöllő).  Based on these results,  it  appeared that  soil 
characteristics are the primary factors affecting spatial emission variability in the soil sites. In my 
experiments in this sense the following result were achieved:

2.1. When the microcosms of Keszthely (pH = 7.55) and Gödöllő (pH = 5.56) soil samples of 
moisture regime 30% WFPS, contaminated with various contamination doses of Cd and 
Pb and incubated at 15°C, NO emission from Keszthely soil was more inhibited by Cd 
than  by  Pb. While  Pb  more  inhibited  the  NO  emission  than  Cd  in  Gödöllő  soil 
microcosms.  Moreover,  at  soil  moisture  60% WFPS,  and  incubated  at  15°C the  NO 
emissions from Keszthely microcosms were less than the emission from  Gödöllő soil. 
When Keszthely soil microcosms of 60% WFPS incubated at 37°C, the amounts of NO 
detected from microcosms of soil contaminated by Pb is smaller than those detected when 
the soil contaminated by Cd.

2.2. The amounts of N2O emitted from Keszthely soil microcosms were less than the amounts 
of N2O emitted from Gödöllő microcosms when the soil samples had moisture regime of 
60% WFPS, contaminated by Pb and incubated at 15°C. In Keszthely soil microcosms. 
N2O emission rates were more inhibited by Pb than Cd when the microcosms incubated at 
37°C.

2.3. At moisture regime was 30% WFPS and incubated at 15°C, the rates of CO2 emissions 
were  increased  by  Pb  contamination  in  the  soil  microcosms  of  both  soils, and  the 
emission rates were decreased by increasing the concentrations of  Cd in Gödöllő and 
Keszthely  microcosms.  When  the  soil  moisture  regime  was  at  60%  WFPS  and  soil 



microcosms  contaminated  by  Cd  or  Pb  and  incubated  at  15°C,  the  amounts  of  CO2 

emitted from microcosms of Gödöllő were more than the detected amounts emitted from 
the microcosms of Keszthely.

2.4. The  emission  rates  from clay  loam of  Gödöllő  microcosms  were  approximately  the 
double  amount  emitted  from  Ramann-type  of  Keszthely  soil.  The  increases  in  the 
emission may be due to the increases in concentrations. In Keszthely soil of 60% WFPS 
contaminated by Cd and Pb and incubated at the emission rates of 37°C, the amounts of 
CO2 emitted  from  Cd  contaminated  soil  in  the  microcosms  were  higher  than  those 
amounts of CO2 emitted from microcosms of Pb contaminated soil of Keszthely, too.

9. PROPOSALS

1. The common management practices
Several options for the mitigation of trace gases emissions have been suggested in a recent 

review. These options are aimed at increasing the efficiency of N fertilizer use and on reducing the 
amount of N cycling through an agricultural system. For example, the primary consideration for 
mitigating N2O emissions from soils  is to match the supply of mineral  N (from fertilizer  and 
manure applications,  legume-fixed N)  to  the  spatial  and temporal  needs of  the pasture  plants. 
Although it is possible to achieve uniform application of N fertilizers, it is difficult to control the 
uneven excretal  distribution in  the  pastures  that  are  grazed throughout  the  year.  The common 
management  practices  include  optimum  N  supply  to  pasture  crops,  proper  animal  residue 
management,  and  use  of  controlled  release  fertilizers,  NIs,  and  proper  water  management. 
Strategies and best management practices for mitigation of gaseous N emission include:
• Improvement of overall N-use efficiency
• Manipulation of N economy of the animal to reduce N excretion
• Lower N content of pastures – supplementary feed
• Winter management – stand-off pads
• Strategic application of farm effluents
• Use of controlled-release N-transformation inhibitors
• Reduction of livestock numbers
2. Options for Reducing the Environmental Effects of N in Agriculture

After addition of N to farms as animal excreta, fertilizer, crop residues or biological fixation, 
it can be lost by gaseous emissions to the atmosphere as NH3, N2O and other NOx, by runoff or 
leaching of NO3,  and by soil  erosion.  The predominant  loss process and the amounts  lost  are 
influenced  by  the  ecosystem,  soil  characteristics,  farming  practice,  fertilizer  techniques,  and 
prevailing weather conditions. The lost N can acidify soils and water bodies, deplete stratospheric 
O3,  change climate,  produce blooms of toxic algae, eutrophic coastal ecosystems,  and produce 
respiratory and cardiac disease in humans. Many approaches have been suggested for increasing 
the efficiency of N fertilizer and reducing losses, including optimal use of fertilizer form, rate and 
method of application, matching supply with crop demand, optimizing split application schemes, 
supplying  fertilizer  in  the  irrigation water,  applying  fertilizer  to  the  plant  rather than the soil, 
changing  the  fertilizer  type  to  suit  the  conditions,  and  use  of  slow-release  fertilizers  and 
nitrification inhibitors. In addition, agronomic practices such as higher plant densities, weed and 
pest control and balanced fertilization with other nutrients can increase efficiency of N use and 
result in reduced loss of N. If the options proposed for reducing emissions from fertilizer use were 
implemented, they would not only reduce impacts on the environment, but they would increase 
farm’s income.
3. N2O Emission Reducing Management Techniques

In order to reduce N2O emissions from crop production activities, it is important to focus on 
managerial  techniques.  Managerial  techniques  that  affect  N2O  emissions  include  tillage 
technology, tillage techniques and tillage timing, crop rotations, method and timing of fertilizer 
application,  and  type  of  N  applied.  Fertilizer  applied  in  the  fall  is  subject  to  spring  thaw 
environmental conditions. Fertilizer applied after the spring thaw will not be subject to the spring 
thaw  environmental  conditions  there  by  generally  reducing  N2O  emissions  from  fertilizer  N 



(NYBORG et al. 1997).  MOSIER et al. (1996) suggested the management practices that optimize the 
crop’s ability to uptake N as it becomes available will reduce N2O emissions from mineral and 
organic  N.  N use  efficiency (NUE)  examines  a  crops  N uptake,  relative  to  the  amount  of  N 
applied. Strategies that increase NUE can also reduce N losses.  GAUER et al. (1992) found that 
NUE is generally the greatest with low levels of applied N and  decreases as the amount of N 
applied increases. Improved moisture conditions increase NUE through increased yield potential 
and improvement of N mobility in the soil. MOSIER et al. (1996) and BEAUCHAMP (1997) gave the 
following practical strategies to mitigate N2O emission from agricultural soils:

11) Match N supply with crop demand
0a) Use soil/plant testing to determine fertilizer N needs 
1b) Minimize fallow periods to limit mineral nitrate accumulation 
2c) Optimized split application schemes 
3d) Match N application to reduced production goals in regions of crop over production 
22) Close N flow cycles
0a) Integrate animal and crop production systems in terms of manure reuse and plant production 
1b) Maintain plant residue N on the production site 
33) Use advanced fertilization techniques 
0a) Controlled release fertilizers 
1b) Place fertilizers below the soil surface 
2c) Foliar application of fertilizers 
3d) Use nitrification inhibitors 
4e) Match fertilizer amount and type to seasonal precipitation 
44) Optimize tillage, irrigation and drainage

4. Strategies  and  best  management  practices  for  mitigation  of  gaseous  N  emission 
include:

1. Improvement of overall N-use efficiency.
2. Manipulation of N economy of the animal to reduce N excretion.
3. Lower N content of pastures – supplementary feed.
4. Winter management – stand-off pads.
5. Strategic application of farm effluents.
6. Use of controlled-release N-transformation inhibitors.
7. Reduction of livestock numbers.

5. The ideal inhibitor for use in agriculture should:
The general theory behind the use of these inhibitors is that they slow down N turnover by 

slowing the oxidation of N to NO3
−, causing N to stay in the form of NH4

+. However, the NI does 
not  inhibit  nitrification  indefinitely.  Therefore,  a  quantitative  understanding  of  interrelations 
between N2O and NH3 emissions, and NO3

− and NH4
+ leaching, is central both to understanding 

how pasture systems behave and respond to inhibitors, and to determining the effectiveness of land 
management  strategies  to  reduce  overall  N  losses.  Mitigation  strategies  neglecting  these 
interrelations  may  be  sub-optimal.  The  value  of  inhibitors  in  mitigating  N2O  emissions  also 
depends on their  rate  of  degradation and persistence in  soils,  but  key soil  and environmental 
factors influencing NIs are poorly understood.
The ideal inhibitor for use in agriculture should:
1. Specifically block an enzymatic reaction (e.g., NI should block NH4

+ oxidation to NO2
−, but 

not NO2
− oxidation to NO3

−, during the nitrification process).
2. Remain in close contact with N compounds (UIs must move with urea molecules which are 

not readily adsorbed by soil, whereas NI must be close to NH4
+ ions which are readily retained 

by soil).
3. Not adversely affect other beneficial soil organisms and higher plants.
4. Remain effective in soil for several weeks after N input through fertilizer addition and excretal 

deposition.
5. Not be toxic to animals and humans in the amounts used to effectively inhibit nitrification.
6. Be cost effective to use.

6. The key questions regarding the NIs that need future attention are:



Furthermore,  there is little  information on the long-term impact  these inhibitors could have in 
altering the N cycle  of  agricultural  systems,  and on the issues of toxicity.  The key questions 
regarding the NIs that need future attention are:
 What  processes  regulate  the  efficacy  of  NIs  at  site/point  application  scales,  and  what 

conclusions can be drawn about their likely short-, medium- and long-term effectiveness and 
required application rates/frequencies?

 What impacts do NIs have on medium- to long-term N storage and indirect N2O emissions, 
and are there any deleterious implications for soil CO2 gas exchange?

 Can present measurement techniques quantitatively demonstrate emissions reductions due to 
application of NIs at paddock/herd scales, and to what level of precision? Is there evidence of 
bias in the assessment of effectiveness between measurement approaches?

 What level of emissions reduction is achieved with inhibitors through time, as a function of 
changes in animal excretal inputs and climate?

 What are the requirements for long-term monitoring/demonstration of mitigation effectiveness, 
and what is the cost/precision trade-offs for monitoring instrumentation?
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11. FURTHER TASK

The results of the presented study pointed out the possibility to use microcosm model in 
order to measure the emissions rates of trace gases under control environment and developing 
reduction strategies. The implementation of the microcosm model formed the basis of developing 
adapted  reduction  strategies  of  trace  gases  emissions  in  consideration  of  underlying 
environmental-limiting factors. However, modeling complex systems requires good and valuable 
information about the basis securities.

Thus, in future research the developed N fertilization strategies (by the means of measuring 
the emissions rates of trace gases) using the crop growth (maize, wheat, beans, and etc.) model 
should be realized and tested with regard to the reduction of N losses. Additionally, there is a need 
to validate the model in consideration of the indicated yield-limiting factors, the positive effects of 
variable rate N fertilization strategies on reducing N oxides emissions seem to be limited.

A further investigation is required to identify N2O production  via denitrification under 
aerobic conditions when organic C is incorporated.

Further research is required to investigate how the large heavy metal concentrations might 
affect plant characteristics. The inhibitor/suppression technique used was confirmed to be flawed 
as  negative  values  for  nitrifier  denitrification were  obtained.  Our  study showed that  the  main 
factors that regulate the NO emissions in our studied soils are pH and WFPS. Our results can be 
used to improve current estimates of NO and N2O emissions from the investigated ecosystems 
where information is limited.

Incorporation of heavy metals reduced NO, N2O and CO2 emissions (in some cases). This 
reduction was quantitatively dependent  on heavy metal  concentration,  lower  concentrations  of 
heavy metals inducing higher emission rates than higher heavy metal concentrations. A further 
conclusion is that the trace gases emissions in soils amended with heavy metal is not a constant but 
dependent on other environmental factors such as soil conditions, moisture, temperature, etc.
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Fig. A-1. Linear regression and other statistical determinants indicate the relationships between the different Pb doses applied to 
cultivated (c) and uncultivated (uc) brown forest soils (Gödöllő) and its bioavailability 

yPb uc = 31.84x - 44.06
R2 = 0.7968
r = 0.8926
SD = 56.3974
CV% = 109.5947

yPb c = 35.262x - 51.386
R2 = 0.8565
r = 0.9255
SD = 60.2427
CV% = 110.7402
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Fig. A-2. Linear regression and other statistical determinants indicate the relationships between the different Cd doses applied to 
cultivated (c) and uncultivated (uc) brown forest soils (Gödöllő) and its bioavailability

yCd uc = 1.418x - 2.3486
R2 = 0.8208
r = 0.9051
SD = 2.4747
CV% = 129.8805

yCd c = 1.298x - 2.1364
R2 = 0.854
r = 0.9241
SD = 2.2209
CV% = 126.3873
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Fig. A-3. Linear regression and other statistical determinants indicate the relationships between the different Co doses applied to 
cultivated (c) and uncultivated (uc) brown forest soils (Gödöllő) and its bioavailability

yCo uc = 2.763x - 2.109
R2 = 0.6932
r = 0.8326
SD = 5.2472
CV% = 84.9058

yCo c = 2.861x - 3.139
R2 = 0.7252
r = 0.8516
SD = 5.3119
CV% = 97.5737
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Fig. A-4. Linear regression and other statistical determinants indicate the relationships between the different Pb, Cd, and 
Co doses (mg/kg soil) applied to uncultivated brown forest soils (Gödöllő) and CO2-release 
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Fig. A-5. Linear regression and other statistical determinants indicate the relationships between the different Pb, Cd, and 
Co doses (mg/kg soil) applied to cultivated brown forest soils (Gödöllő) and CO2-release 
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Fig. A-6. Log10 of aerobic heterotrophic bacterial count (cfu/g soil) from uncultivated brown forest soil (Gödöllő) 
contaminated by different concentrations (mg/kg soil) of Pb, Cd, and Co
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Fig. A-7. Log10 of aerobic heterotrophic bacterial count (cfu/g soil) from cultivated brown forest soil (Gödöllő) 
contaminated by different concentrations (mg/kg soil) of Pb, Cd, and Co 
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Fig. A-8. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Keszthely) of 30% WFPS treated with different concentrations of Cd and 

incubated at 15°C 
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Fig. A-9. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Gödöllő) of 30% WFPS treated with different concentrations of Cd and 

incubated at 15°C
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Fig. A-10. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Keszthely) of 30% WFPS treated with different concentrations of Pb and 

incubated at 15°C 
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Fig. A-11.  Linear regression and some statistical determinants indicate the relationship between NO amounts detected 
in microcosm containing brown forest soil (Gödöllő) of 30% WFPS treated with different concentrations of Pb and 

incubated at 15°C 
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Fig. A-12. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Cd and incubated 

at 15°C 
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Fig. A-13. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Gödöllő) of 60% WFPS treated with different concentrations of Cd and incubated at 

15°C 
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Fig. A-14. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Pb and incubated at 

15°C 
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Fig. A-15. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Gödöllő) of 60% WFPS treated with different concentrations of Pb and 

incubated at 15°C 
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Fig. A-16. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Cd and 

incubated at 37°C 
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Fig. A-17. Linear regression and some statistical determinants indicate the relationship between NO amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Pb and incubated at 

37°C
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 Fig. A-18. Linear regression and some statistical determinants indicate the relationship between N2O amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Cd and incubated 

at 15°C 
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Fig. A-19. Linear regression and some statistical determinants indicate the relationship between N2O amounts detected 
in microcosm containing brown forest soil (Gödöllő) of 60% WFPS treated with different concentrations of Cd and 

incubated at 15°C 
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Fig. A-20. Linear regression and some statistical determinants indicate the relationship between N2O amounts detected 
in microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Pb and 

incubated at 15°C 
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Fig. A-21.  Linear regression and some statistical determinants indicate the relationship between N2O amounts detected 
in microcosm containing brown forest soil (Gödöllő) of 60% WFPS treated with different concentrations of Pb and 

incubated at 15°C

yC = -0.4274x + 11.372
R2 = 0.7483
r = 
SD = 2.2094
CV% = 27.7801

y40 = -0.526x + 11.039
R2 = 0.8285
r = 
SD = 2.5846
CV% = 37.8411
y80 = -0.59x + 10.425
R2 = 0.8693
r = 
SD = 2.8301
CV% = 49.6079

y160 = -0.55x + 9.5107
R2 = 0.9287
r = 
SD = 2.5526
CV% = 49.9496

0

2

4

6

8

10

12

14

16

3 4 5 6 7 9 13 15 17 20 22 24 28 30 32

Incubation time (Days)

Am
ou

nt
s o

f N
2O

 (µ
g/

l)

Control 40 mg/kg 80 mg/kg
160 mg/kg Linear (Control) Linear (40 mg/kg)
Linear (80 mg/kg) Linear (160 mg/kg)

Fig. A-22. Linear regression and some statistical determinants indicate the relationship between N2O amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Cd and incubated 

at 37°C
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Fig. A-23. Linear regression and some statistical determinants indicate the relationship between N2O amounts detected 
in microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Pb and 

incubated at 37°C 
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Fig. A-24. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected 
in microcosm containing brown forest soil (Keszthely) of 30% WFPS treated with different concentrations of Cd and 

incubated at 15°C 
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Fig. A-25 Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected in 
microcosm containing brown forest soil (Gödöllő) of 30% WFPS treated with different concentrations of Cd and 

incubated at 15°C 
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Fig. A-26. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected 
in microcosm containing brown forest soil (Keszthely) of 30% WFPS treated with different concentrations of Pb and 

incubated at 15°C
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CV% = 20.0982
y80 = 2240x + 87163
R2 = 0.1357
r = 0.3684
SD = 16653.7314
CV% = 16.9309
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Fig. A-27. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected 
in microcosm containing brown forest soil (Gödöllő) of 30% WFPS treated with different concentrations of Pb and 

incubated at 15°C
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Fig. A-28.  Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected 
in microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Cd and 

incubated at 15°C
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Fig. A-29. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected 
in microcosm containing brown forest soil (Gödöllő) of 60% WFPS treated with different concentrations of Cd and 

incubated at 15°C
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Fig. A-30. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Pb and incubated at 

15°C 
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Fig. A-31. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected in 
microcosm containing brown forest soil (Gödöllő) of 60% WFPS treated with different concentrations of Pb and incubated at 

15°C
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Fig. A-32. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Cd and incubated 

at 37°C 
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Fig. A-33. Linear regression and some statistical determinants indicate the relationship between CO2 amounts detected in 
microcosm containing brown forest soil (Keszthely) of 60% WFPS treated with different concentrations of Pb and incubated at 

37°C
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