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Preface

Climate change is unavoidable but adaptation is possible. Climate change and agricul-
ture are interrelated processes, both of which take place on a global scale1. Climate
change affects agriculture through changes in average temperatures, rainfall and climate
extremes; changes in pests and diseases; changes in atmospheric carbon dioxide;
changes in the nutritional quality of some foods; and changes in sea level. Future climate
change will likely negatively affect crop production in low latitude countries, while
effects in northern latitudes may be positive or negative. Climate change will probably
increase food insecurity for some vulnerable groups, such as the poor. Agriculture
contributes to climate change both by anthropogenic emissions of greenhouse gases
and by the conversion of non-agricultural land such as forests into agricultural land.

1https://en.wikipedia.org/wiki/Climate_change_and_agriculture
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Soil erosion in wheat field, Pas de Calais, France, winter 1990. Copyright P. CHERY, INRA 1990

In order to adapt agriculture, there is actually an urgent need for management
methods that will decrease negative impacts and allow food production on formerly
sterile lands. This book reviews advanced knowledge and methods relevant to
climate and agriculture. In the first chapter, Kulek reviews the agricultural nitrogen
cycle, with focus on gas emissions of ammonia (NH3), nitrous oxide (N2O), com-
monly known as the laughing gas, and nitric oxide (NO) from animal husbandry and
fertilisation. She found that camels emit much less ammonia and nitrous oxide than
cattle, that the older the animal the higher the ammonia emission, and that
fertilisation with calcium ammonium salts emits much less gases that urea
fertilisation. In Chap. 2, Sarauskis evaluate the positive and negative effects of
tillage; they found that sustainable tillage without ploughing reduces costs by
25–41%. Tsegaye reviews coffee production and climate change in Ethiopia,
where the mean annual temperature has increased by 1.3�C between 1960 and
2006, and states that ‘Africa can be easily converted into deserts’, in Chap. 3.

Coastal agrosystems are particularly vulnerable to climate change and accelerated
sea level rise. In Chap. 4, Banerjee et al. found that in some areas up to 40% of
biodiversity has been lost; they propose adaptation practices such as agroforestry and
salinity management. Singh et al. explain that wetland rice fields emit 15–20% of
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anthropogenic methane (CH4) emissions; they list the various factors and practices
controlling emissions in Chap. 5. In the same vein, Srivastava et al. review in
Chap. 6 the factors that control carbon sequestration in soils, a practice which is
foreseen to decrease CO2 emissions; they found that dry tropical soils are far away
from carbon saturation and thus have high potential for carbon sequestration.

In Chap. 7, Arora andVanza present bacteria and fungi that can be used to decrease
salt stress in plants; they found that wheat and corn yields can be increased by
10–12% under salinity stress. Bhaduri et al. review the types of degraded soils and
the bioindicators of soil degradation, such as plant biomarkers and biosensors, in
Chap. 8. Usman et al. discuss groundwater evolution in Pakistan, and consequence
for irrigated agriculture, in Chap. 9. In the future, there will be more food production
in closed systems due to climate changes and increasing urbanisation. Here, Hadavi
andGhazijahani review the types of closed systems used in agriculture, with inspiring
experiments of food production in outer space, in Chap. 10. In the last Chap. 11,
Zahedi presents biofuels such as bioethanol, biodiesel, crop residues and algae.

Aix-en-Provence, France Eric Lichtfouse
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Chapter 1
Impact of Human Activity and Climate
on Nitrogen in Agriculture

Beata Kułek

Abstract High concentrations of gases containing nitrogen in the air and different
nitrogen forms in soils, plants and water pose a threat both to the environment and to
human health. Here I review the impact of various factors on the content of nitrate,
nitrite, ammonium, organic and total nitrogen, urease and nitrate reductase in soils
and plants. I also review impacts on ammonia, nitrous oxide, nitrogen dioxide and
nitric oxide in the atmosphere. The strongest effect on concentrations of gases
is the type of animals producing the gases. A weaker dependency is the distance
from a farm, and the lowest effect is the type of plant species. The highest
concentration of NH3 and N2O came from cattle (56.1 and 42.3 μg m�3), whereas
the lowest – from camels (0.3 and 0.5 μg m�3), respectively. The following
dependency prevailed: the longer the distance from animal farms, the lower the
concentrations of ammonia.

Higher emissions of ammonia (92.0%) and nitrous oxide (74.8%) were found to
come from urea in a crop field, whereas lower from calcium ammonium nitrate
applied to grassland (1.6% of NH3) and from ammonium salts used in a crop field
(0.1% of N2O). Similar tendencies were observed for NO. Total emission of
ammonia was the highest when resulting from the spreading of waste (36%),
whereas the lowest volatilization from grazing / outdoors (8%). The older the
animals, the higher the NH3 loss. The highest organic nitrogen concentration was
noted after the application of pig slurry manure (3.5%) and the lowest after applying
cattle and pig farmyard manure (FYM) (2.3%) above ryegrass field. The highest
amounts of net nitrogen were found in Melilotus alba, whereas the lowest in Poa
pratensis. A total nitrogen concentration also depended on the type of crops. Its level
was higher in Vicia faba (48.71%) and the lowest in grained winter rye cereals
(14.96%).
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1.1 Introduction

Ammonia is deposited on vegetation, soil and water (Asman and Van Jaarsveld
1992). This deposition may cause acidification and eutrophication of natural eco-
systems (Fangmeier et al. 1994). The highest amounts of NH3-N were in spring and
autumn corresponding to the largest main fertilization time – the application of
organic fertilizers across the surrounding arable land. The large contribution of
NH3-N and N-NH4

+ to the total N input poses a high eutrophication risk to peat
moorland and changes in the biodiversity of the ecosystem (Hurkuck et al. 2014).
Khonje et al. (1989) tested different fertilizers and the soil pH was very acidic when
(NH4)2SO4 and NH4Cl were used (approx. 3.5), but when NaNO3 was applied (6.5)
and Ca(NO3)2 – nearly 6.0 (Bolan et al. 1991). About 5% of the total atmospheric
greenhouse effect is attributed to N2O from which 70% of the annual global
anthropogenic emissions come from animal and crop productions (Mosier 2001).
Nitrous oxide causes global warming, but NO3

� ground water contamination (Lin
et al. 2016). Over 80% of ammonia emissions originate from animal excreta and less
than 20% of the total NH3 emissions of agricultural origin in Europe from the use of
fertilizers. A large variation in the amounts of this gas in the air above different
countries was observed (Van der Hoek 1998). In areas of intensive animal hus-
bandry, the NH3 concentration was 50 μg m�3 (Asman et al. 1989), but in agricul-
tural areas for several young (20–40 plant species) only 2–5 μg of NH3 m

�3 was
found (Farquhar et al. 1980).

In an ecological farm system, higher urease activity, an accumulation of total
nitrogen and lower concentrations of ammonium and nitrate ions compared with a
conventional and integrated system were observed. Urease activity increased with
increasing pH values and was higher in an ecological system than in other systems.
Higher doses of nitrogen in fertilizers decreased the enzymatic activity (Meysner and
Szajdak 2013). An amount of total nitrogen and urease activity were much higher in
neutral mineral – organic soils than in very acid and acid mineral soils. An increase
in an amount of rainfall and temperature was accompanied by an increase in an
activity of urease (Szajdak and Matuszewska 2000). Stalenga and Kawalec (2008)
showed that the emission of N2O in an ecological crop production was more than
two times lower than in two other systems (a conventional and an integrated one).
Progressively decreasing urease activity was found with increasing depth when the
greatest organic matter content existed and the most recent organic depositions were
found (Myers and McGarity 1968).

A wide variation in a loss of NH3 reported is due to a variety of factors, including:
water pH, temperature, soil type, N-source and a dose and a method and time of
application (Fenn and Hossner 1985). Small amounts of NH3 loss were from
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decaying plant residues (Terman 1979) and maturing leaves (Hooker et al. 1980), but
relatively large from urea and ammonium-based fertilizers, animal and sewage waste
and submerged soils (Fenn and Hossner 1985). Factors which cause the NH3

volatilization to the air are the following: the amount of urea applied, its rate of
hydrolysis, an initial pH and pH buffer capacity of the soil, the level of soil moisture
and the depth of application (Rachhpal and Nye 1988). Plants do not tolerate high
amounts of ammonium and concentrations of 0.02–0.04% are toxic for them (Barker
et al. 1967; Ajayi et al. 1970), but early growth was retarded when NH3 and NH4

+-N
concentrations in soil reached 944 ppm at pH of 8.1 and was completely inhibited at
concentrations of 1628 ppm at pH of 9.0. Roots tips of corn were brown and at
1000 ppm seeds resulted in significant stand reduction. High rates of NH3 also
caused NO2

�-N toxicity for plants (Colliver and Welch 1970). In light the emission
of NH3 from spring barley was high, but when the light was turned off it declined
(Schjørring 1991).

Ammonia emissions to the atmosphere come from plant residues (Fenn and
Hossner 1985) and mainly from farm animals and spreading of their manure, some
also from application of mineral fertilizers, notably from surface application of urea.
Plants act both as a source and sink of NH3 (Farquhar et al. 1983; Sutton 1990;
Schjørring 1991). High losses of ammonia occur when plants are diseased and
during grain filling, but it was noted when the losses of nitrogen in barley crops
were low (Schjørring et al. 1989; Holtan-Hartwig and Bøckman 1994). Greater
amounts of ammonium were observed during senescence after proteolysis and
deamination of amino compounds (Holtan-Hartwig and Bøckman 1994). Ammo-
nium and nitrate are excreted through guttation and water percolate after rainfall or
irrigation returns nitrogen to soil. Dew covers the plants during the night and early in
the morning, then it evaporates from crop fields. What has not been taken up by
plants from the air in these times will be re-emitted to the air as the vegetation dries
(Sutton et al. 1992).

According to Wetselaar and Farquhar (1980), the following pathways of nitrogen
losses from tops of plants can be distinguished: root exudates and losses from soil
(by leaching and denitrification) of nitrogen transferred to roots, loss of pollen,
flowers, fruits, leaves, plant material by insects, birds, microorganisms and excre-
tions leaching from leaf surfaces by rain, dew dripping, sprinkler irrigation or
spraying with pesticide and gaseous losses. These may be as: ammonia, amines,
dinitrogen, nitric oxide, nitrogen dioxide and nitrous oxide (Dean and Harper 1986;
Guanxiong et al. 1990).

An increase in the cation exchange capacity resulted in decreasing NH3 losses.
Ammonium sulfate produced higher soil pH values and NH3 losses than ammonium
nitrate, because one half of ammonium nitrate is in the NO3

� form, so ammonia losses
are much less than from ammonium sulfate at the same amount of nitrogen. A percent
of NH3-N losses and soil pH with ammonium nitrate decreased with increasing
application dose, but with ammonium sulfate increased. When the fertilizer was
present in deeper layers of soil, the NH3-N loss was lower (Fenn and Kissel 1976).

Variations in temperature, precipitation, a content of clay and pH had significant
effects on denitrification and N2O emissions and stimulated higher values of nitrous
oxide, but rainfall caused nitrate to limit emissions of this gas (Li et al. 1992). A

1 Impact of Human Activity and Climate on Nitrogen in Agriculture 3



significant influence on nitrous oxide and nitric oxide emissions was exerted by:
(1) environmental factors (climate, soil organic C content, soil texture drainage and
soil pH), (2) management-related factors (N application rate per the fertilizer type, a
kind of crop, with major differences between grass, legumes and other annual crops)
and (3) a length of measurement period and their frequency. The most important
controls on nitric oxide emissions include the N application dose per the fertilizer
type, soil organic C content and soil drainage. Global mean fertilizer-induced
emissions of these gases amount to 0.9% and 0.7%, respectively of the N applied.
The concentrations of these gases increased with the increasing dose of fertilizers.
Nitrous oxide losses were lower from grassland than from croplands. Neutral to
slightly acidic soils favor N2O emissions. Urea gives the highest nitric oxide
volatilization. Hence, ammonium-based fertilizers give high emissions of both
gases and nitrate-based fertilizers increased NO, but decreased N2O emissions.
The lowest estimates for nitrous oxide are for animal manure, but ammonium nitrate
and mixes of mineral fertilizers have the highest emissions. Contrary to nitrous
oxide, the influence of climate was not significant for nitric oxide, differences in the
soil texture had no effect on NO volatilization, because soil organic C content and
drainage account for most of the variability (Bouwman et al. 2002).

Ammonia emissions increased with increasing soil temperatures, the time after
this fertilizer application and at higher pH values, but decreased when the soil
moisture was low and its dryness occurred (Ernst and Massey 1960). A total N
loss at maturity (the grain filling period) was higher than during anthesis in winter
wheat and increased with an increase in a fertilizer dose (Daigger et al. 1976). Many
factors influence the concentrations of various nitrogen forms in the environment, as
shown in Fig. 1.1.

Some of factors can act synergistically, because they overlap, and their effect is
enhanced, but others have an inhibiting effect on the formation of nutrients in nature
and gases in the atmosphere. Due to the complexity of relationships, which often
overlap, the analysis of gas emissions and concentrations of different forms of
nitrogen is needed and tests should be carried out directly and individually for
each ecosystem, soil and plant. NOx, NH3, NH4

+ and NO3
� lead to soil and plant

community changes and to an eutrophication in semi-natural ecosystems. Ammo-
nium nitrate, nitric oxide and soil NO3

� can be harmful to human health and with
ammonia also decrease biodiversity, but nitrous oxide causes changes in the climate
(Erisman et al. 2003). Because of the harmful presence of excessive amounts of
nitrogen forms in nature, investigates should be continually conducted to control the
level of these forms and, if necessary, to limit their amounts e. g. through the use of
phenylphosphorodiamidate, which inhibits urea volatilization by 54%, but the effect
of this was in the lower soil pH (5.6), so when the pH was higher (7.2), N-(n-butyl)
thiophosphoric triamide was applied and it limited ammonia emissions in 39%
(Beyrouty et al. 1988). As a result, an appropriate method or an inhibitor of gas
emissions should be selected for each environment and individual conditions. Trace
elements like: Cu(I), Co(II), Cu(II), Fe(II), Ni(II), Pb(II), Zn(II), Al(III), As(III), Cr
(III), Fe(III), V(IV), Mo(VI) and Se(VI) inhibited the nitrate reductase activity in
acidic and neutral soils. The optimal pH for NR activity in soils is 7.0 - Fu and
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Tabatabai 1989. Each enzyme has the highest activity at the optimal temperature.
For the nitrate reductase it is below 40 �C (Abdelmagid and Tabatabai 1987) and it
increases with time after incubation of soils (Binstock 1984). Higher rates of
ammonium nitrate, higher N and the dry matter losses were from winter wheat
leaves than from roots (Daigger et al. 1976). After anthesis, nitrogen was accumu-
lated in grain in greater amounts. NOx and NH3 can cause acidification of soils and
fresh waters. With a higher dose of urea prills, higher ammonia losses were observed
for a longer time, but the amount of this gas decreases with an increasing dose of
urea-liquid spray (Hargrove and Kissel 1979). A higher urea content in soil was
related to higher activity of urease (Zantua and Bremner 1975). In sand, nitrate
amounts were the lowest, but in clay loam – the highest (Groffman and Tiedje 1989).
Nighttime volatilization rates of ammonia were only one-half of those observed by
day for similar aqueous NH3 concentrations. At 2–4 m s�1 wind speed, 3.5% of the
ammonia loss was observed, but at 4–8 m s�1 25%. Ammonia concentrations were
higher at lower heights above ground (Denmead et al. 1982).

I investigated an effect of human activity on ammonia concentrations in the
atmosphere using Gradko passive samplers from 5th September to 13th October
2008 and analyzes by ion chromatography (Fig. 1.2a–c).

Fig. 1.1 Dependencies between human activity, climatic conditions and other factors on the
content of different nitrogen forms in soils, plants, water and in the atmosphere in various
agricultural ecosystems. The highest impact on gases emissions into the atmosphere was found to
come from animal husbandry near meadow, crop residues and climatic conditions. Fertilizers
visibly affect the amounts of different nitrogen forms in soils and plants growing in crop fields,
especially manure and urea. The impact is associated with their doses and forms of application, but
is less depended on a season of the year and the type of soil and plant species – contrary to a
shelterbelt ecosystem. Insolation was found to affect nitrate reductase activity, whereas urease
activity was stated to depend on the urea content in soil. It was also found that soil temperature and
pH are important for the activity of both enzymes

1 Impact of Human Activity and Climate on Nitrogen in Agriculture 5



Results of these investigations were illustrated in Fig. 1.3.
The highest concentration of ammonia was at a distance of 50 m from a cowshed

(49.215 μg m�3), but the lowest near straw ballots and silage (5.803 μg m�3)
(Fig. 1.3).

The effect of various factors on the activity of nitrate reductase was also analyzed.
The presence of ammonium nitrate in soil caused stimulation of this enzyme activity
in seedling leaves of barley, but reduced it in roots. In a presence of ammonium
chloride in medium, no enzyme activity was found in leaves, but trace amounts were
observed in roots (Skoczek 1992). Nitrate reductase activity was higher for wheat
than for oat and barley and higher in light in leaves, especially for barley (Lillo and
Henriksen 1984).

Soil pH and a kind of fertilizer have an effect on NH3 losses, which were higher
for ammonium nitrate at the pH level above 7.0 than at the value of 5.5 and lower
from ammonium nitrate than from ammonium sulfate. At the pH above 5.5, emis-
sions of this gas were higher from ammonium sulfate than from ammonium
dihydrogen phosphate and ammonium nitrate, but lower than from diammonium
hydrogen phosphate. Ammonia volatilization was also greater from diammonium
hydrogen phosphate than from ammonium sulfate, but lower than from urea at the
pH of 6.1. In very acidic soil (the pH of 3.7), ammonia emissions were very low only
1.4% of applied N with diammonium hydrogen phosphate to 0.6% with urea and to
less than 0.1% with ammonium dihydrogen phosphate, ammonium sulfate and
ammonium nitrate. Ammonium salts showed more variation in ammonia amounts
from the pH of soils 5.5–7.4 than urea (Whitehead and Raistrick 1990).

The type of soil and a kind of fertilizer had also an impact on the ammonia
emission. Ammonia volatilization from ammonium salts applied to calcareous soils
was greatest from ammonium sulfate, about half as much from ammonium
dihydrogen phosphate, diammonium hydrogen phosphate, ammonium nitrate and

Fig. 1.2 An impact of different activity: (a) 50 and 200 m from a cattle farm, (b) corn stubble after
the application of POLIDAP fertilizer in a dose of 27 kg N ha�1 on 10th September 2008 and (c)
straw ballots and silage on an amount of ammonia in the air. The source: own studies
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negligible from magnesium ammonium phosphate. In acidic sandy soils treated with
calcium carbonate the highest volatilization of ammonia was after using ammonium
sulfate, but lower after using diammonium hydrogen phosphate, which acted in a
similar manner to ammonium nitrate. Then the same soils were treated with barium
carbonate. The highest ammonia emission was noticed after using ammonium
nitrate, but lower after applying ammonium sulfate and the same for diammonium
hydrogen phosphate. Further, for the soils treated with magnesium carbonate the
highest loss of this gas was stated after using ammonium sulfate, lower after
applying ammonium nitrate and the lowest after using diammonium hydrogen
phosphate (Larsen and Gunary 1962). Diammonium hydrogen phosphate and
ammonia introduce alkalinity into soil and a loss of ammonia can occur both from
acidic and alkaline soils. The alkalinity of diammonium hydrogen phosphate is not
great, so only small quantities of ammonia volatilization would be expected from
acidic soils and the smallest – from acidic inorganic nitrogen such as: ammonium
nitrate, ammonium sulfate, ammonium dihydrogen phosphate and ammonium chlo-
ride (Fenn and Hossner 1985). Quantities of NH3 loss from surface-applied ammo-
nium nitrate and ammonium chloride on calcareous soils are low. Higher amounts of
urea, higher the NH3 emission was. If an acidified N fertilizer is urea, little or no
reduction of ammonia loss may occur, because urea does not hydrolyze immedi-
ately, but the acid is quickly neutralized. Ammonium sulfate and diammonium

Fig. 1.3 The impact of different types of human activity on the content of ammonia in the air

1 Impact of Human Activity and Climate on Nitrogen in Agriculture 7



hydrogen phosphate caused high ammonia emission which occurs very rapidly
(Fenn 1975). Dry potassium chloride and urea were not effective in reducing
ammonia losses (Fenn and Hossner 1985). NH4

+ added to urea is ineffective in
replacing soil Ca to control ammonia losses (Fenn et al. 1982b). Ammonium nitrate
with urea in solution reduces ammonia loss slightly and only due to the acidity of
ammonium nitrate. No reduction of ammonia loss was found when only a content of
urea was present. Even in acidic soil potassium nitrate and potassium chloride had a
greater effect on reducing the ammonia emissions from urea than it was the case for
ammonium nitrate. An application of urea to soil raises also a concentration of
ammonium and soil pH, thus providing ideal conditions for ammonia volatilization
(Rachhpal and Nye 1988). From Houston Black clay, maximum ammonia losses of
55–65% occurred from ammonium sulfate, diammonium hydrogen phosphate and
ammonium fluoride at 22 �C. Losses of ammonia were higher with inorganic N salts.
Organic urea is immobilized by microbes or by diffusion into the soil and maximum
losses of ammonia from urea reached from 75% to 80% from sand and were lower
from soils with higher the cation exchange capacity of soil. A 61% NH3-N loss from
ammonium sulfate was from fertilized Harkey sicl. The use of urea on calcareous
sand resulted in an estimated 69% ammonia loss as measured by the residual
fertilizer N available for growth of Sorghum sudanense. Ammonium sulfate in the
same experiment resulted in an 80% NH3-N loss of the applied nitrogen (Fenn and
Miyamoto 1981). Ammonium dihydrogen phosphate and diammonium hydrogen
phosphate in soil with high pH will produce a similar ammonia loss (El-Zahaby et al.
1982), but urea in acidic and alkaline soils similar to losses from reactive inorganic N
compounds in calcareous soils. The NH3 loss will be high both from acidic and
calcareous soils, because urea is enzymatically hydrolyzed to ammonium carbonate
(Fenn and Hossner 1985). Moving the fresh surface residues aside and applying urea
to the mineral surface will result in reduced NH3 losses, because lower urease
activity limits the urea hydrolysis rate. The cation exchange capacity does not
control ammonia losses even at the highest values of the CEC (Fenn et al. 1984;
Touchton and Hargrove 1982). Hydrolysis of urea is a function of microbial activity
and when the temperature is reduced to a point where microbial activity essentially
ceases, the ammonia loss is stopped. Calcium nitrate does not produce ammonia
losses. Ammonium sulfate and diammonium hydrogen phosphate react with calcium
carbonate to produce an increase in the soil solution pH and the ammonia loss (Fenn
and Hossner 1985). Twenty percent of ammonia emitted from surface applied urea to
a sugarcane crop was captured by the crop leaves (Denmead et al. 1993). The highest
volatilization of ammonia was noticed from urea applied on the surface of grass, but
the lowest – from calcium ammonium nitrate and a little higher – from ammonium
dihydrogen phosphate. The impact of fertilizers was higher than the pH of soils –
Franco et al. (1979).

A dose of fertilizer had also an effect on the ammonia concentration in the air.
A higher rate of fertilizer meant a higher amount of ammonia in the air from
wheat. No increase in % N lost occurred with increasing rates of surface
application of ammonium nitrate from Houston Black clay (Maheswari et al.
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1992). Higher doses of ammonium sulfate mean a higher loss of ammonia and
higher value of the soil pH (Fenn and Kissel 1974).

The method of urea application and a dose of fertilizer were important for the
amount of NH3 lost. The application of urea ammonium nitrate liquid sprayed onto
non-tilled soil surface resulted in less corn grain yield at higher dose of this fertilizer
and a 76% loss of NH3 of the applied N was reached (Fenn and Hossner 1985).

At an apoplastic optimum pH of 7.0 plants emit NH3 and produce ammonium in
the highest amounts (Holtan-Hartwig and Bøckman 1994). Maximum content of
ammonium in oldest leaves occurred slightly before anthesis in barley (Schjoerring
et al. 1993b).

Climatic conditions also had an effect on the ammonia emission and the activity
of urease. If the rainy season occurs in the winter, then optimum moisture conditions
for ammonia loss can exist at the time of spring fertilization and plant growth
initiation. It was concluded that a significant loss of NH3 will occur only as a result
of the presence of urea, whether synthetic or of animal origin. Broad application of
ammonium nitrate will produce maximum ammonia loss under all conditions (Fenn
and Hossner 1985). Rainfall would move urea into the soil and lower losses of
ammonia were also in cooler temperatures (Fisher and Parks 1958). Urease activity
is the highest at an optimal temperature of 37 �C (Gould et al. 1973), but also it is
optimal in the range of 60 �C (for an Indian Vertisol) to 70 �C (for Alfisol) and
increases with an increase in the moisture content, but was not detected in soil
samples collected in late summer, when the soil moisture was below a pressure of
15 bar (Sahrawat 1984). The total quantity of soil moisture present in soil is not
important to the ammonia loss from urea, if the surface is air dry (Fenn and Hossner
1985). An addition of urea will stimulate ureolytic microbes and if organic residues
do not limit the production of urease, a maximum ammonia loss can occur (Paulson
and Kurtz 1969).

Other scientists examined the effect of residues and heavy metals on ammonia
emissions to the atmosphere. Fenn et al. (1984) stated that an addition of fresh
organic residues can double ammonia losses, especially at lower doses of urea. Soils
that are low in fresh organic residues could be surface fertilized with urea with
reduced risk of ammonia loss. Toxic heavy metals and organic compounds to block
the hydrolysis of urease reduced the ammonia loss (Bremner and Douglas 1971b).

Also time was another factor that had an effect on the ammonia volatilization. The
more hours after an application of manure passed, the higher of cumulative NH3-N
loss was. Daily ammonia concentration in ppm decreased with increasing air tem-
perature, but nitrous oxide increased – Franco et al. (1979).

In the shelterbelt, NH4
+ amounts were 2–4 times higher down to the depth of

85 cm. In sandy loam and Luisiana clay and peat soils, the NO3
� amounts were very

high in contrast to NH4
+ � Franco et al. (1979).

An activity of nitrate reductase correlated positively with yield of bean (Phaseolus
vulgaris L.) seeds – Franco et al. (1979) and with a content of nitrogen in wheat of
cv. Ottawa, but not in the case of cv. Gage – Eilrich and Hageman (1973).
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I described processes and reactions taking place in the nitrogen cycle and
methods of detecting its different forms in soils, plants and in the air and in addition
I presented my new and very sensitive method for the determination of trace amounts
of ammonia in the atmosphere using passive samplers and a spectrophotometer
(Kułek 2015). This review presents the influence of various factors on the content
of nitrogen forms in agricultural ecosystems.

1.2 Type of Human Activity

The percentage of total ammonia emissions for each type of farm management is
shown in Fig. 1.4.

The highest volatilization of ammonia was from the spreading waste, but the
lowest – from grazing or outdoors (Fig. 1.4).

Fig. 1.4 The effect of the kind of human activity on the total emission of ammonia. These data
originate from an article by Pain et al. (1998)
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1.2.1 Emissions of Gases from Animal Husbandry

1.2.1.1 Types of Animals

Emissions of ammonia and nitrous oxide from various types of livestock kept in the
same conditions were presented in Fig. 1.5a–b.

The highest emissions of both gases were observed from cattle (Fig. 1.5a–b), but
the lowest values of ammonia were noticed from camels and a little higher – from
mules and donkeys (Fig. 1.5a), but in the case of nitrous oxide lower volatilization of
this gas was from camels and the lowest – from mules and donkeys (Fig. 1.5b).

The volatilization of ammonia from other animals is shown in Table 1.1.

Fig. 1.5 The volatilization of ammonia (a) and nitrous oxide (b) expressed in % from different
categories of animals, according to Aneja et al. (2012)

Table 1.1 Emissions of ammonia from various types of animals

Types of animals Ammonia emissions (%) References

Heifers 32.7 Chai et al. (2014)

Steers 31.5 Chai et al. (2014)

Dairy cows 28.5 Van der Hoek (1998)

Suckling cows 14.3 Van der Hoek (1998)

Cows 11.5 Chai et al. (2014)

Bulls 16.2 Aneja et al. (2008)

Suckling calves 3.9 Chai et al. (2014)

Ducks 0.9 Van der Hoek (1998)

Geese 0.9 Van der Hoek (1998)

Turkeys 0.9 Van der Hoek (1998)

Lying hens 0.4 Van der Hoek (1998)

Broilers 0.3 Van der Hoek (1998) and Aneja et al. (2008)

Deer 0.1 Pain et al. (1998)
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The highest losses of ammonia were observed from heifers, but the lowest – from
deer (Table 1.1). Zbieranowski and Aherne (2012) stated higher emissions of
ammonia from cattle than from pigs. Nitrous oxide and ammonia concentrations in
ppm were higher from gestating sows than from fattening pigs (Philippe et al. 2015).

1.2.1.2 Number of Animals

Sometimes the content of ammonia in the air is not correlated with the number of
animals. The ammonia loss resulting from 12,000 animals was higher than that
coming from 6000 but also from 25,000 animals (McGinn et al. 2003), which shows
that the type of animals had a stronger effect than their number.

1.2.1.3 Age of Animals

Total emission of ammonia also depended on the age of animals and was expressed
in another unit (kg NH3 animal�1 year�1) and achieved the following values for
different livestock: dairy cows (28.5), sows (for female adult animals, the emissions
of gas from the young animals are included in the given values) – 16.43, other cattle
(young cattle, beef cattle, sucking cows) 14.3, horses, mules and donkeys 8.0,
fattening pigs 6.39, fur animals 1.69, sheep and goats 1.34, other poultry (ducks,
geese, turkeys) 0.92, laying hens and parents 0.37 and broilers and parents 0.28 (Van
der Hoek 1998).

1.2.2 Mineral and Organic Fertilization

1.2.2.1 Type of Fertilizer

Ammonia emissions to the atmosphere from fertilizers presents in Table 1.2.
The highest volatilization of ammonia was noticed from urea, applied in a crop

field (Aneja et al. 2012), but the lowest – from monoammonium phosphate used to
grassland (Whitehead and Raistrick 1990). Emissions of this gas from different
fertilizers depended on: the type of ecosystem, the method of using of these
fertilizers and the time of their application (of a month or a season) – Table 1.2.

A very important effect has the type of fertilizer on this process. Calcium
ammonium nitrate caused higher ammonia and nitrous oxide volatilization than
slurry (Bourdin et al. 2014). Higher ammonia values were achieved from urea than
from ammonium nitrate (Sutton et al. 1995; Pain et al. 1998) and it was also
confirmed in this review. More amounts of this gas were obtained also after the
application of urea than slurry (Salazar et al. 2014). It depended on the kind of slurry
–more cattle slurry was related to a higher ammonia content in the air, but to a lesser
extent, when pig slurry was used (Svensson 1994). Ammonium nitrate with urea in
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Table 1.2 The percentage of ammonia volatilization to the air from different fertilizers, which
were used in many ecosystems, various times and ways of their application. Explanation of
abbreviations

The type of fertilizer, its application in different
ecosystems and seasons

NH3

emissions (%) References

Urea in a crop field 92 Aneja et al. (2012)

Urea on native prairie grasses 60 Power (1979)

Solid urea, urea solution, urea-KCl in the spring in a
field

27–41 Lightner et al. (1990)

Solid urea, urea solution, urea-KCl solution in the
summer in a field

12–37 Lightner et al. (1990)

Urea on arable land 30 Pain et al. (1998)

Urea on one meadow 28 Pain et al. (1998)

Urea on grassland 25 Hyde et al. (2003)

Urea on grassland 23 Sommer and Jensen
(1994)

Urea in June on temperate grassland 20.8 Watson et al. (1994)

Urea on pasture surface 15–20 Henzell (1971)

Urea on grassland 16.5 Whitehead and
Raistrick (1990)

Urea on crops and grasslands 15 Van der Hoek (1998)

Urea in May on temperate grassland 5.5 Watson et al. (1994)

UAN in soil with corn 67 Hargrove et al. (1983)

AS on a surface 55 Hargrove et al. (1977)

AS in a crop field 15 Aneja et al. (2012)

AS on grassland 9.9 Whitehead and
Raistrick (1990)

AS to crops and grasslands 8 Van der Hoek (1998)

AS on grassland < 5 Sommer and Jensen
(1994)

AS on a surface of grassland 3.3 Van der Hoek (1998)

Spreading of livestock manure 47.5 Xu et al. (2015)

Manure from livestock housing 15 Hendriks et al. (2016)

DAP on grassland 14 Sommer and Jensen
(1994)

DAP to crops and grasslands 5 Van der Hoek (1998)

DAP on a surface of grassland 5 Whitehead and
Raistrick (1990)

DAP on grassland 4.9 Whitehead and
Raistrick (1990)

DAP on a crop field 4.6 Aneja et al. (2012)

Urine with dicyandiamide in a temperate grassland 12.9 Fischer et al. (2016)

Urine in a temperate grassland 11.2 Fischer et al. (2016)

Urea and AN to crops and grasslands 10 Whitehead and
Raistrick (1990)

Urea and AN on a grassland surface 8 Van der Hoek (1998)

(continued)
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solution reduces the ammonia loss slightly and only due to acidity of ammonium
nitrate. No reduction in ammonia loss was found, where only the urea content of the
urea-ammonium nitrate solution was present. Potassium nitrate and potassium
chloride even on an acidic soil much more reduced ammonia loss from urea than
did the acidic ammonium nitrate (Fenn and Hossner 1985). The daily total NH3-N
loss (in kg N ha�1) from fertilizers on a surface applied at 200 kg N ha�1 to soil with
Dactylis glomerata L. in May was the highest from urea granules (62.5), an urea
solution (62.3), urea-potassium chloride solution (62.2), urea-calcium chloride solu-
tion (49.6), urea-urea phosphate (49.4), ammonium nitrate (only 8.2) and without N
(6.3), so it depended on the way of application of fertilizers and their mixtures
(Lightner et al. 1990). Ammonia losses are well-known from surface applications of
urea on both acidic and alkaline soils (Terman 1979). Calcium and potassium salts
added to urea reduced ammonia volatilization (Lightner et al. 1990). A net flux of
ammonia from the soil-plant system greatly increased within 4–48 h after urea
application on a grazed, tropical pasture depending on initial soil water content
(Harper et al. 1983). Ammonia emissions depended also on the ecosystem and was
higher from urea application to arable land use than from ammonium nitrate used for
grassland (Pain et al. 1998). Higher urea lower ammonium in soils was observed
(Tabatabai and Bremner 1972).

Nitrous oxide emissions to the atmosphere from fertilizers are presented in
Table 1.3.

Table 1.2 (continued)

The type of fertilizer, its application in different
ecosystems and seasons

NH3

emissions (%) References

AN on arable land 10 Pain et al. (1998)

AN on meadow 7 Pain et al. (1998)

AN to grassland 2.5 Whitehead and
Raistrick (1990)

AN to crops and grasslands 2 Van der Hoek (1998)

MAP on a surface of grassland 5 Whitehead and
Raistrick (1990)

MAP to crops and grasslands 2 Van der Hoek (1998)

MAP to grassland 1.5 Whitehead and
Raistrick (1990)

Cattle dung in a temperate grassland 3.9 Fischer et al. (2016)

CAN on a surface of grassland 2 Van der Hoek (1998)

Whitehead and
Raistrick (1990)

CAN on a surface of grassland, CAN to crops and
grasslands

< 2 Sommer and Jensen
(1994)

CAN to grassland 1.6 Hyde et al. (2003)

AN ammonium nitrate, AS ammonium sulfate, MAP mono ammonium phosphate, CAN calcium
ammonium nitrate, DAP diammonium phosphate, UAN urea ammonium nitrate
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The highest level of nitrous oxide in the air was noticed after the application of
urea in a crop field (Aneja et al. 2012), but the lowest – after using of ammonium
salts with urea also in the same environment (Bouwman 1996) – Table 1.3.

1.2.2.2 Fertilizer Dose

Ammonia emissions from fertilizers also depended on the rate of nutrients and not
always increased with an increase in the dose – for example a higher rate of AN,
lower losses of ammonia were observed from the Huston Black clay (Fenn and
Kissel 1974). Contrary results were obtained by Felix et al. (2014). A concentration
of ammonia increased with an increasing dose of urea ammonium nitrate applied in a
corn field. The highest dose of nitrogen in corn grain was after an application of
ammonium nitrate, lower – after urea ammonium nitrate and the lowest – after urea
(Touchton and Hargrove 1982). Higher rate of pig slurry from fattening pigs at
sowing higher ammonia volatilization was and was higher than after the ammonium
nitrate application at a lower dose (Bosch-Serra et al. 2014). The highest ammonia
concentration was after the application of ammonium nitrate, lower after ammonium
chloride and the lowest after ammonium sulfate using at the highest rate and the
amounts of ammonia increased with an increasing dose of each fertilizer (Mennen
et al. 1996). Higher doses of slurry resulted in higher levels of ammonia emissions.
At 12 o’clock the volatilization of this gas was maximal (Menzi et al. 1998).

1.2.3 Storage of Crop Residues, Straw Ballots and Silage

Nitrous oxide concentrations in the air were the highest above a dung heap, a little
lower, when a tractor was in the field, high above an organic farm, lower at a poultry
farm and the lowest above a compost heap (Hensen et al. 2013).

Table 1.3 Percentage of nitrous oxide volatilization to the air from different fertilizers, which were
used in different ecosystems

Fertilizers in various ecosystems N2O emissions (%) References

Urea in a crop field 74.8 Aneja et al. (2012)

DAP in a crop field 18.8 Aneja et al. (2012)

AS in a crop field 6.2 Aneja et al. (2012)

Anhydrous ammonia in a crop field 2.3 Bouwman (1996)

Cattle slurry and NH4
+ fertilizers for grasslands 2.0 Velthof et al. (1997)

CAN to grasslands 0.6 Velthof et al. (1997)

AN in crop fields 0.3 Bouwman (1996)

Nitrate (NO3
�) salts in a crop field 0.2 Bouwman (1996)

Ammonium (NH4
+) salts and urea in crop fields 0.1 Bouwman (1996)

Explanation of abbreviations: DAP diammonium phosphate, AS ammonium sulfate, CAN calcium
ammonium nitrate, AN ammonium nitrate
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The highest activity of urease in soil was after the application of manure, a little
lower – after the use decomposed leaves, lower after dried undecomposed grass and
the lowest when organic matter was absent (Kumar and Wagenet 1984). Losses of
NH3 were the highest from an uncovered field, lower from: straw, oil, PVC foil. The
highest ammonia concentrations were above stored separately cattle and pig slurries.
These losses correspond to 12% of the total N and 21% of the total ammonia
nitrogen in cattle slurry. Corresponding values for pig slurry are 8% of total N and
12% of the total ammonia nitrogen (Somers et al. 1983). The ammonia emissions in
Switzerland were higher from: animals, liquid manure (42 Kt of NH3-N year�1) than
from artificial fertilizers (3.3), traffic (2.4), cattle on alpine pastures (2.0), industry
(1.7), arable land (1.6), people and pets (1.4), wild animals (0.4), an application of
sludge (0.9), wild animals (0.4) and natural sources (0.3) – from grassland (Menzi
et al. 1997; Buwal 1995). The addition of fresh organic residues can double
ammonia losses in many cases, especially at lower doses of urea addition. Soils
that are low in fresh organic residues could be surface fertilized with urea with a
reduced risk of NH3 loss (Fenn et al. 1984). Ammonia volatilization from very acidic
soils would not occur (Fenn and Hossner 1985). Small amounts of ammonia loss
from decaying plant residues (Terman 1979) and maturing plants (Hooker et al.
1980) were noticed. A barley crop recovered 29–41% of 15N added to soil in
ryegrass shoots and it was not related to the soil type. Soils fertilized with 15NH4

15

NO3 exhibited the highest 15N recovery (from 61% to 77%) in sandy loam soil and
this fertilizer was assimilated by barley at the earing phase – Thomsen (1993).

The application of tannins to compost reduced cumulative emission of nitrous
oxide by 17.0% and volatilization of ammonia by 51.0% compared to control, when
the emission of nitrous oxide achieved 66.6%, but ammonia 33.4% (Jordan et al.
2015).

1.2.4 Cultivation of Different Plant Species and Cultivars –
Biodiversity

The content of mineral N in soil in relation to the growing of winter rape and clover-
grass mixture was favorable to the accumulation of mineral N forms in the soil. Less
advantageous were potatoes, and the smallest amount of mineral N was found in the
soil with cereals and corn grown for green forage (Mazur 1987). The highest amount
of net nitrogen ¼ mineral (NH4

+-N and NO3
�-N) in soil was inMelilotus alba, high

in Medicago lupulina, lower in Poa pratensis and the lowest – in control soils
(Magid et al. 2001). An ammonia compensation point (nmol NH3 mol of air�1) was
the highest in barley cv. Golf during tilling, but in cv. Laevigatum during grain filling
and for both cultivars was the lowest after anthesis – depending on the cultivar of
barley and the stage of their growth and the ammonia exchange concentration
increased with increasing leaf temperature (Schjoerring et al. 1998; Harper et al.
1989). The compensation point for wheat increases from about 13 mg NH3-N m�3 at
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early grain filling to 23 at late grain filling achieving 40 during senescence (Morgan
and Parton 1989). In this case, also the stage of plant’s growth had an important
significance.

1.3 Climatic Conditions

1.3.1 Air and Soil Temperature

The ammonia concentration increased with increasing air temperatures over a spruce
forest (Huber and Kreutzer 2002). Grassland and forest soils have less negative
effects on the environment by decreasing the production of NO3

� and the risk of
NO3

� leaching under increasing temperature by global warming (Lang et al. 2010).
Higher air temperatures also meant higher amounts of ammonia in the atmosphere
(Blunden and Aneja 2008; Barthelmie and Pryor 1998; Hu et al. 2014; Shen et al.
2011; Phillips et al. 2004; Robarge et al. 2002; Wichink Kruit et al. 2007) and were
5 μg m�3 at 20–25 �C, but at �5 �C only above 2 μg m�3 (Huber and Kreutzer
2002). Higher air temperatures, higher the nitrous oxide concentrations in the air also
occurred (Bai et al. 2014; Abalos et al. 2016).

Higher soil temperatures near roots of ryegrass higher concentrations of ammo-
nium and nitrate in plants occurred (Clarkson and Warner 1979) and more ammonia
(Svensson 1994) and higher the activity of urease (Kumar and Wagenet 1984). The
highest urease activity was at 70 �C when the highest release of ammonium from
plants occurred (Frankenberger and Tabatabai 1982). Ammonia efflux after the urea
application was more intense under high soil temperatures than under lower ones and
more rapid with higher initial soil water contents (Harper et al. 1983). The higher
temperature may have contributed to the high ammonia volatilization from dry soil
(Sommer and Christensen 1992). The largest initial losses occurred at the highest
temperature, with slower ammonia losses at the lower temperatures (Fenn and
Hossner 1985).

Fenn and Kissel (1974) showed that 8–10% of soil calcium carbonate content was
necessary for maximum ammonia losses, which depended on the ammonium sulfate
application dose. Application of fertilizer in large granules will create high local
concentrations of reaction products which can result in a maximum pH increase. An
application of ammonium sulfate as a liquid at the lowest possible level and the soil pH
would show the least increase and the lowest ammonia loss. If diammonium hydrogen
phosphate reacts to form calcium hydrogen phosphate, the solubility of the calcium
reaction product is much lower than the solubility of calcium sulfate and it should
produce a slightly higher rate of ammonia loss (Fenn and Kissel 1973). Urea will
produce ammonia losses in acidic and alkaline soils similar to losses of the reactive
inorganic N compounds will produce in calcareous soils. Since urea is hydrolyzed to
ammonium carbonate by urease, ammonia loss will be high both on acidic and
calcareous soils (Fenn and Hossner 1985). Urea-Ca and urea-KCl products greatly
reduce NH3 losses (Fenn et al. 1981, 1982b). The retentive capacity of the soil for
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cations will exert limited control on ammonia losses from surface-applied N fertilizers
(Fenn and Hossner 1985). An addition of calcium with urea to reduce the loss of
ammonia was found to be most effective in soils of low cation exchange capacity
(Fenn et al. 1982a). A loss of ammonia from the applied urea was 5.5% in May and
20.8% – in June. N-(n-butyl) thiophosphoric triamide (nBTPT) inhibited in 97% the
volatilization of NH3 from urea and increased the dry matter yield by 9% as compared
to an application of urea alone and increased the shot recovery of 15N to 80.9%.

Total 15N recovery in the soil – plant system was 17% over by urea with nBTPT.
It has economic significance and for market grassland (Watson et al. 1994) and is
also beneficial for the purity of the atmosphere.

1.3.2 Relative Humidity of Air and Soil

Higher relative air humidity was, the lower the ammonia content was e. g. over spruce
forest (Huber and Kreutzer 2002; Barthelmie and Pryor 1998). A moisture loss and a
loss of ammonia from slurry were noticed. An increased content of NH3 at the slurry
surface is observed in drying conditions (Sommer et al. 1991). This dependence is
similar in the case of relative air humidity and soil moisture. Water content in soil as
soil moisture is important. Ammonia volatilization increased as soil water content
increased. The extent of NH3 volatilization is determined by the soil pH, texture,
temperature, moisture, exchangeable cations, fertilizer source, and rate of application
(Fenn and Hossner 1985; Ferguson and Kissel 1986). A loss of ammonia from
granular urea applied to calcareous soils was related to the initial moisture content
and increased by 8% for every 10% increase in initial soil moisture. Higher cumulative
water evaporation and higher cumulative ammonia volatilization were also observed
(Al-Kanani et al. 1991). Nitrogen losses from urea and an urea ammonium nitrate
solution through ammonia volatilization were significantly influenced by the initial
soil moisture content. The maximum ammonia loss occurred at initial soil water
potential of – 0.01 MPa, regardless of drying or water replenishment. Increased clay
content of the soil reduced an NH3 emission possibly due to adsorption of ammonium
(Al-Kanani et al. 1991). Ammonia losses from dry and wet soils were 20% and 50% of
injected ammonia. From a dry soil losses of gaseous ammonia took place within the
first hours after injection, but from a wet soil ammonia was lost more gradually
between 6 h and 6 day (Sommer and Christensen 1992).

1.3.3 Wind Speed and Direction

At east and north-northeast wind directions ammonia concentrations were the
highest and at 4–5 m s�1 wind speed and then decreased over forests with spruce
(Huber and Kreutzer 2002). High ammonia amounts were observed when the
direction of wind was south-southwest and west (Viguria et al. 2015), when was
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wind direction of 278� and to 1.5 m s�1 wind speed (Robarge et al. 2002). The
highest ammonia concentration volatilized occurred for wind direction 320� and
4 m s�1 wind speed, but the lowest at 300� and 6.3, respectively (Hovmand et al.
1998). Schjoerring (1995) achieved the opposite results – the highest ammonia
concentrations above crop fields were at wind speeds of 5–6 m s�1, but the lowest
near 2–3 m s�1. Higher ammonia concentrations were at lower height than at higher
– above wheat, pea and oil-seed rape, but not in the case of barley. It depended on
species of plants. Ammonia concentrations increased only to 4–5 m s�1 of wind
speed and then decreased at higher wind speeds and at north-northeast and east wind
directions were the highest (Huber and Kreutzer 2002). Contrary results were
received by Welch et al. (2005), the highest ammonia amounts were at approx.
6–7 m s�1 wind speed and at the wind direction of 360�. The higher the wind speed
was the lower the concentrations of ammonia were observed (Sommer et al. 1991;
Sutton et al. 2003). At the height of 1.5 m less ammonia than at 0.5 m was observed
(Denmead et al. 2008). From 210� to 250� of the wind direction maximal ammonia
concentrations occurred. At wind direction of 278� and wind speed of 1.5 m s�1, at
increasing air temperatures higher amounts of ammonia were noticed (Robarge et al.
2002). At 180� wind direction the ammonia concentrations were the highest above
Auchencorth Moss (Fowler et al. 1998). The highest ammonia concentration in
December was at 330� wind direction and 8 m s�1 wind speed, but in May at
approx. 240� and 10 m s�1 (Hu et al. 2014). When the wind speed was the highest
(7 m s�1) a NH3 loss was low at 12 o’clock, but approx. 9 p.m. the NH3-N
concentration was the highest when the wind speed was low (near 3 m s�1) –

McGinn et al. (2003). A concentration of ammonia in the air not only depended
on the wind speeds and directions, but sometimes more on a type of ecosystem,
species of plants and the height above a ground and season.

1.3.4 Precipitation

The amount and distribution of rain after the urea application on a grazed tropical
pasture appeared to control the total ammonia loss from urea. Rain reduced ammonia
efflux by dispersing the urea in the soil and thus limiting the development of very
high NH3 and NH4

+ concentrations in a soil solution around urea prills. The
ammonia efflux from such sites would be very rapid (Harper et al. 1983). Rainfall
would move the unhydrolyzed urea into the soil where it would hydrolyze with less
possibility of ammonia loss. Lower losses of ammonia for cooler temperature may
be partially due to rainfall terminating the NH3 loss conditions (Fisher and Parks
1958). Fox and Hoffmann (1981) found that if 10 mm rainfall fell within 3 days, less
than 10% of NH3 loss from a surface-applied urea occurred. However, if 3–5 mm fell
within 5 days or 7–9 mm within 9 days, ammonia losses were from 10% to 30%. No
rainfall within 6 days after an surface application resulted in a loss of ammonia
higher than 30%. Ernst and Massey (1960) speculated that when soil was dried
within 4–5 days after the urea application hydrolysis and the subsequent ammonia
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loss were inhibited and the NH3 loss was directly related to the initial soil moisture
content. The data are similar for inorganic N fertilizer compounds. When 12 mm of
precipitation was received within 96 h after urea application, losses of ammonia
were reduced in the semi-open system from 18% to 9% in a 50 year old Douglas fir
stand with a dominant tree height of 26 m (Marshall and Debell 1980).

With higher precipitation, lower nitrous oxide concentrations in the air occurred
(Abalos et al. 2016). In the wet season, the emissions of nitrous oxide from soil were
higher than in the dry season (Bai et al. 2014).

1.3.5 Insolation

The highest ammonia fluxes occurred during the period of highest solar radiation
over grazed tropical pasture. Net ammonia transport over this ecosystem is affected
by soil and microclimate conditions (Harper et al. 1983).

The nitrous oxide emission in different ecosystems and plant species was the
highest after plants treatment with UV-A, a little lower after UV-B, lower after PAR
and when plants were exposed on sunlight, but the lowest when plants were in
darkness. Nitrous oxide concentrations are also higher when air temperature is
increasing (Bruhn et al. 2014).

Light has an effect also on the activity of nitrate reductase. In light the enzyme
activity increases, but in darkness decreases (Gniazdowska-Skoczek 1988a, b;
Nicholas et al. 1976; Somers et al. 1983).

1.4 Other Factors

1.4.1 pH and Type of Soil

The pH values of ground water under a shelterbelt and adjoining cultivated fields
were neutral and ranged from 6.65 to 7.91 (Jaskulska and Szajdak 2010). New
adjoining cultivated fields had lower pH than older near Robinia pseudoacacia and
Crataegus, but the new shelterbelt had higher pH than the shelterbelt with Crataegus
and Robinia pseudoacacia (Jaskulska and Szajdak 2010). The highest pH of ground
water was in a new shelterbelt (7.05–7.57) and the lowest in the Robinia
pseudoacacia shelterbelt (6.69–7.39). The highest pH was in the Crataegus adjoin-
ing cultivated field and the lowest in the Robinia pseudoacacia adjoining cultivated
field (Jaskulska and Szajdak 2010).

A higher pH of soil, lower ammonia values were observed (Blunden and Aneja
2008). Ammonium salts increased the pH from 5.5 to 7.4 of different soils, 23 times
more ammonia from soil number 5 and 2, but after the application of urea only
2 times less. From soils numbers 2 and 3 at pH of 5.5 to 6.1 diammonium hydrogen
phosphate increased the pH of soil number 3. Ammonium carbonate increased pH of

20 B. Kułek



the soils to 7.5 and 7.9. The higher ammonia emissions occurred at pH of 8.0 than
5.0 after using the mixture of ammonium dihydrogen phosphate, diammonium
hydrogen phosphate, ammonium sulfate, ammonium nitrate and urea with 4 soils.
Soils number 1 and 2 are Batcombe, number 3 – Hucklesbrook, 4 – Frilsham and 5 –
Andover (Whitehead and Raistrick 1990). The impact of fertilizers on ammonia
losses (in % of the N applied) was the following for the soils with numbers:

1. pH 3.7 from diammonium hydrogen phosphate (1.4%), urea (0.6%) and ammo-
nium dihydrogen phosphate, ammonium sulfate and ammonium nitrate (< 1%),

2. pH 5.5 from diammonium hydrogen phosphate a NH3 loss was greater than from
urea (23.5%), ammonium sulfate, ammonium nitrate (< 1%) and ammonium
dihydrogen phosphate (< 0.5%),

3. pH 6,1 from urea, diammonium hydrogen phosphate a NH3 loss was higher
(4.0%) than from ammonium sulfate, ammonium nitrate (< 1%) and ammonium
dihydrogen phosphate (< 0.5%),

4. pH 7.1 from ammonium sulfate a gas loss was higher (31.9%) than from
diammonium hydrogen phosphate and urea, from ammonium nitrate (8%),
from ammonium dihydrogen phosphate (< 0.5%),

5. pH 7.4 from urea (43.1%) a NH3 loss was higher than from: diammonium
hydrogen phosphate, ammonium sulfate and ammonium dihydrogen phosphate
(34.6%), but from ammonium nitrate – the lowest (10%).

The activation of fertilizers depended on the soil pH and type. The ammonia loss
from surface-applied ammonium nitrate and ammonium chloride is low on calcar-
eous soils (Fenn and Hossner 1985).

The higher pH of soil (about 9.0), the higher the urease activity, but lower and
higher than 10.0 caused lower the activity of this enzyme (Tabatabai and Bremner
1972). The activity of urease was the highest at the pH of buffer 7.5 (Frankenberger
Jr and Tabatabai 1982).

Soils under a shelterbelt without the addition of urea were very acidic and pH
ranged from 3.48 to 3.70. While under adjoining cultivated fields to the Robinia
pseudoacacia shelterbelt were weakly acidic to neutral and the pH ranged from 6.17
to 7.08. After the addition of urea in these both soils, the pH increased under a
shelterbelt from 5.72 to 7.48 and under an adjoining cultivated field pH values were
from 7.22 to 8.21.

The biggest differences in the nitrate concentration were found in the deeper soil
layers in the field with wheat. The soil solution at the depth of 55 cm had a several
time higher concentration of nitrate in comparison with the soil under a shelterbelt.
In the shelterbelt, NH4

+ amounts were 2–4 times higher down to the depth of 85 cm.
A soil solution from the deeper layers of the soil profile of the arable land was 2–4
times richer in nitrate in comparison with the concentration of the NH4

+ form
(Bartoszewicz 2000).

Losses of N and N2O were greater in the mineral soil than in the peat soils, with
losses of 3% and less than 1% of N applied, respectively after 100 days. The NO3

�-
N amount was detected only in leachates from mineral soils after the urine applica-
tion (Clough et al. 1996). Urea formaldehyde, sulfur coated urea and coated calcium
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nitrate in incubated sphagnum moss peat released 3 and 20% of the applied N in
6 weeks. The losses from NPK fertilizers were 20 times more than from slow
release N, except of Osmocote® and Duna, which released 30–40% of the applied
N as mineral nitrogen. It was noted that temperature did not influence on nutrients
release from NPK fertilizers (Engelsjord et al. 1997). Ammonium sulfate and
diammonium hydrogen phosphate react with calcium carbonate to produce an
increase in soil solution pH and an ammonia loss. The inorganic fertilizers are not
susceptible to gaseous ammonia loss in acidic soils. Urea is biologically hydrolyzed
and ammonium carbonate is formed. For all types of soil high ammonia losses may
occur as a result. For potential control of ammonia losses are the use of acids urease
inhibitors, and addition of Ca, Mg, K salts with urea (Fenn and Hossner 1985).

1.4.2 Time: Day, Night, Season of the Year

Ammonia concentrations (in μg m�3) depended on season of the year and were in:
spring (12.3), summer (30.5), autumn (13.3) and winter (6.2), so the highest amount
of ammonia was in summer, but the lowest in winter – Shen et al. (2011) and also
Thöni et al. (2004). More time of incubation, more ammonium was in soil in
dependence on its type (the highest in Ida soil, lower in Marshall and the lowest in
Edina soils) – Tabatabai and Bremner (1972). On day 21, after the application of
urea the highest volatilization of ammonia was observed (Rachhpal and Nye 1988).
More hours, since manure application more cumulative NH3-N loss was and the
lowest from the compost. It was higher from surface ammonia emissions and were
higher than from tilled 15 cm depth. Similar trends were obtained also for inorganic
nitrogen (McGinn and Sommer 2007).

Amounts of nitrate during the vegetation season remained on a considerably
higher level than in the autumn-winter period (Bartoszewicz 2000).

Mean values of ammonium in the ground water of area planted with trees and in
the case of cultivated field during winter and summer time were almost identical
(Bartoszewicz 2000). More days after manuring with slurry higher ammonia and
ammonium losses were above and from winter wheat (Dosch and Gutser 1996).

At daytime, in the late morning the ammonia concentrations were higher than at
nighttime (Phillips et al. 2004; Huber and Kreutzer 2002). The highest N2O-N flux
concentration was approx. at 2 p.m. hour above fields with wheat-corn and cotton,
when the air temperature was also the highest (Liu et al. 2014). The smallest nitric
oxide fluxes were found in the early morning hours from 4 to 8 a.m., whilst peak
emissions were found at noon (from 12 to 2 p.m.) – Medinets et al. (2016).

NO-N emission depended on plant species and was 0.5% for barley (Laville et al.
2011) and cotton (Cruvinel et al. 2011), 0.14 and 1.46% for wheat and corn
(Cruvinel et al. 2011; Liu et al. 2011; Cui et al. 2012) and 0.6% for sugarcane
(Paton-Walsh et al. 2011). The optimum for nitric oxide emission was found at the
soil temperature range of 10–20 �C and dissolved inorganic nitrogen concentrations
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(15–18 mg N kg�1 sdm) for a wide range of soil moisture levels (approx. 25–80%) –
Medinets et al. (2015). The highest nitric oxide emission rates were observed during
summer and the lowest – during the winter (Gasche and Papen 2002).

Mean NH3-N losses from calcium ammonium nitrate were 85% lower than from
urea. A maleic and itaconic acid polymer did not decrease the NH3-N emission, but
N-(n-butyl) thiophosphoric triamide caused a 78.5% reduction and then combined
with dicyandiamide a 74% reduction compared with urea alone. Mean spring and
summer losses were similar, but in spring more variable in Irish temperate grassland
(Forrestal et al. 2016). Daily ammonia concentrations in ppm decreased with
increasing air temperature, but nitrous oxide increased (Stinn et al. 2014).

1.4.3 Spatial Changes in the Concentration of Nitrogen
Forms – Horizontal and Vertical Gradients

A horizontal gradient of ammonia concentration was observed. These amounts of
gas decreased with a greater distance from the animal farm and when 1100 cows
were in a barn near a farm fence the ammonia concentration in μg m�3 was 40,100 m
Westerly the farm 22, at a forest margin 12 and a southwest wind direction was.
When 400 cows were in a stable: 6, 11 and 8 μg of NH3 m�3 were noticed and
southwest and southeast wind directions were, respectively. More amounts of
ammonia were above uncovered than covered wind-hoods in stables (Adema et al.
1993). The concentration of ammonia decreased with an increasing distance from
the dairy barn at 50 m was above 40 μg m�3 and at 200 m 20 μg m�3 (Felix et al.
2014). Pogány et al. (2012) horizontal and vertical gradients of the concentration of
ammonia observed near a cattle farm with 425 animals. Manure from buildings was
transported to an uncovered farmyard manure stack, but liquid fraction of cattle
manure was stored in an uncovered slurry tank, both near the farm buildings. The
highest ammonia concentration in the air was 46 m from this farm (60 μg m�3) when
the west wind was blowing from the farm. The smallest amount of this gas was far
from the farm above a field with winter wheat (2 μg m�3). The concentration of
ammonia was the highest at the height of 2.4 m above ground and the lowest at the
height of 0.5 m. Hovmand et al. (1998) measured at different climatic conditions the
N-NH3 concentration in μg m�3 and the highest (0.76) was at 334� wind direction
and at a 4 m s�1 wind speed, between 3–6 hours p.m. and at 15.5 �C, but the lowest
(0.04) was at: 300, 6.3, between 9–12 h a.m. and at 13.4 �C, respectively. Amounts
of this gas decreased with an increasing distance from forest edge.

A vertical gradient of ammonia concentrations was also observed. When the
height above ground was higher (1.5 m), a higher ammonia concentration in μg of
this gas m�3 (20) was detected for barley than at a lower height of 0.5 m (15).
Contrary results were obtained for wheat, pea and oilseed rape above plant canopy,
so it depended also on plant species. The wind speed was greater at a higher height of
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1.5 m, but ammonia concentrations were lower in this case (Schjoerring 1995). At
lower heights, the ammonia loss was higher (Denmead et al. 1982). It was also
confirmed by Husted et al. (2000) above oilseed rape canopy. In other ecosystems,
reverse results were obtained by different authors. The ammonia flux was measured
at height of 30 m in forest (with a value of 1860) – Duyzer et al. 1994, at 4 m in
heathland (810) – Erisman et al. (1994) and at a height of 1.5 m in heathland (550) –
Duyzer et al. (1989). Genermont et al. (1998) contrary results obtained and stated
that a normalized ammonia concentration decreased with higher height, but after
slurry spreading under field conditions.

The nitrogen dioxide concentration decreased with a higher height: at 3 m the
lowest amount of this gas occurred, but at 1 m – the highest (Felix and Elliott 2014).

At the layer of soil 90 cm nitrate nitrogen was in higher concentration than when
was deeper (130 cm) below the ground surface (Karlen et al. 1998). This was also
confirmed by Abbasi and Adams (1999) and for ammonium nitrogen, too in
grassland soils. Contrary for urea – in deeper layers of soil less of this fertilizer
was found (Rodgers and Pruden 1984). In the case of oilseed rape canopy, NH4

+ was
at higher concentrations when at higher depths of soil it was measured (Husted et al.
2000).

1.5 Different Gases Occurring in the Atmosphere

1.5.1 Ammonia

The highest concentrations of ammonia (2.7–6.3 μg NH3 m
�3) occurred in agricul-

tural areas with intensive livestock farming, but low – in forests (0.6–1.6) – Thöni
et al. (2004). The highest amounts originated from the application of manure and
from a cattle grazing. In agricultural areas, ammonia concentrations achieved values
in the range of values from 2 to 5 μg of NH3 m�3 (Farquhar et al. 1980). No
detectable loss of ammonia occurred from the ammonium nitrate fertilizer applied in
March and April 1993 and also in 1994 to winter wheat. In the period from mid-May
until August during the generative stage of growth the main part of ammonia was
emitted. After anthesis, wheat plants, which had received 25% of reduced N supply
started to emit more ammonia than plants fertilized with the standard N amount and
had a relatively high shoot dry matter N concentrations during the grain filled period
of the plants at a reduced N supply. In 1994, the total ammonia emission from winter
wheat was about 5 kg of NH3-N ha�1 or more than double that in 1993. Approxi-
mately half of the ammonia loss took place before anthesis in the second half of June.
The pre-anthesis ammonia emission peak was 0.45 kg of NH3-N week�1 in May
1993 and 2.5 kg of NH3-N ha�1 in 1994 prior to stem elongation. From anthesis to
maturity in 1993 the ammonia emission was approx. 1.0 kg of NH3-N ha�1

(Schjoerring and Mattsson 2001). The first application of urea in March resulted in
1993 in a fertilizer – derived ammonia loss of 5 kg N ha�1 (to 8% of the applied N)
while in 1994 only about 1.5 kg N ha�1 (3% of the applied N was lost), because in
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1994 was 13 mm of rainfall immediately when the urea was applied, so that the urea
was transported into the soil. The second round of urea application in late April
resulted in a loss of 7–8% of the applied N in both years. Total amounts of urea –
derived NH3 – N lost were 12 and 9 mg N ha�1 in 1993 and 1994, respectively,
corresponding to about 7% of the applied urea –N in both years. In 1994, there was a
post – anthesis foliar – derived ammonia loss from urea – fertilized wheat amounting
to approx. 3 kg NH3-N ha�1. During flowering of winter oilseed rape and after the
application of fertilizer in April 1993 1–2 kg of NH3-N ha�1 was volatilized
(0.5–1.0% of the ammonium nitrate) applied late March 1993. Later, during
flowering, the rapid increase in ammonia emissions from another field in 1993
(4 kg of NH3-N ha�1) was due to volatilization of about 7% of the liquid mixture
of ammonium nitrate, urea and organic N applied early in May. In April 1993 a plant
– based emission of 1 kg NH3 ha

�1. In 1994, there was no loss from the ammonium
nitrate applied late March, while about 1% (approx. 1 kg of NH3-N ha�1) of
ammonium nitrate and liquid ammonium sulfate applied in the beginning of May
was lost. Also in 1994 in field-IV, the application of Roundup resulted in a 4-fold
increase in atmospheric ammonia concentrations above the crop. In late April and in
May 1993 a net deposition of approx. 0.1 kg NH3-N ha�1 week�1 occurred, when
the field had received 13 kg of N ha �1 in ammonium nitrate as part of the NPK
fertilizer applied on April 17th in 1993. In early June, due to drought and
N-deficiency accelerated anthesis, ammonia emission increased to about 0.3 kg of
NH3-N ha�1 week�1. After rainfall, ammonia losses achieved 0.5 kg of NH3-N ha�1

week�1 at the end of July and declined until barley plants were fully senescent in
mid-August.

The total amount of NH3-N loss from the spring barley crop in 1993 was about
3 kg ha�1. The plants emitted about 1 kg of NH3-N ha�1 in growth stages prior to
stem elongation and during anthesis 0.8 kg of NH3-N ha�1 week�1. The rate of
ammonia emission declined towards maturity except for pea at the beginning of
August, where the plants were spray-killed with Roundup. The total amount of NH3-
N lost from spring barley in 1994 was 5 kg of this ha�1. The weekly rate of ammonia
emissions from the pea crops amounting to 0.3 kg of NH3-N ha�1 week�1 in 1993
between flowering and maturity, while in 1994 the whole growing period was
induced and a substantial ammonia emission followed spray-killing of the crop in
the end of July 1994. The calculated loss amounted to 2 and 5 kg of NH3-N ha�1 in
1993 and 1994, respectively. For wheat, oilseed rape and barley the highest of
ammonia emissions were measured in the year where the above ground N content
at anthesis was the highest (in 1993 for oilseed rape and in 1994 – for the cereal
crops). There were no indications that ammonia losses were correlated with crop N
status at maturity. There was no relation between the amount of N fertilizer applied
on the accumulated ammonia loss over the whole growth cycle (Schjoerring and
Mattsson 2001). Relatively small emissions (1–2 kg of NH3-N ha�1) per season
were measured from spring barley growing at 3 different rates of nitrogen applica-
tion (Schjoerring et al. 1993).

Animal types in the total ammonia emissions from livestock in China (in %)
were: poultry (34), pigs, cattle (29), sheep (4) and rabbits, mules, donkeys and horses
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separately (1) – Xu et al. (2015). The total ammonia emission form a livestock
achieved 80–95% and from fertilizers 3–21% in Europe (Van der Hoek 1998). The
largest ammonia loss occurring during a 20 day period after the ammonium nitrate
fertilizer application (11.4% of the applied fertilizer) from the soil and plants.
Additional ammonia losses were observed from the wheat plants between anthesis
and harvest (9.8%). During the plant senescence 11% of ammonia was from stems
and leaves. Plant N after anthesis – about half of the grain N was from the
redistribution within the plant with the balance assimilated directly from the soil.
Concentrations of nitrogen compounds in leaves and stems were higher, but in roots
lower. The large proportion of N in the grain came directly from the soil after
anthesis from mineralized organic N, which may have management potential for
increasing grain N content. Nitrogen was lost from wheat after the application of
fertilizer (about 21% equivalent of the applied fertilizer – ammonium nitrate) and 1%
– from the plant absorption during the senescence period. Total plant N was in the
highest amount in grain, a little less in leaves, lower in stems and the lowest in roots
(Harper et al. 1987). Some ammonia in soils is utilized by plants, most of it is first
oxidized to nitrite and to nitrate by soil microorganisms. When the cation exchange
capacity is low, less NH4

+ will be absorbed, a greater amount of ammonia will be in
soil solution, and toxicity will be increased to Nitrobacter. When the pH of soil
increases, ammonia may accumulate to level toxic to the nitrite oxidizing organisms
– from 12.8 ppb (Smith 1964). Factors favoring ammonia loss from flooded soils and
well-drained soils include high urease activity, solution pH and temperature, ele-
vated rates of an urea application, a surface application of urea and low cation
exchange capacity (Freney and Simpson 1981). Maximal conversion of urea to
ammonia occurred at about pH 8.0 under flooded soils (Delaune and Patrick
1970). Volatile ammonia loss ranges from approx. 3% to 10% for ammonium sulfate
and from 5% to 50% when urea was the source of nitrogen (MacRae and Ancajas
1970; Mikkelsen et al. 1978; Vlek and Stumpe 1978).

Vlek and Craswell (1979) measured losses of up to 50% of the applied urea as
ammonia over a 2–3 week period from flooded soils with 4–5 cm of standing water.
They found approx. 60% losses of the applied N from ammonium sulfate and over
50% of the urea-N in the floodwater immediately following the application of these
fertilizers. Floodwater pH increased from 6.45 to 7.15 in the control and to near 8.0
for the urea treatment. When urea fertilizer is added to the forest floor, the soil pH is
high and loss of fertilizer N as ammonia also (Fenn and Hossner 1985). Losses from
forest soils of ammonia are less than 5% (Overrein 1968) to more than 20 and 40%
(Acquaye and Cunningham 1965; Watkins et al. 1972).

Chai et al. (2014) the following annual ammonia volatilization (in kg N animal�1

year�1) gave for various animals types: steers, heifers (38), bulls (14), heifers (10),
beef cows (9), calves (5).

Total NH3-N losses in kg ha�1 season�1 were higher from urea than urea
ammonium nitrate from the sugarcane field under retained than burned residues
(Dattamudi et al. 2016). Cumulative NH3-N volatilization losses in kg ha�1 was
higher from urea in fall and a little lower in spring than from dairy slurry and higher
from dairy slurry in summer and the lowest in winter. The highest losses form urea
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were in fall, but the lowest – in winter. More important was the type of fertilizer than
the season (Salazar et al. 2014). The fertilizer N-input higher, the NH3-N loss higher
(Misselbrook et al. 2000). Ammonia emissions from: urea, diammonium hydrogen
phosphate, ammonium sulfate and calcium ammonium nitrate were: 25, 14, less than
5 and less than 2%, respectively after 15–20 days (Sommer and Jensen 1994).
Acetylene inhibited ammonia emissions from field plots grown with pea and barley
(Bertelsen and Jensen 1992).

1.5.2 Nitrous Oxide

Global annual emissions of N2O-N from a fertilized cropland were higher than from
grassland (Stehfest and Bouwman 2006). The higher N deposition was correlated
with higher nitrous oxide emission – the highest above deciduous forest, higher over
coniferous forest and lower and similar above grassland and wetlands. It depended
on the type of ecosystem and species of plants (Bühlmann et al. 2015). The highest
amounts of nitrous oxide were above artificial lands, lower above croplands and the
lowest in forests (Nicolini et al. 2013). Total N2O-N losses were higher in beech
forests than spruce forests (Butterbach-Bahl et al. 2002).

Nitrous oxide emission from anhydrous ammonia was the highest (2.3%), from
ammonium nitrate high (0.3%) and from urea – the lowest (0.1%) –

Bouwman (1996).
Abalos et al. (2016) also confirmed that the higher volatilization of this gas was

from ammonium nitrate than urea. The higher the dose of rapeseed cake manure was
in kg N h�1 year�1 the higher the loss of nitrous oxide was (a positive correlation
was observed) during the 3 cycles from April 2011 to April 2014 above rice (Liu
et al. 2015). Nitrous oxide cumulative emissions depended on a type of manure and
were the highest for a layer of manure, high – for broiler litter, low – for pig farmyard
manure – FYM and the lowest – for cattle FYM at Drayton in 2003 and Gleadthorpe
sites (Webb et al. 2014). Nitrous oxide losses were the highest (1.81 kg ha�1) when
coming from fertilizer urea at 180 kg N ha�1 dose, a little lower (1.29) from urea in
the rate of 144 kg ha�1 and organic manure (60 kg above a rice field ha�1) and the
lowest (0.55) from organic manure at a rate of 300 kg ha�1 (Zhao et al. 2015). It is a
mean from 2 years 2012 and 2013 in comparison with control (0.29) – untreated with
fertilizers. In intensively managed grasslands the nitrous oxide emission was the
highest after the application of NH4

+ fertilizers and cattle slurry and was 2%, from
calcium ammonium nitrate 0.6% and from NH4

+ and NO3
� only 0.1% of the applied

N. During cold and dry conditions in early spring an emission from both N forms
was small – less than 0.1% and large after the application to a poorly drained sand
soil during the wet spring. A total of 5–12% and 8–14% of the applied N was lost as
nitrous oxide by denitrification. This gas emission depends on the N fertilizer, the
type and moisture of soil (Velthof et al. 1997).

Biochar decreased nitrous oxide emissions from urea up to 54% and 53% during
the rice and wheat seasons and increased grain yield and biomass and the production
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of rice and wheat by 12 and 17% and also increased soil retention. Biochar increased
crop production and decreased the nitrous oxide emissions (Wang et al. 2012). The
same inhibitor decreased the total nitrous oxide emission from the corn field and
poor calcareous loamy soil and limited the total global warming potential, increased
a total N in soil and had no effect on a soil mineral N contents (Zhang et al. 2012).
The emission of nitrous oxide was the highest from urea, lower from ammonium
nitrate and the lowest from the ammonium sulfate. Inhibitors: dicyandiamide,
nitrapyrin, encapsulated calcium carbide caused lower and mean values. An emis-
sion of nitrous oxide was higher from urea above corn than wheat, but after adding
inhibitors to urea above wheat (Mosier et al. 1996).

A very high emission of nitrous oxide above sugarcane occurred at high N inputs
and high rainfall and high temperatures over summer and was temporal and spatial
variability (Reeves et al. 2016).

Total nitrous oxide production depended in 100% on soil characteristics and a
content of calcium carbonate, water soluble carbon and an amount of sand and
increased when nitrate and ammonium increased (Vermoesen et al. 1996).

1.5.3 Nitrogen Dioxygen

Total NO2-N losses were higher in beech forests than in spruce forests (Butterbach-
Bahl et al. 2002). Felix and Elliott (2014) gave the following nitrogen dioxide
concentration (in ppb) in dependence on a source: vehicle exhaust (50.8), a field
with corn – fertilized soil with urea ammonium nitrate (19.8), poultry facility –

Turkey waste (7.1), dairy barn – cow waste (5.5) and cattle – cow waste (4.0). The
highest nitrogen dioxide concentration (approx. 13 ppb) was when south-southwest
wind direction was (Mouzourides et al. 2015) and the highest were in winter, but the
lowest – in summer in South-East Mediterranean climatic conditions. The nitrogen
dioxide concentration decreased with increasing wind speed, increased with increas-
ing air temperature and in winter was the highest, but in summer – the lowest. Low
wind speeds (below 2 m s�1) were associated with high levels of NOx (Grundström
et al. 2015). An accumulation of NO3

� or NO2 in the needles and the addition of
nitrate to the soil could cause NOx and NO2 emissions from boreal Scots pine forests.

1.5.4 Nitric Oxide

Total NO-N losses were higher in beech forests than in spruce forests (Butterbach-
Bahl et al. 2002). Global annual emissions of NO-N from a fertilized cropland were
higher than from another ecosystem (grassland) – Stehfest and Bouwman (2006).
The highest nitric oxide fluxes were at night and at high humidity (Joensuu et al.
2015). The nitric oxide emissions from a green manure (mustard) used before oilseed
rape growth were higher than from fallow plots and were related with the soil
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ammonium concentration (Vos et al. 1994). The direct volatilization factors of nitric
oxide increased nonlinearly with increasing N rates in fertilizers above winter rice
(Zhao et al. 2015). Nitric oxide emissions increased with higher forest floor temper-
atures (Fowler et al. 2009). The highest amounts of NO (in μg m�3) in the air were in
winter, but the lowest – in summer. The highest cumulative stomatal flux of nitrogen
dioxide and nitric oxide were in spring, but the lowest in autumn for Eucalyptus
citriodora, Acacia auriculiformis and Schima superba (Hu et al. 2016). The nitric
oxide emission was the highest above forest, lower above grassland and the lowest
above wetland in Switzerland, so it depended on the kind of ecosystem (Bühlmann
et al. 2015). The production of total nitric oxide depended on the content of calcium
carbonate, NH4

+ concentration in soil and soil pH and nitrification for 97% on the
soil characteristics and 3% on the quantity of nitrogen added.

At low pH of soil the nitric oxide amount was the highest from nitrate, at higher
pH values – from ammonium. A low pH has a negative effect on nitrification. The
nitric oxide emission also increased with increasing nitrate and ammonium applica-
tions (Vermoesen et al. 1996).

1.6 Nitrogen Forms Occurring in Plants and Soils
in Various Ecosystems: Water, Meadow, a Shelterbelt
and a Crop Field

1.6.1 Nitrate

The lowest values of nitrate were observed in ground water under the Robinia
pseudoaccacia shelterbelt (3.0–3.5 mg L�1) and the highest under adjoining culti-
vated fields located near new shelterbelts (19.78) and the Crataegus shelterbelt
(18.51). All shelterbelts had less N-NO3

� than adjoining cultivated fields. The
highest amounts were in a new shelterbelt (15.82 mg L�1 N-NO3

�), lower in the
Crataegus shelterbelt (14.11) and the lowest in the Robinia pseudoacacia shelterbelt
(3.35). The same trends were in the case of adjoining cultivated field and the values
were: 19.78, 18.51 and 8.43, respectively. Nitrate in ground water from adjoining
cultivated fields were in the highest amounts. The content of N-NO3

� in ground
water under the Robinia pseudoacacia shelterbelt decreased to 60% than in an
adjoining cultivated field (Jaskulska and Szajdak 2010). The quantity of nitrate in
soils under a shelterbelt with Robinia pseudoacacia was 10.3 times higher than in an
adjoining cultivated field (Szajdak and Gaca 2010).

The concentration of nitrate in the water under tree plantings were low, but under
the field high (Bartoszewicz 2000). A significant decrease in the nitrate concentra-
tion of the nitrogen form in the soil solution and ground water was observed
(Bartoszewicz 2000).

The nitrate accumulation was maximum, when the cation exchange capacity was
maximum (Smith 1964). A soil nitrate of fertilized with urea plots was similar or
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even higher under monocropping than under crop rotation, where corn better grew,
especially in deeper soil layers and at the end of the cropping period (Horst and
Härdter 1994). In soil with corn less nitrate concentrations were observed in a deeper
layer of soil (Dou and Fox 1995). Nitrate sorption in the profile of an acid tropical
soil was found to increase with depth to 25–50% in the 90–120 cm layer at water and
NO3

� under field condition (Cahn et al. 1992). A soil nitrate content was higher after
the urea application than urea with inhibitors – encapsulated calcium carbide or
nitrapyrin – Mosier et al. (1996). Losses of NO3

� during the drainage period from
grazed grassland swards increased with increasing soil N-NO3

� levels in the soil
profile.

Thus, as an activity of nitrate reductase increased, decreased leaching of mineral
nitrogen occurred. A decrease was observed also with an increasing dose of fertilizer
(Jarvis and Barraclough 1991). Higher N rates, higher NO3

� concentrations were in
soil, especially in upper layers and in kernel more than in straw of plants (Hera
1996). Urea increased the level of NO3

� in soil much than ammonium sulfate, which
is an acidic fertilizer (Singh and Yadav 1981). The concentration of nitrate was the
highest after the ammonium nitrate application, lower after ammonium sulfate and
the lowest after urea using to soil (Naseem and Nasrallah 1981). The amounts of
N-NO3

� formed in soils was highly positively correlated with soil pH, but not higher
than 6.0 and was not significantly correlated with the organic N of total N content of
the soils (Sahrawat 1982). In sandy loam and Luisiana clay and peat soils, the NO3

�

concentrations were in trace amounts, but in silty loamy Pila Clay, Lipa Loam
Maahas clay alkalized were very high in the contrast to NH4

+ conditions. Reverse
results received for NH4

+ contribution (Sahrawat 1982). Nitrate leaching is an
economic loss and causes eutrophication and a health hazard, but gaseous emissions
(NH3, N2O, NO and NO2) may prove to be the most serious environmentally
(Jenkinson 2001). In the objects fertilized with manure and NPK, the N-NO3

�

leaching was lower than in the control soil. The nitrate nitrogen participation in
total N was higher that of ammonium nitrogen only in soils without fertilization and
with animal slurry in a dose I (Mazur and Budzyńska 1994).

1.6.2 Nitrite

After the urea application to the soil the highest amounts of NH4
+, lower of NO3

�

and the lowest of NO2
� in each soil were and a biuret added inhibited nitrification

(Sahrawat 1980). Nitrite is an intermediate product in the aerobic nitrification and
anaerobic denitrification processes. Because of its low stability in acid conditions,
nitrite can be a key compound in N loss, because nitric oxide and nitrogen dioxide
cannot escape from the medium promote the production of some nitrite (Van
Cleemput and Baert 1984). The NO2-N concentration was the highest after the
application of urea, lower after ammonium sulfate and the lowest after ammonium
nitrate using. The gaseous loss of N from urea was greater than the loss of N from
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ammonium sulfate or ammonium nitrate, because NO2-N, (NH4)2CO3 and NH3 are
present in the urea-soil system (Naseem and Nasrallah 1981).

In the soil of the former lake Texcoco (Mexico), concentrations of NO2
� and NH4

+ increased with increased salinity and availability of NO3
�. The larger amount of

NO3
� was observed. In alkaline-saline soil higher concentrations of NO2

� and
smaller NH4

+ were noticed (Dendooven et al. 2006). The highest concentration of
urea was accompanied by an accumulation of NO2

�. The emission of nitrous oxide
was delayed at the higher urea level. The pH and NH4

+ produced inhibitory
concentration of ammonia at the highest urea concentration and it was negative
effect of urea both on nitrifying and denitrifying bacteria (Petersen et al. 2004). The
highest emissions of nitrous oxide from forest and agricultural light textured soils
were induced by the addition of NO2

� to the soil and it had a biological origin
(a very active denitrifying population was present), because no significant nitrous
oxide emissions were measured, when the soil was autoclaved (Castaldi and Smith
1998). Nitrite nitrogen was leaching in higher amounts to water after the application
of slurry in a rate II (Mazur and Budzyńska 1994).

1.6.3 Ammonium

The highest concentration for ammonium was observed in ground water under an
adjoining cultivated field to the Crataegus shelterbelt (4.48 mg L�1). The lowest
values of ammonium were determined under an adjoining cultivated field (about
29%) in comparison with ground water under the Robinia pseudoacacia shelterbelt.
No significant differences in ground water under an adjoining cultivated field and a
new shelterbelt were found. The N-NH4

+ concentrations were: 1.44, 1.74 and
2.32 mg L�1 in: a new shelterbelt, the Crataegus shelterbelt and the Robinia
pseudoacacia shelterbelt, respectively, but the concentration of ammonium nitrogen
was the highest in a Crataegus adjoining cultivated field (4.48) and the lowest in a
new adjoining cultivated field (1.43). Ground water under the Robinia pseudoacacia
shelterbelt showed higher concentration of ammonium than from the adjoining
cultivated field (Jaskulska and Szajdak 2010). Mean concentration values of ammo-
nium nitrogen in ground waters under the field and tree plantings were identical
(Bartoszewicz 2000). Ammonium nitrogen was leaching in larger amounts to water
after the application of slurry in a dose II. More ammonium nitrogen was leached
from soil fertilized with NPK than with manure and animal slurry in rate I (Mazur
and Budzyńska 1994).

The concentrations of ammonium in soils under shelterbelt were approx. Two
times higher than under an adjoining cultivated field (Szajdak and Gaca 2010). After
the application of urea and ammonium nitrate with increasing doses increased also
ammonium concentration in humus and mineral soils in higher amounts from
ammonium nitrate than urea in pine (Nômmik et al. 1994). The content of NH4

+-N
was the highest when soil was treated with ammonium sulfate, lower –with urea and
the lowest – with ammonium nitrate (Naseem and Nasrallah 1981).
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In beech the highest ammonium uptake rates around noon and in the afternoon
and minima at midnight (50% less), but in spruce ammonium uptake was constant
during the day. It depended more on plant species (Geβler et al. 2002). The uptake of
N as ammonium was higher than as nitrate, which indicated a preference for
ammonium uptake by wheat (Crawford and Chalk 1993) – it also depended on
species of plants.

1.6.4 Mineral Nitrogen

The proportion of NH4
+-N in total nitrogen increased and that of NO3

� decreased.
Applications of slurry rate II and NPK caused an increase of mineral nitrogen by
48–49%, of manure by 35% and of slurry dose I by 27% as compared with control.
The application of a supplemental mineral fertilizer increased soil mineral nitrogen
only at the slurry rate of I. Average proportions of NH4

+-N and NO3
�-N in the total

mineral nitrogen were 59% and 41%, respectively. The highest amount of soil
mineral nitrogen was found in April and the lowest in September and August
(Mazur 1987).

Incorporation of oilseed rape stems residues into the soil resulted in an increase in
gross N mineralization rate (24%) in the case of this plant, but in winter wheat straw
residues increase in gross N mineralization achieved 12% (Watkins and Barraclough
1996).

1.6.5 Organic Nitrogen

The content of organic nitrogen increased to 36% in ground water under an adjoining
cultivated field to the Crataegus shelterbelt and to 22% in comparison with ground
water under the Robinia pseudoaccacia shelterbelt. Amounts of organic N were the
highest in the Crataegus shelterbelt and an adjoining cultivated field and the lowest
in a new shelterbelt and an adjoining cultivated field (Jaskulska and Szajdak 2010).

The highest organic N concentration (in %) was after the application pig slurry
manure (3.5), a little lower after poultry litter (3.4), lower after layer manure (2.9),
much lower after cattle slurry (2.5) and the lowest after cattle farmyard manure –

FYM and pig FYM (2.3) above ryegrass field. Up to 70% of the organic N was
mineralized from pig slurry and layer manure, compared to 10–30% from the cattle
slurry and straw – based farmyard manures – FYMs (Bhogal et al. 2016).

Concentrations of organic N and total mineral N decreased in deeper layers of
soils from harvest of oilseed rape before sowing of oats when was ploughing and
green manure (Vos et al. 1994).
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1.6.6 Total Nitrogen

Default N contents in different material – in: fertilizers (1000 kg N mg�1 of FW),
soybean oil cake (70.2), soybean (56.4), feed milk (56.3), rape cake (49.3), meet –
live animals (46.0), whey (35.0), eggs (18.1), alfalfa (18.0), silage clover grass (9.1),
silage – grass (8.5), silage – whole crop (6.0), whole crop fresh (5.8), straw (5.4),
corn (3.9), silage beef pulp (3.8), wool (3.0) – were listed by Dalgaard et al. (2012).

Nitrogen contents (in kg N mg�1) were different for the following types of crops:
48.71 – for faba beans (Vicia faba L.), 31.45 – for oilseed rape (Brassica napus),
18.79 – for winter wheat (Triticum aestivum), 14.96 – for grain of winter rye cereals
(Secale cereale) – Dalgaard et al. (2012). The same author presented default N
contents (in kg mg�1) for different manure types: solid poultry manure (21.0), pig
farmyard manure (8.8), mixed FYM (8.6), cattle FYM and separately sheep or goat
FYM (8.4), solid fraction of pig manure – sows and piglets (8.1), horse FYM (7.5),
sewage sludge (6.0), solid fraction of pig – fatteners or mixed manure (5.9), mixed
slurry and liquid fraction of cattle manure and separately pig slurry – fattening pigs
(5.4), liquid fraction of mixed manure (5.0), pig slurry – sows and piglets (4.6),
degassed cattle slurry and liquid fraction of pig manure (4.0), degassed cattle slurry
(3.9) and other organic fertilizer (e. g. bone meal) or a composted manure – compost
from other materials (2.0).

The total nitrogen in soil under a shelterbelt was 3.5 times higher than in the
adjoining cultivated field (Szajdak and Gaca 2010).

The highest total N content in wheat was on day 153 (leaf senescence) in grain
(93.4) and the lowest in roots (20.7). During anthesis (day 125) the highest amounts
of total N were observed in leaves (61.0) and the smallest in roots (18.6). The highest
absorption of 15N (in mg plant�1) was in the plant growth stage – harvesting, smaller
– during fruiting, then at flowering and the lowest in seedling. The highest amount of
15N was after the application of nitrate, lower – after ammonium using and the
lowest after the urea application (Tan et al. 2000). It was depended on the phase of
plant growth (Harper et al. 1987) and on the nitrogen form applied in fertilizers (Tan
et al. 2000).

In the wheat field using the same dose (112 kg N ha�1) 33.3% loss of 15N
received in straw (Myers and Paul 1971) and 25% and 6% in clay wet and dry,
respectively (Craswell and Martin 1975). In barley crop, when 90 kg N ha�1 was
applied as NH4OH the 15N loss achieved 30% and 31% in the case of (NH4)2SO4

(Koren’kov et al. 1975). In the same N dose on Sandy loam in pearl millet field,
when urea was applied the 15N loss was higher (46.7%) – Ganry et al. (1978). Yields
of pearl millet were similar whether urea or calcium ammonium nitrate were used,
but 15N uptake from calcium ammonium nitrate was higher by plants and ammonia
emission was also higher from urea from soils and in years of strong rainfall
(Christiansen et al. 1990).

The amount of N leached from soil depended on the kind of organic fertilization
and animal slurry dose. After manure application the largest amounts of total-N,
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organic-N, N-NH4
+ and N-NO2

� and after the application of animal slurry used of
N-NO3

�were leached from the soil fertilized with rates of animal slurry, manure and
NPK doses balanced in nitrogen. The animal slurry dose equivalent to manure in
terms of organic carbon caused the strongest leaching of all nitrogen forms and the
increase was significant also in comparison with manure fertilization (Mazur and
Budzyńska 1994).

1.7 Very Important Enzymes Related to the Nitrogen Cycle

Main enzymes occurring in plants and soils are nitrate reductase and urease.

1.7.1 Nitrate Reductase

The activity of nitrate reductase (NR) depended on the part of plant. The highest was
in upper leaves, lower in lower leaves and in stems and the lowest – in roots of
Verbascum (Güleryüz and Arslan 1999). The activity of this enzyme in roots and leaf
petioles in Rumex obtusifolius L. was low, but the highest in leaf blades (Gebauer
et al. 1984).

The activity of nitrate reductase correlated positively with grain yield – Eilrich
and Hageman (1973), yield of been (Phaseolus vulgaris L.) seeds – 59% over
control (Franco et al. 1979) and an accumulation of grain protein and total reduced
nitrogen in a vegetative material at maturity (Deckard et al. 1973).

The pH of intact tissue had an effect on the activity of nitrate reductase. The level
of this enzyme was the highest, when the pH ranged from 7.5 to 8.0 and the lowest
near pH of 6.0 in the case of soybean leaves (Jaworski 1971).

The activity of nitrate reductase decreased when soybeans were exposed to
dark. The subsequent light stimulation increased the activity of this enzyme
(Nicholas et al. 1976). Low levels of NR activity were noticed in leaf extracts
from plants grown on nitrate in darkness. When barley etiolated plants were
transferred to the light the activity of nitrate reductase increased (Somers et al.
1983). The same results were obtained for corn (Rao et al. 1981) and barley
(Gniazdowska-Skoczek 1988a, b) leaves. Osmotic stress caused dehydration of
barley leaves and decreased the activity of nitrate reductase (Bandurska 1993).

The activity of nitrate reductase depended on forest trees species: the higher was
in Populus deltoides, lower in Glechoma hederacea much lower in Quercus robur
and the lowest in Prunus padus after the ammonium chloride application (Pearson
and Soares 1998).
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Another factor which was the effect on the activity of nitrate reductase was the
level of soil profile. In deeper layers of soil the activity of this enzyme was higher
(Jarvis and Barraclough 1991).

1.7.2 Urease

The activity of urease depended on plant species. The highest activity of enzyme was
found in leaves of Poa pratensis, lower in Botriochloa caucasica and the lowest in
Bromus inermis (Frankenberger Jr and Tabatabai 1982).

The activity of urease also depended on the depth in soil. In tropical flooded soils,
unplanted and planted to rice in the subsurface of soil (1–2 cm) the enzyme activity
was higher than in a soil subsurface (20–25 cm). In deeper layers of soils lower the
activity of enzyme was detected. Progressively decreasing urease activity was found
with increasing depth (Fenn and Hossner 1985).

The longer time of the soil incubation was the higher the activity of enzyme was
noticed. Also, the stage of plant growth was important.

The highest urease activity was in panicle stage of the crop, but the lowest during
maturity stage. During rice growth at the time of seedling and tillering the activity of
urease was higher after the application of green manure (Sesbania rostrata) at
66.4 kg N ha�1, lower after urea (as pilled urea) using at 60 kg N ha�1 and the
lowest – after the application of green manure plus urea (both at a 30 kg N ha�1

dose). Contrary results were obtained at panicle initiation and maturity stages of this
crop growth (Pattnaik et al. 1999).

The activity of urease, which is activated by nickel (Ni) was hardly detectable in
different plants (rye, wheat, soybean, rape, zucchini and sunflower) grown without
supplementary Ni, but on urea-based media. As a consequence plants showed a
reduced dry matter production and the soluble amino acid N concentration and
reduced total N amounts, which was illustrated by the chlorotic appearance of
these plants (Gerendás and Sattelmacher 1997).

The addition of urea stimulated the ureolytic microbes and if organic residues did
not limit the production of urease, the maximum ammonia loss could occurred
(Paulson and Kurtz 1969). Urease gradually loses its hydrolytic activity at pH values
below 4.0 (Bremner and Douglas 1971a). Urease activity did increase with increas-
ing soil pH values and gave better correlation to activity at neutrality (McGarity and
Myers 1967; Van Slyke and Zacharias 1914). Much lower NH3 losses were achieved
using N-(n-butyl) thiophosphoric triamide to inhibit urea hydrolysis by urease owing
to the gradually accumulation of NH4

+ that limited the rise in pH, produced more
NO3

� with very small amounts of NO2
� and immobilization was reduced

(Guimarães et al. 2016). Gibson (1930) reported that the hydrolysis of urea in forest
soils was more rapid than in cultivated soils. Strongly acid peat soils (pH 3.1–3.3)
hydrolyzed from 0.44% to 0.86% of their own dry weights of urea in 24 h at
22–23 �C.
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A sunlight, high temperature and drying may denature the urease enzyme pro-
duced in soil (Fenn and Hossner 1985).

1.8 Conclusions

1. The highest ammonia and nitrous oxide emissions were from cattle, but the
lowest ammonia volatilization was from deer, but the nitrous oxide emission –

from camels. From all animals total ammonia emissions were the highest from
the spreading of waste, but the lowest from grazing or outdoors and not always
were higher when the number of animals was higher. Older and dairy cows
volatilized more ammonia to the air than younger ones, so the age of animals
was also important.

2. A high ammonia concentration was above manure. The highest ammonia
emission was noted from urea, but the lowest from calcium ammonium nitrate
applied to grassland. The lowest emissions of ammonia and nitrous oxide was
from slurry. The content of NH4

+ in soils was the highest when ammonium
sulfate was used, lower after urea and the lowest after ammonium nitrate
applications. When slurry was applied, higher ammonium and nitrite concen-
trations were in ground water. To conclude slurry, manure and organic residues
– oilseed rape stems and winter wheat straw increased the level of mineral
nitrogen in soils. In total, N mineral is more often as nitrate than ammonium.
Amounts of organic nitrogen also depended on the type of organic fertilizers and
the highest were after the application of pig slurry manure and the lowest after
using manure from cattle and pigs separately. For most types of fertilizers,
ammonia emissions were higher with higher doses, but this did not always
apply to the ammonium nitrate fertilizer. The highest nitrous oxide and ammonia
emissions were noticed after urea application, but the lowest – after using
ammonium nitrate or ammonium sulfate in crop fields. High concentrations of
these gases were above a heap of dung and manure, but low above compost and
were higher from organic than mineral fertilizers. Greater doses of nitrogen in
fertilizers mean more nitrate in soil. There is a positive correlation between a
high level of nitrate and organic and total nitrogen concentrations in soils and a
pH value of 6.0 at low cation exchange capacity in soils. Urea increased the level
of NO3

� and NO2
� in acidic soil and NO2 in the air much than ammonium

nitrate and ammonium sulfate, but contrary results were obtained for alkaline
soils, except when the last soils were under salinity stress. Nitrate and total N
were higher when mineral fertilizers were without organic manure and slurry.

3. Emissions of ammonia from urea can be reduced by potassium nitrate, potas-
sium chloride, ammonium nitrate, calcium chloride, and calcium with urea at
high cation exchange capacity, in soil, but not always. Also, calcium, magne-
sium, potassium salts with urea, tannins, acetylene and N-(n-butyl)
thiophosphoric triamide limited the ammonia volatilization and the activity of
urease.
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4. Ammonia and nitrous oxide concentrations were higher, when the air temper-
ature was higher. Ammonia emissions are high, when the relatively humidity of
air is low, but the soil water content is high. Higher temperatures of soil, higher
urease activity and more ammonium and nitrate occurred in soils, especially dry
ones and with the higher level of NH3. Ammonia concentrations in the air are
high, when the wind speed ranges from 2 to max. 4 m s�1 and not higher, often
at south-southwest, west to east and north-northeast wind directions, respec-
tively, but not always. It also depended on the type of ecosystem and fertilizer.
At higher heights above the ground, less ammonia was noticed. Roundup
increased the level of ammonia in soil.

5. Rainfall decreased volatilization of ammonia, but more NH3 and NH4
+ in soils

occurred. Also higher precipitation caused lower nitrous oxide amounts, but in
the wet season the emissions of N2O from soil were higher than in the dry season
in contrast to NH3. Ammonia and nitrous oxide concentrations are the lowest in
winter and at nighttime and in the early morning and the highest in summer,
when it is warm and at daytime, especially at noon. In beech, the highest
ammonium uptake rates occurred at noon and in the afternoon and the lowest
uptake rates were observed at midnight, but the content of NH4

+ in spruce was
constant all day. It depended on the type of plant.

6. Nitrous oxide and ammonia emissions were higher when the intensity of light
was higher. Also, the activity of enzymes (nitrate reductase and urease) was
higher when it was in light than in darkness. Higher pH of soil, lower ammonia
values in the air were found, but sometimes results were contrary, because the
effect of fertilizers was higher than the pH value of soil. Higher pH of soil also
caused a high level of urease activity in the soil.

7. The emission of ammonia decreased with an increasing distance from an animal
farm (a horizontal gradient of NH3 was observed). At higher heights above the
ground, it was higher for barley than at lower heights, but it more depended on
plant species and for other plants it was contrary – similar to the emission of
nitrogen dioxide. Concentrations of nitrate and ammonium in soils depended on
their depth and were in higher amounts in deeper layers of the soil at high cation
exchange capacity, but not always. Sometimes it depended on the type of
fertilizer and was higher in upper layers of the soil and in kernel more than in
straw. The level of NO3

� was higher than NH4
+, but the highest amounts of

ammonia in the air were from the surface than from deeper layers of soil (vertical
gradients of NH3 were observed). Concentrations of organic and total nitrogen
were lower in deeper layers of soil when ploughing and green manure was and
the harvest of oilseed rape before sowing oats. In deeper layers of soil, the
activity of nitrate reductase was higher, but the activity of urease was lower.

8. A loss of ammonia was lower from calcareous soils than from acidic ones and
higher when cation exchange capacity was low in soils. Urea increases the pH of
soils. Unfertilized soil under a shelterbelt was very acidic, while under adjoining
cultivated fields weakly acidic to neutral. The loss of N2O was greater from
mineral than from peat soils. From slow release fertilizers, losses of gases and
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various mineral nutrients were lower. Inorganic fertilizers did not cause high
emissions of ammonia in acidic soils. Also, amounts of NH4

+ in soils depended
on their type.

9. From animal farms the emissions of ammonia and nitrous oxide were higher
from crop fields than from grasslands, shelterbelts and forests. It depended on
the type of ecosystem.

10. Higher concentrations of ammonia were observed during anthesis, but the
highest during plant senescence – from stems and leaves. Total plant N was in
higher amounts in grain, a little less in leaves, lower in stems and the lowest in
roots similar as other nitrogen forms. It depended on the stage of plants’ growth
and the type of their organs.

11. Nitrous oxide emissions depended on soil characteristics: the calcium carbonate
content, water soluble carbon in sand and increased when the content of NH4

+

and NO3
� increased. Inhibitors of nitrous oxide emissions include:

dicyandiamide, nitrapyrin, encapsulated calcium carbide and Biochar.
12. Nitrogen dioxide concentrations were higher from an animal farm than from

fertilizers. The highest were when a south-southwest wind direction was, low
wind speeds and in winter and increased with increasing air temperatures.

13. Nitric oxide values were also higher in winter than in summer and at night and at
high relative humidity of air and were higher with increasing forest floor
temperatures. Nitric oxide emissions were the highest above forests than
above grasslands and wetlands. At a low pH value of soil the nitric oxide
amount was higher from nitrate, but at higher pH value – from ammonium
and increased when doses of these forms were higher.

14. Nitrate and ammonium concentrations were the highest in ground waters, lower
in soils from crop fields and the lowest from shelterbelts. More NH4

+, but less of
NO3

� concentrations were in soils and waters from the Robinia pseudoacacia
shelterbelt than Crataegus and new shelterbelts. It depended on the age and
plant species.

15. The content of mineral nitrogen depended on the plant species – for example it
was higher for white sweet clover and lower for winter rape and on the stomatal
compensation point and the cultivar of plant. Higher amounts of ammonia from
barley cv. Golf than cv. Laevigatum were during grain filling. Nitrous oxide
emissions also depended on the plant species (higher values were observed
above a deciduous than a coniferous forest). Also, nitric oxide amounts in the air
depended on the type of plant species. Encapsulated calcium carbide and
nitrapyrin inhibit the amount of nitrate in soils.

16. A total nitrogen amount depended on the material and the plant species and was
the highest in fertilizers, soybean oil cake and the lowest in wool and silage of
beef pulp. Higher concentrations of total nitrogen were observed in solid poultry
manure, but the lowest – in a composted manure. More of this form was in faba
beans than in grains of winter rye. The stage of plant growth also had the effect
on the amount of total nitrogen and was the highest during harvesting and the
lowest in seedling. The total nitrogen was in the highest values after NO3

�

applications, lower after an NH4
+ using and the lowest after urea. It also
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depended on the type of ecosystem – its higher amounts were in soils under
shelterbelts than under adjoining cultivated fields. A part of the plant also has
significance. The highest concentrations of total nitrogen occurred in grains
during leaf senescence and in leaves during anthesis, but the lowest in roots. It
also depended on the type of fertilizer – the highest amount of total nitrogen was
observed after manure application. Animal slurry caused leaching of all nitrogen
forms in high amounts to ground water.

17. When the time of a soil incubation was longer higher activities of nitrate
reductase and urease were detected. The highest nitrate reductase activity
occurred in leaves, the lowest – in roots and it was positively correlated with
grain protein accumulation, grain yield and the total reduced nitrogen in vege-
tative material (in which the highest level of enzymes was observed) than at
maturity. An optimum pH value of intact plants for nitrate reductase activity was
between 7.5 and 8.0 similar to urease activity at 7.0. Drying and higher
temperatures stimulated the activity of these enzymes. The optimal value for
nitrate reductase was approximately 35 �C, but for urease 37 �C and from 60 �C
to 70 �C. An enzymatic activity also depended on plant species. Osmotic stress
decreased the activity of nitrate reductase. Heavy metals inhibit nitrate reductase
activity in acidic and neutral soils.

18. The lack of nickel inhibited urease activity, whereas total nitrogen and organic
residues did not limit the production of urease. At the same time the maximum
ammonia loss occurred. Hydrolysis of urea is higher and more rapid in forest
soils than in cultivated soils taken from fields.
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Chapter 2
Impact of Tillage Methods on Environment,
Energy and Economy

Egidijus Šarauskis, Zita Kriaučiūnienė, Kęstutis Romaneckas,
and Sidona Buragienė

Abstract Soil tillage involves the mechanical manipulation of soils used for crop
production. Tillage is done to prepare an optimal seedbed, to loosen compacted soil
layers, to control weeds, to increase aeration, to incorporate plant residues into the
soil, to facilitate water infiltration and soil moisture storage, and to control soil
temperature. Nonetheless, soil tillage is one of the highest energy-consuming,
environment-polluting and expensive technological processes in agriculture. Con-
ventional tillage with ploughing is the most widely used practice. Conventional
tillage has low efficiency, requires high-powered tractors with high fuel consump-
tion and greenhouse gases emissions. Moreover, the cost of conventional tillage is
high, and the influence on the soil structure, degradation, leaching of nutrients and
the most fertile soil is negative. Here we review the impact of tillage methods on soil
quality, environment and economy.

Due to the disadvantages of conventional tillage, sustainable tillage area
increases each year by 4–6 million ha worldwide. Under sustainable tillage such
as minimal or no-tillage, the total soil surface modified by the wheels of agricultural
machinery is 20–40% lower than for conventional tillage. Sustainable tillage pre-
serves better soil physical properties and biological processes. A comparison of
tillage methods show that no-tillage has the highest energy efficiency ratio of 14.0,
versus 12.4 for deep ploughing. The most expensive tillage operation is deep
ploughing. The use of agricultural machinery under sustainable tillage conditions
and preparation of soils without using a plough can reduce costs from 25% to 41%,
compared with conventional tillage.
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2.1 Introduction

Environmentally friendly and energy saving agricultural technologies are integrated
for agricultural production as such technologies deliver the most innovative, eco-
nomical, energetic and environmental benefits (Morris et al. 2010; Šarauskis et al.
2012; Reicosky 2015; Mitchell et al. 2016). The essence of these technologies has
several aims, such as to limit intensive mechanical and chemical impacts on soil and
vegetation; provide soil productivity renovation; protect the environment; rationally
use material, energetic and labour resources; meet strict environmental regulations;
produce wholesome food; and guarantee economic effectiveness in the manufactur-
ing of agricultural produce.

Data published by the European Conservation Agriculture Federation (ECAF)
reveals that implementation of conservation agriculture techniques enables many
environmental and economic benefits, such as (www.ecaf.org):

• An improvement in soil properties
• An increase in biodiversity
• A reduction in erosion
• A reduction in the contamination of downstream water
• A reduction in the number of floods and landslides
• A reduction of CO2 emissions
• An increase in labour and fuel saving benefits
• An increase in cost-saving benefits

However, it is impossible to introduce new and sustainable agricultural technol-
ogies without the use of modern agricultural machinery that also meets augmented
land protection and environmental requirements, the most important of which are as
follows: soil must not be depleted, humus reduction and soil degradation should not
occur, leaching of nutrients and the most fertile soil particles should be minimized,
the soil should not be eroded and the soil structure should not be broken, the natural
biological processes in the soil should be enhanced (Reicosky 2015).

Soil tillage involves the physical-mechanical manipulation or disturbance of soil
for the purpose of crop production (Köller 2003; Reicosky and Allmaras 2003;
Mitchell et al. 2016) and the main aims of tillage are: to prepare an optimal seedbed,
to loosen compacted soil layers, to control pests, to increase aeration, to incorporate
crop and weed residues into the soil, to inject or incorporate fertilizers and pesticides,
to facilitate water infiltration and soil moisture storage, to stimulate net nitrogen
mineralization, to control soil temperature and salinity, to mix soil layers and to
increase rooting (Reicosky and Allmaras 2003; Mitchell et al. 2016). Conventional
soil tillage and drilling machinery cannot fully meet the requirements of sustainable
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soil tillage, which involves the use of more complex soil tillage and seed introduc-
tion technological processes and specifies requirements for adhering to construction
parameters and operation technological conditions when undertaking soil tillage and
using drilling machinery. In this respect, scientific research previously conducted
(Kushwaha et al. 1986; Linke 1998; Karayel 2009; Morris et al. 2010; Buragiene
et al. 2015; Šarauskis et al. 2017) has confirmed the need for urgent studies to
achieve sustainable practice.

Studies have shown that no-tilled soils under the impact of various environmental
factors undergo a change in physical and mechanical properties when the soil surface
is covered by residues from the previous yield (Buragiene et al. 2015); therefore, an
interaction between the operating parts of the soil tillage machinery and the soil or
crop residues invariably affects such changes.

2.2 Sustainable Tillage Technologies

Costly energy resources, climate change, loss of fertile soil layers, moisture reten-
tion, the need to save labour time and other factors are among the most important
motives forcing the development of agricultural systems (Šimanskaite 2007; Morris
et al. 2010; Soane et al. 2012; Šarauskis et al. 2014a, b; Buragiene et al. 2015) and
their appropriate selection according to regionality. Therefore, the development of
environment- and energy-sustaining tillage technologies is one of the most important
goals required for modern agricultural progress. The use of sustainable agricultural
technologies results in improved soil structure and phyto-sanitary conditions. When
employing such technologies, plant residues are incorporated efficiently for
fertilisation and soil protection, precision tillage machinery is used (thereby reducing
the negative effect of technological processes on the environment), and labour,
energy and agricultural production costs are reduced (Linke 1998; Tebrügge 2001;
Hazarika et al. 2009; Lithourgidis et al. 2009; Soane et al. 2012; Derpsch et al.
2016).

2.2.1 Conservation Agriculture Worldwide

There has been a fast growth in the use of environmentally sustainable tillage and
drilling technologies over the past 30 years, and their application has been promoted
by the need for lower energy and labour costs. No-tillage or zero tillage technology,
where drilling is performed directly into undisturbed soil, is particularly beneficial
for protecting the soil and enabling economic and environmental advantages. In
English, this method of drilling is known as ‘Direct Drilling’, in German
‘Direktsaat’ and in Russian ‘Прямой посев’. In certain cases, when drilling is
performed into stubble, it is known as ‘stubble drilling’. However, stubble drilling
is only one of the technologies attributed to direct drilling, as drilling can be
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performed not only after growth of cereals, but also after grasses, root crops and
other plants. Direct drilling is a no-tillage technology, in which the upper soil layer is
minimally disturbed by the driller’s coulters so that it only incorporates plant seeds.

Complex soil-crop-nutrient-water-landscape system management practices are
known as Conservation Agriculture (Kassam et al. 2015). Conservation agriculture
saves energy and mineral nitrogen used in farming, thereby reducing GHG emis-
sions and enhancing biological activity in soils. However, no-tillage is not always
sufficient for promoting sustainable and productive agriculture. Conservation agri-
culture also involves soil cover and cropping system diversification, and needs to be
complemented with other techniques, such as integrated pest management, plant
nutrient management, weed and water management. Total global areas under con-
servation agriculture systems are increasing (Derpsch and Friedrich 2009; López
et al. 2012; Kassam et al. 2015) each year by 4–6 million hectares, as shown in
Figure 2.1.

Conservation agriculture is most popular in the USA (35.6 million ha), Brazil
(31.8 million ha), Argentina (29.2 million ha), Canada (18.3 million ha), Australia
(17.7 million ha) and other countries where soil erosion is a major problem. The
global extent of conservation agriculture cropland over the five-year period
(2008–2013) increased by 47%, from 106 million ha (7.5% of global cropland) to
approximately 157 million ha (11% of global cropland) (Kassam et al. 2009;
Kassam et al. 2015). The area of agricultural land within the European Union
(EU) accounts for approximately 161.6 million ha (Derpsch and Friedrich 2009);
areas under conservation agriculture within the EU span approximately 2.0 million
ha and are located mainly in Spain, Italy, Finland, France, Germany and the United
Kingdom. Since 2008, the area of annual crops under conservation agriculture has

Fig. 2.1 Global uptake of conservation agriculture in million ha of arable cropland. *expected.
(Prepared according to Kassam et al. 2015)
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changed by some 30%, from 1.6 million ha to 2.0 million ha in 2013, corresponding
to 2.8% of arable cropland (Derpsch and Friedrich 2009; Kassam et al. 2015).

Ploughing is the main tillage technique used in most European countries
(Arvidsson et al. 2013), although a growing switch from conventional tillage to
different sustainable tillage technologies has occurred over the past 20 years. Such
technologies do not use conventional tillage; instead they employ minimum tillage
and implement different sustainable tillage technologies (Alvarez and Steinbach
2009; Morris et al. 2010; Buragiene et al. 2015), which are not suitable for all
European agroecosystems. However, they conserve water and soil, thereby ensuring
long-term ecological, social and economic sustainability (Lahmar 2010). When
farming methods are properly selected and controlled, many of the adverse effects
caused by agricultural machinery and agricultural systems can be eliminated.

It is evident that new farming systems and technologies should be implemented in
many countries (Chamen et al. 2003), and it is recommended that direct drilling and
other reduced tillage technologies are used on farms adapted to conservation agri-
culture (Celik et al. 2012). However, the economic success of using sustainable
tillage technologies depends largely on the farm’s locality and climatic factors (Uri
2000) and the spread of sustainable tillage systems is often prevented by a cool wet
climate (Cannell and Hawes 1994), increased problems of weed spreading and the
complicated incorporation of plant residues into soil.

The main technological aims of conservation agriculture are as follows (Linke
1998; Holland 2004; Lahmar 2010; Morris et al. 2010; Sommer et al. 2014; Derpsch
et al. 2016):

• To reduce the negative mechanical impact on soil by reducing the intensity of
topsoil loosening;

• To gradually reduce the use of tillage, apply zero tillage, minimum tillage or
direct drilling where applicable;

• To reduce the depth of straw and other plant residue incorporation and mulching
of soils, thus stimulating biological process on the soil surface;

• To increase field fertilisation with compost and green manure, improving the
incorporation uniformity of liquid manure, slurry and other organic fertilisers;

• To apply correct doses of fertilizers according to plant needs and soil agrochem-
ical properties, and to locally incorporate mineral fertilisers;

• To make use of mechanical weed control opportunities;
• To apply local pesticide spraying in microdoses according to phytosanitary

conditions, amount of weeds and pest infestation.

2.2.2 Soil Protection Aspects of Tillage

Soil is the main environmental parameter involved in the technological process of
tillage. The upper layer of soil is vitally important both for plant growth and for
maintaining the environment. It performs significant ecological and economical
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functions as a living environment, water regulator, genetic resource, food producer and
a source of raw materials and biomass. Healthy soil is required for plants to grow, as it
supplies plants with air, water, nutrients and physically sustains growth. Fertile soil has
a neutral or near neutral pH, is abundant with substances appropriate for plants to
assimilate and contains sufficient humus and microorganisms; it is thus the most
important agricultural resource and has long been acknowledged as such (Pekrun
and Claupein 1998; Ogle et al. 2005; Alvarez 2005; Paz-Ferreiro et al. 2009).

The most important objective of tillage is to provide favourable conditions for
plant growth. Selection of tillage technology depends on various soil properties and
agrotechnological conditions, and the greatest influences on such a selection are: the
plant species cultivated, meteorological conditions, relief, level of soil cultivation,
content of organic matter, amount of weeds, moisture conditions, soil structure,
available agricultural machinery and technological expertise.

Each tillage system has advantages and disadvantages. Application of conven-
tional tillage by ploughing provides an opportunity to achieve a higher yield;
however, due to the low performance of tillage technological operations and the
need for high-powered tractors, the cost of such tillage is high. In addition, conven-
tional tillage has a negative impact on the environment, soil and biodiversity (Linke
1998; Holland 2004; Šarauskis 2009; Arvidsson 2010; Morris et al. 2010; Šarauskis
et al. 2014a, b), therefore it is unwise to make an irrational selection of tillage
machinery or its technological modes. Furthermore, the use of increased loads of
machinery causes higher amounts of toxic oxides to be emitted into the environment,
strongly effecting the natural environmental ecosystem (Janulevičius et al. 2013).

In the search for alternatives to reduce intensive full inversion tillage, environ-
mentally sustainable minimum tillage or direct drilling technologies are becoming
increasingly popular. Such technologies reduce the impact of tillage machinery on
soil degradation and soil properties, enabling reduced soil layer compaction; thereby
ensuring natural water filtration and penetration of plant roots into diverse soil layers
(Lamandé et al. 2007; Fritton 2008; Cavalieri et al. 2008).

The main objective of sustainable agriculture is to limit intensive technological
(mechanical, chemical and biological) impacts on soil and plants and reduce their
negative consequences, thus safeguarding continual regeneration of soil productiv-
ity, sustaining the biosphere and maintaining economically efficient production.
However, sustainable agriculture requires adherence to certain rules, such as the
more rational use of materials, energy and labour resources, compliance with strict
environmental requirements and the production of healthy and cheap agricultural
products. Nevertheless, perhaps the most important objective of conservation agri-
culture is to protect the soil and prevent soil impoverishment, stop deterioration and
degradation of humus, reduce leaching of nutrients, protect the soil from erosion and
structure disruption, stimulate natural biological processes, readjust the balance of
organic matter conversion in the soil and improve aeration and the moisture content
of topsoil (Holland, 2004).

Soil is an essential part of the natural environment and is actively influenced by
human activities. Agriculture, forestry and natural ecosystems are continually affected
by soil degradation processes. One of the main reasons for soil degradation is soil

58 E. Šarauskis et al.



erosion, i.e. wearing away of the fertile upper layer of soil, and the main processes
involved are water and wind erosion, compaction of soil layers, soil salinization and
subsequent nutrient decline. Soil degradation can reduce yields, promote climate
change, decrease biodiversity and cause a shortage of good quality water resources
(De Paz et al. 2006). When soil is degraded, the most fertile layer of the soil is lost and
nutrients required by plants are removed. Therefore, plant products need to apply
larger quantities of fertilisers to make the cultivation of plants profitable. The problems
of soil degradation problems in developing countries are even bigger due to prevailing
climatic conditions, insufficient financing of agriculture and fast growing populations.

Soil erosion occurs naturally, however, prior to farming it did not disrupt terres-
trial ecosystems as the soil surface was rarely left without a certain amount of
vegetation cover. The consequences of human commercial activities are much
more severe. Massive amounts of soil are lost, particularly in cultivated fields located
far from forests and in hilly areas, as the natural consequences of heavy rain and
wind are especially detrimental in such areas (Fig. 2.2). When soil remains
uncultivated following harvest, a larger amount of the upper-most fertile soil layer
is blown or washed away (Račinskas 1992; Pocienė and Kinčius 2008). Results of
previous research (Bakker et al. 2004; Wilkinson 2005) have acknowledged that
human activities speed up erosion, which means that the resources present in soil and
the sustainability of natural ecosystems are at risk. In addition, soil erosion is
accelerated by pollution of water bodies, siltation processes, areas lying as wasteland

Fig. 2.2 Wind and water soil erosion. (Photos by Romaneckas and Šarauskis)
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and causes an increased loss of organic matter and a subsequent reduced water-
storage capacity (Pimentel et al. 1995; Bakker et al. 2004; Boardman and Poesen
2006).

The protection of land resources is considered one of the most important objec-
tives of environmental policies, which require a proper assessment of the magnitude
of erosion and its geographical distribution. Such an assessment is also important for
research into the impact of soil erosion on global cycles (Van Oost et al. 2007;
Quinton et al. 2010). Researchers from different countries (Cerdan et al. 2010) have
conducted erosion calculation research and established average and total amounts of
erosion in European countries (Table 2.1), where average soil erosion ranges from
0.2 to 3.2 t ha�1 per year (the greatest amount of erosion occurred in Slovakia and
the least in Finland).

On the basis of data obtained from multiannual field experiments, the annual soil
erosion, E, or runoff forecast can be calculated using the following formula
(Račinskas 1992; Pocienė and Kinčius 2008),

E ¼ 1:61lþ 0:09iþ 0:18e� 14:46ð ÞBmDm 1� C ter
met � 0:4

� �� �
0:6K ð2:1Þ

where:

l: slope length, m;
i: slope angle, in degrees;
Bm: humus effect on soil erosion rate per year;
K: climatic factor depending on the thickness of snow cover;
C ter
met : anti-erosion capacity index of agricultural plants in spring during snow
melting.

The intensity of soil erosion largely depends on the relief and soil granulometric
composition, and has been established as the cause of intense erosion in hilly areas
(Jankauskas and Jankauskienė 2005), where soil erosion largely depends on slope
steepness, soil tillage technology used and the direction of tillage (direction of tillage
perpendicular to the slope gradient results in much lower soil erosion compared to
tillage parallel to the slope).

The tillage system selected has a large effect on variations in the hydraulic and
mechanical properties of soil (Król et al. 2013) and inappropriate systems cause an
increase in soil layer compaction, which is one of the most important factors
stimulating soil physical degradation (Pagliai et al. 2003). About 33 million ha of
soils in Europe are degraded due to soil compaction (Van den Akker and Canarache
2001); this is a huge concern for researchers and soil conservation services.
Increased soil compaction results in a reduction in soil porosity and alters pore
shapes and sizes (Pagliai et al. 2003, 2004). A decrease in pore size from soil
compaction negatively affects soil microorganisms and fauna, thereby diminishing
positive soil properties and ultimately resulting in lower yields. Furthermore, aera-
tion (Czyż et al. 2001) and water infiltration can be negatively affected, which causes

60 E. Šarauskis et al.



an increasing amount of surface water, thereby contributing to favourable conditions
for soil erosion (Horn et al. 1995; Fleige and Horn 2000).

When deeper soil layers are compacted by the wheels of heavy tractors, combines
and other agricultural machinery, the quality of surface and ground water and the
value of soil resources (Soane and Van Ouwerkerk 1995) are diminished. The mass
of agricultural machinery has been increasing rapidly over the last few decades and
there is a tendency for further increase. In addition, structural changes in European
(especially Eastern European) agriculture have caused a transition to larger-scale
farms, which are more efficient, competitive and ensure cheaper agricultural pro-
duce; therefore, more efficient and heavier agricultural machinery will be used
(Kutzbach 2000; Lamandé and Schjønning 2011; Zink et al. 2010). It is thus
important for researchers to determine how to progress while ensuring both eco-
nomic prosperity and the conservation of soil.

Table 2.1 Mean and total soil erosion rates per European country (Cerdan et al. 2010)

Country
Mean erosion [t ha�1

year�1]
Total erosion [105 t
year�1]

Area [103

km2]
Total European
erosion [%]

Slovakia 3.2 156 49.0 2.8

Denmark 2.6 109 42.1 2.0

Czech
Republic

2.6 202 78.9 3.7

Italy 2.3 691 299.5 12.5

Bulgaria 1.9 211 110.8 3.8

Germany 1.9 674 356.7 12.2

Romania 1.8 423 237.8 7.6

Austria 1.6 135 84.0 2.4

Poland 1.5 480 311.7 8.7

France 1.5 805 547.4 14.5

Belgium 1.4 42 30.6 0.8

Portugal 1.2 109 88.4 2.0

Slovenia 1.2 23 20.3 0.4

Hungary 1.0 96 93.1 1.7

Spain 1.0 503 497.2 9.1

Lithuania 1.0 62 64.9 1.1

United
Kingdom

0.9 222 241.7 4.0

Greece 0.8 98 129.5 1.8

Latvia 0.5 35 64.5 0.6

Sweden 0.5 225 446.3 4.1

Ireland 0.5 37 68.7 0.7

Estonia 0.4 20 44.5 0.4

Croatia 0.4 24 55.7 0.4

Netherlands 0.4 12 34.5 0.2

Finland 0.2 82 334.8 1.5
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2.3 Impact of Tillage on Physical-Mechanical Properties
of Soil

2.3.1 Soil Hardness

Soil hardness is one of the main characteristics of the physical properties of soil, and
determines the ability of soil to resist penetration of a solid body. An understanding
of soil hardness is especially important when determining tillage machinery working
processes and also for designing, constructing and manufacturing tillage machinery
and associated working parts. Soil hardness is also a very important indicator as it
describes conditions for crop germination; at the beginning of growth plants need to
overcome soil resistance using accumulated energy. Therefore, plants demonstrate
poorer germination and growth in hard soil and their root systems are weaker, which
could lead to a decline in yield.

Soil hardness varies depending on depth. Different technological tillage opera-
tions have differing effects on change in the soil hardness of the upper soil layer
(topsoil) and the deep soil layer (subsoil). For example, to change only the soil
hardness of the upper layer, conventional tillage via ploughing, disc-harrowing and
loosening with shallow tillage cultivators is effective. However, this machinery is
unable to reduce soil hardness in the deeper layers, and the application of deep
ploughing or disc-harrowing can have the effect of promoting hardening of the
deeper soil layers, forming a so-called plough or disc-harrow ‘pan’ (Batey 2009;
Arvidsson 2010).

The more soil is tilled, cut, turned over, crumbled and mixed, the lower the soil
hardness is within the arable layer. However, intensive tillage is very energy-
consuming and requires a large amount of labour and energy resources. Therefore,
the choice of tillage technology is an extremely important task. In addition, intense
soil mixing and loosening does not always yield expected positive results, and tillage
quality depends on soil texture, structure, density, moisture content and other
properties (Guerif 1994; Rasmussen 1999; Romaneckas et al. 2015). Furthermore,
such soil properties are inter-related and if one is changed the others are often altered
either directly or indirectly.

Researchers investigating the influence of direct drilling technology on soil
physical properties have found that soil resistance under direct drilling is not
proportionate to soil density and the water content within it, as observed with
other tillage technologies. One study proposed that the application of direct drilling
ensures stable soil pores formed under the influence of plant root channels and soil
organisms, and that these pores facilitate the creation of a stable soil structure (Unger
and Jones 1998). Another study (Lapen et al. 2004) estimated the influence of soil
water content on soil hardness; results indicated a reverse linear relationship between
water content and soil resistance to penetration of a solid body under conditions of
direct drilling. A parallel investigation also revealed that the dependence between
water content and soil hardness also exists in conventional tillage technologies,
however, this depends highly on the type of plant and season. Other scientists

62 E. Šarauskis et al.



(Ley et al. 1993; Kılıç et al. 2004; Šarauskis et al. 2014a) have determined that soil
water content has an unequal impact on soil hardness when different tillage tech-
nologies are applied, and Shafiq et al. (1994) suggested that soil hardness is mainly
increased by soil compaction. When the water content is high in soil, the compaction
is also higher. Other studies (Goodman and Ennos 1999; Chung et al. 2013) have
established that soil hardness is higher at a high bulk density of soil and a lower
water content.

Soil hardness, k, can be calculated as follows:

k ¼ F

S
, ð2:2Þ

where F is the force required to penetrate a cone into soil, N and S is the cone area,
cm2.

The most important properties influencing soil hardness are its mechanical
composition, moisture content and porosity. Soil hardness can thus be expressed
as a function depending on other conditions that characterise the physical-
mechanical properties of soil (Kulen and Kuppers 1986) as,

k ¼ f wPDmStð Þ, ð2:3Þ

where w is soil moisture content, P is soil porosity, Dm is soil mechanical compo-
sition, and St is soil structure.

When conducting soil experiments, if the assessment accuracy of a certain
property is higher, the overall assessment of the other properties will also be more
accurate. If experiments are conducted in soil with the same mechanical composi-
tion, the above dependence will be even simpler (Kulen and Kuppers 1986),

k ¼ f wPð Þ: ð2:4Þ

Soil hardness is a very significant indicator used to assess soil quality and crop
yield. Research conducted in Lithuania (Cesevicius et al. 2005) showed that soil
hardness has a direct influence on the yield of spring barley, whereas soil bulk
density and air permeability have no direct effect on barley yield but it have
influence in interaction with soil hardness. Studies have found that when applying
deep ploughing, shallow ploughing and direct drilling technologies, maximum soil
hardness is obtained by direct drilling. Soil hardness is similar in the top soil layer
(0–10 cm) immediately after drilling when using shallow and deep ploughing, but
with direct drilling soil hardness is approximately 49%–54% higher. Feiza et al.
(2008) found the lowest soil hardness to be observed postharvest in deep ploughed
soil, shallowly ploughed soil was 12%–30% harder and soil hardness of direct
drilled soil was 52%–71% greater compared to deep ploughed soil. Lopez et al.
(1996) conducted long-term experiments on the effects of conventional and sustain-
able tillage practices on soil hardness in North East Spain, and established that upper
soil layer hardness in direct drilling plots was 4 MPa while that in conventional
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tillage plots was about 2 MPa. However, Horn (2004) suggested that compared with
conventional tillage the long-term application of sustainable tillage technologies
exerts a positive influence on physical soil properties, as soil becomes more resistant
to physical impact and deformation. Similar opinions have been expressed by other
researchers (Da Veiga et al. 2007; Singh and Malhi 2006), who found that no-tillage
soil is more resistant to deformation compared to soil that is ploughed or tilled using
other tillage machinery.

With respect to the parallel wheel tracks made by agricultural machinery and the
size of soil particles, soil hardness measurements can be used to determine overall
soil profile compaction and assess structural variance (Lowery and Morrison 2002).
Conventional tillage technologies involve many technological operations and the
soil is thus continually run-over by wheels. Each time the soil is run-over the surface
is affected and soil compaction increases. Kroulík et al. (2009) performed experi-
ments on field trafficking intensity using different soil tillage technologies and found
that with conventional tillage technology used for cereals the entire soil surface was
run-over by agricultural machinery at least once during processes of spreading liquid
organic fertiliser prior to main tillage and when the straw after harvesting was
pressed into bales and removed from the field. If we assume that the areas affected
by the wheels of agricultural machinery is slightly wider than the wheel working
width, 87.5% to 95.3% of the total soil surface is thus affected in the case of
conventional tillage (Fig. 2.3).

When using minimum tillage technology (Fig. 2.4) the machinery wheels effect
approximately 73% of the total soil surface, but in the case of direct drilling (Fig. 2.5)
they affect approximately 56%. It is of note that some areas of the soil surface are run
over two or more times, and it can thus be assumed that the application of different
tillage technologies entails repeated running over of between 18.4% and 44.8% of
the total soil surface area (Kroulík et al. 2009).

Fig. 2.3 Schematic representation of machinery passage using conventional soil tillage technology
in a 1 ha area. Left: machine movement trajectories in field during one cropping season, Right: total
run-over area. (Prepared according to Kroulík et al. 2009)
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Although a number of studies have been conducted on soil hardness, they have
usually been in association with other investigations and have aimed to characterise
the possible influence on plant yield and its qualitative parameters. There is a lack of
research assessing soil hardness in different soil layers in the long-term, where the
same method of tillage is conducted in the same field for ten or more years.

2.3.2 Soil Bulk Density

Soil bulk density is measured using the weight of one cubic centimetre of dry
undisturbed soil in grams (g cm�3), although in literature Mg m�3 has been used
(Reichert et al. 2004; Hazarika et al. 2009; Feiza et al. 2015; Kaczmarek et al. 2015).

Fig. 2.4 Schematic representation of machinery passages for minimum tillage technology in 1 ha
area. Left: machines movement trajectories in field during one cropping season, Right: total
run-over area. (Prepared according to Kroulík et al. 2009)

Fig. 2.5 Schematic representation of machinery passages for no-tillage technology in 1 ha area.
Left: machines movement trajectories in field during one cropping season, Right: total run-over
area. (Prepared according to Kroulík et al. 2009)
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The bulk density of loam (<1.0 g cm�3) indicates that the soil is sufficiently crumbly
or that it has a high humus content. When bulk density is between 1.1 and 1.2 g cm�3

, it is considered normal, and when it is 1.3–1.8 g cm�3 the soil is very compacted or
has been run-over heavily. However, the bulk density of sandy loam or sandy soils
may change only marginally by being loosened or run-over, and most plants adapt to
grow within soil bulk density ranges of 0.9–1.3 g cm�3. Optimum bulk density is
distinguished when compacted soil regains its original condition and maintains a
constant bulk density, and in fertile soils this is at about 1.2–1.4 g cm�3 (Reichert
et al. 2004; Velykis and Satkus 2005). Soil bulk density changes in response to both
environmental conditions and anthropogenic factors. The growing condition of
cultivated plants depends on soil bulk density, as it effects the accumulation of air
and moisture in soil.

Soil bulk density is mainly affected by tillage and becomes lower in line with
more intensive tillage. This is mainly because small air spaces are formed between
soil particles (clumps) of different structures during tillage. Alvarez and Steinbach
(2009) investigated the impact of different tillage technologies on the physical
properties of soil and found soil bulk density in direct drilling plots to be signifi-
cantly higher than in ploughed plots. However, no significant differences in soil bulk
density have been observed between the uses of various reduced tillage technologies.
Researchers (López-Fando and Pardo 2012) conducted studies on the impact of
tillage technologies on different soil properties in the central part of Spain, where
three tillage technologies were applied: direct drilling, cultivation to a depth of
18–22 cm and ploughing to a depth of 25–30 cm. The results showed that bulk
density differed significantly among the three tillage technologies. A comparison of
soil bulk density at 0–5 cm and 5–10 cm depths revealed the highest density to be
found in direct drilling research plots, and that in plots tilled by a plough or a
cultivator was similar, although it was lower than with direct drilling. However,
research results for deeper soil layers (10–20 cm and 20–30 cm) were conflicting; the
highest bulk density was found in ploughed plots and the lowest in direct drilling
plots.

A number of researchers (Logsdon et al. 1990; Hernanz et al. 2002, Šimanskaite
2007; Moret and Arrúe 2007; Roger-Estrade et al. 2009) have obtained similar
research results and determined that soil bulk density depends not only on tillage
but also on environmental conditions, in particular on the moisture content. A team
of researchers (Coulouma et al. 2006) from the south of France investigated the
influence of deep tillage on soil physical properties and found that there was a higher
increase in the bulk density of soil under humid conditions of tillage, whereas under
dry conditions during tillage no such increase was determined.

Roscoe and Buurman (2003) analysed the impact of different soil tillage practices
on soil characteristics in Brazilian savannas and compared them with areas unaf-
fected by agriculture. Interesting research results were obtained; they established that
soil bulk density in a wild savanna was significantly lower than that tilled by
agricultural implements, irrespective of the method of tillage employed. According
to the authors of that article, the increase in bulk density could have been caused by
soil compaction during tillage, as the heavy agricultural machinery exerted pressure
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on the soil and affected its properties. Aware that soil compaction can be a serious
problem, a group of researchers from the USA (Logsdon and Karlen 2004)
substituted direct drilling for tillage and found no negative impact on soil bulk
density. Furthermore, the relationship between tillage technologies and soil bulk
density was investigated in Lithuania. Bogužas et al. (2010) investigated the influ-
ence of tillage on soil bulk density and found no significant difference in soil bulk
density when reduced autumn ploughing substituted conventional deep ploughing.
In addition, research conducted by Feiza et al. (2006) on light loamy soil indicated
no significant influence on soil bulk density using different tillage depths: soil bulk
density in the 0–10 cm topsoil layer was 1.28–1.36 Mg m�3.

Compaction of the soil surface and deeper layers depends very much on the
weight of the agricultural machinery and the contact surface area between the wheels
and soil. When the area is larger there is a lower influence from the weight of the
machinery on soil compaction. Recently, use of a caterpillar (rubber track) under-
carriage has been more common as its contact surface area is several times bigger
than that of a wheeled chassis. If the soil is less compacted it will have a greater water
and air supply, which will thus increase the harvest. Therefore, the use of rubber
track is of significant benefit in the medium and long term. For example, a combine
equipped with the most popular wheels will inflict a 1.76 kg cm�2 pressure on the
soil, whereas the same combine equipped with a rubber track system reduces that
pressure to 0.41 kg cm�2 (Fig. 2.6) (www.soucy-track.com).

Mechanisms causing vibration in agricultural machinery (tractors, combine har-
vesters and other self-propelled machinery) with internal combustion engines should
also be considered. With every effort made by agricultural machinery manufacturers
to minimalize vibration, it is still unavoidable. A small contact surface area further
increases the influence of vibration and can compact much deeper soil layers.

Another very important technological aspect is that different soil layers are
compacted differently by various tillage technologies. In conventional ploughing
(depending on the number of furrows), the two tractor wheels frequently run along
an already ploughed furrow (Würfel et al. 2002). As the furrow bottom is already
compacted from the plough weight being transferred to the soil through plough
shoes, the tractor wheels running along the ploughed furrow exert additional

Fig. 2.6 Influence of regular wheels (left) and rubber track (right) on soil compaction and plant
growth. (From: www.soucy-track.com)
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compaction on the deeper soil layers. Therefore, a significantly compacted layer of
ploughed soil can be observed at 25–45 cm depths, and sometimes even deeper; this
is known as a ‘plough pan’ (Batey 2009). The use of no-tillage technologies can help
avoid compaction of the deep subsoil layers (Arvidsson 2010).

With the increasing spread of sustainable tillage technologies, it has also been
noted that using the same disc tillage implements, such as disc harrows or disc
stubble cultivators, on the same soil for several years can also cause a compacted soil
layer, only at a shallower depth. This occurs from the weight of a tillage implement
creating pressure on the soil, which is transferred through the concave edges of a
disc. In addition, it must also be taken into account that during both ploughing and
disc-harrowing, fine soil particles quickly settle on the furrow bottom, and the
vibration caused by the tractor wheels presses them into the soil; if the subsoil
layer contains sufficient moisture it becomes easily compacted (Šarauskis 2009).

Some researchers (Lampurlanes and Cantero-Martinez 2003) consider that the
cultivation of crops requires optimum soil density, otherwise it can be harmful to
plants. If the soil bulk density is too low there will be insufficient contact between the
soil and plant roots, because air spaces that are too large appear and prevent
formation of a capillary moisture regime that is favourable to plants. In contrast,
when the bulk density is too high, the aeration properties of the soil deteriorate and
soil hardness increases, resulting in a disrupted moisture regime in soil, altered
opportunities of plant supply with nutrients, deteriorated root growth and develop-
ment and declined plant fertility. Kushnarov (1986) proposed a mathematical rela-
tionship between soil bulk density and plant yield,

Q ¼ 1� a ρ0 � ρdð Þ2 þ b ρ0 � ρdð Þ, ð2:5Þ

where, ρ0is optimum soil bulk density ensuring maximum yield, ρd is actual soil bulk
density and a and b – empirical coefficients.

The relationship between soil bulk density and yield is presented in Fig. 2.7,
where it shows that a higher soil density increases the probability of increasing the
plant yield to a certain extent, but that the maximum harvest can be expected when
the soil bulk density is about 1.2–1.4 g cm�3 and an increase in soil bulk density
beyond this limit results in a decrease in yield.

Hamza and Anderson (2005) concluded in their research work that the application
of ploughing and minimum tillage technologies produces a regular bulk density
difference of up to 15%, regardless of which crops are grown. They explain this
result by stating that the bulk density of undisturbed soil is always higher than that of
ploughed soil. Multi-annual research data indicate that compacted soil by agricul-
tural machinery results in a 5% reduction in plant yield during the first year and an
18% yield reduction after four years, regardless of plant type (Karapetyan 2005).

A literature analysis suggests that soil bulk density is a very important physical
property of soil that influences both the soil and the growth of plants. Therefore, a
considerable amount of global research attention has been paid to soil bulk density,
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and most researchers agree that main factor resulting in soil bulk density alterations
are related to soil tillage and associated machinery.

2.3.3 Soil Moisture Content

Soil moisture is an important part of the global atmospheric water cycle and is vitally
important for the growth of agricultural plants. Most vegetation is more dependent
on the water content at the root level than the amount of rainfall, and water
deficiency disrupts plant development and the rate of growth. The elements affecting
this system are summarised in the water cycle, which is adapted in Fig. 2.8 to centre
around the soil moisture content as the stock.

After entering the soil, water moves gradually through the root zone. Each soil
layer needs to be filled completely to saturation before water penetrates to a deeper
layer. Water moves much faster through sandy soil than in clay or silty soils of fine
texture and the soil gradually dries in relation to moisture evaporation from the soil
surface, through plant leaves or in the process of plant root absorption.

Soil is composed of mineral particles, organic matter and pores filled with water
and air. Pore quantity and size depend on the size of soil particles; the larger the
particles the lower the pore quantity. The number of pores filled with water increases
in relation to the moisture content of the soil.

Meteorological conditions cause unequal amounts of moisture to fall in various
years (Chang and Lindwall 1990; Hsiao et al. 2007). Under drought conditions,
direct drilling technology retains a higher moister content at 0–10 cm depth and is a

Fig. 2.7 Effect of soil bulk
density on yield. (Prepared
according to Würfel et al.
2002)
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moisture sustaining environmental measure (Feiziene et al. 2009). Direct drilling
technology is significantly more resilient to water erosion, and therefore its use is
particularly relevant in areas with large amounts of rainfall (Auerswald et al. 1994).
Although sustainable technological measures improve the availability of moisture
for plants and increase soil moisture reserves, this method of tillage is not always
superior to conventional soil tillage technology (Tessier et al. 1990).

Soil moisture content can be controlled using agro-technical measures, the most
important of which is choice of appropriate tillage (Romaneckas et al. 2009). After
drilling plants in untilled soil during a dry year, Šimanskaite et al. (2009) established
that the soil moisture in the upper layer ranged from 16.0 to 22.8%, while in deeper
layers it was 16.5% to 23.5%. Feiza et al. (2006) investigated the influence of tillage
on soil properties and found that reduced tillage retained the moisture required for
plants to germinate and grow for longer periods. The results of research into the
tillage effects on soil properties conducted in southern Italy revealed that the soil
moisture content was higher immediately after direct drilling compared to when
using conventional tillage (De Vita et al. 2007); the higher water content in directly
drilled soils indicates that there is lower water evaporation prior to drilling in relation
to the lack of tillage being applied. However, after conducting experimental research
on the effect of various tillage technologies (deep ploughing, shallow loosening and
direct drilling) on soil moisture content Gruber et al. (2011) achieved somewhat
different results; after spring tillage, the soil moisture content was marginally lower
under direct drilling compared to when using other tillage technologies, but in
autumn, there was no difference in the moisture content with respect to the differing
tillage technology used.

Fig. 2.8 Water cycle surrounding soil water content as the stock. (From: Of Complex Systems)
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Soil moisture content has a very important influence on tillage quality. For
example, moist soil sticks to the working parts of tillage implements and does not
crumble; water destroys soil clods, alters the structure and affects other soil proper-
ties. In addition, the soil moisture content strongly influences soil friction (the ability
of soil to resist movement), which is characterised by the internal friction coefficient.
With an increase in the soil moisture content, the friction coefficient begins to
increase but later decrease (Hasankhani-Ghavam et al. 2015).

In addition, the soil moisture content has inevitable influence on the extent of soil
compaction. Experiments have established that using the same size tyres at the same
axle load with the same air pressure in the tyres resulted in different amounts of soil
compaction in soils with differing moisture contents. With an increase in the
moisture content, the compaction effect is transferred to the deeper layers of the
soil (Würfel et al. 2002).

Another very important agrotechnological factor characterising soil tillage tech-
nologies and soil moister content is the residue of previous crops remaining on the
soil surface, which occurs often during the use of sustainable tillage technologies and
practically all the time during direct drilling. To a certain extent the residue serves as
a ‘sponge’ that absorbs a greater amount of rainfall water, therefore even during
severe precipitation there is a much lower risk that water will begin to run over the
soil surface and contribute to soil erosion. The other important aspect is that in
spring, when it is vital to retain soil moisture, sustainable tillage technologies leave
plant residues on the soil surface, thereby reducing the amount of uncovered areas of
soil and preventing the fast evaporation of moisture.

2.3.4 Soil Structure and Stability

Sustainable tillage and incorporation of the plant residue in the upper layer of soil is
beneficial for soil structure and quality, both from an ecological perspective and in
terms of environmental protection (Chivenge et al. 2007). Tillage without ploughing
can be applied to soils with different properties under various climatic conditions. In
addition, by applying this technology, good agricultural results can be expected even
in heavy soils under dry climatic conditions (Ciuberkis et al. 2008).

Soil structure is the main characteristic in the functioning of soil, its ability to
support plant life, and moderate environmental quality with particular emphasis on
soil carbon sequestration and water quality (Bronick and Lal 2005). Soil is much
more than a mere mixture of separate sand, silt and clay particles; only about 50% of
soil consists of solid matter (sand, silt, clay, nutrients, minerals, organic matter and
biological life forms) and the remaining part comprises pores that are filled with both
water and air (Kiryushin 1996).

Soil structure changes naturally due to climatic conditions, such as wetting and
drying or freezing and thawing (Rasmussen 1999). Healthy soil with a good
structure has stable pores throughout all the soil layers into the profile, which provide
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an opportunity for water infiltration, root penetration and air circulation to occur
(Pachepsky and Rawls 2003; Franzluebbers 2002). Tillage destroys soil structure,
disrupts soil pores and reduces the amount of plant residue on the soil surface. If the
soil has a poor structure (for example it is severely compacted), tillage can be
beneficial because it crushes the compacted soil and enables the formation of
pores. However, if the soil structure is stable and favourable for plant growth, tillage
can disrupt the existing soil structure, reduce its stability and make it more vulner-
able in relation to the weight of machinery. In soil with a poor structure, soil filtration
is reduced, internal drainage is weakened, and problems occur with a water surplus
and a lack of oxygen in the plant root zone (Jasa 2011).

Sustainable tillage and direct drilling are considered measures for improving
damaged soil structure (Oyedele et al. 1999). Reduced tillage allows the formation
of more stable soil particles, which are more resistant to the impact of environmental
factors. Zhang et al. (2007) investigated the resistance of soil particles in differently
tilled soils, and established that under reduced soil tillage technologies and direct
drilling, the soil particles in the upper soil layer (0–5 cm) were significantly more
resistant to water and only a small amount were disrupted by the effect of water. The
advantages of direct drilling are that in the upper soil layer the amount of soil
macroparticles (macroaggregates) (>0.25 mm) is significantly increased (approxi-
mately 8.1%) compared to conventional tillage. Such results are even more pro-
nounced in warm and dry years (Fernández-Ugalde et al. 2009; Jin et al. 2011).

D’Haene et al. (2008) studied the influence of sustainable and conventional
tillage on soil stability in different locations in Western Europe, where the stability
index of soil particles was determined by dry and wet sieving methods. It was
established that with the use of sustainable tillage technology the stability index of
soil particles was up to 40% higher than when using conventional tillage technology.

As previously mentioned, heavy agricultural machinery (especially harvesters
and transport vehicles) making multiple passes on the soil surface has a strong
detrimental influence on its structure and stability (Mueller et al. 2009). Compaction
of topsoil and subsoil layers and the worsening of soil structure under conventional
tillage technology occurs in all soil types. Under conventional tillage techniques,
crusts are more likely to form in the soil due to the loss of organic matter and the
reduction of soil structural stability. However, with direct drilling, the pores are more
evenly distributed throughout the soil surface. Therefore, soil structure is a very
important parameter in choosing and assessing the applicability of tillage technolo-
gies (Roger-Estrade et al. 2009).

2.3.5 Soil Porosity and Air Movement in Soil

Soil air permeability is a very important physical property that influences the growth
and development of plant roots, and is related to the presence of large soil pores, total
soil porosity and the internal geometry of pores (Lindstrom 1990). Šimanskaite
(2007) proposed that total porosity and aeration of soil are important soil property
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features essential for the water and air regimes within soil. According to the author,
for all tillage technologies except direct drilling, the total porosity of soil decreases at
the beginning of vegetative growth and increases at its end. Soil porosity depends
directly on soil bulk density; an increase in density causes a decrease in porosity.
Total soil porosity is calculated by estimating soil bulk density and particle density
(Maikšteniene et al. 2007); the latter is commonly measured using a vacuum air
pycnometer.

According to Kiryushin (1996), the most favourable soil aeration conditions are
formed when total porosity is about 50%–60% of soil volume. Maikšteniene et al.
(2008) suggested that the optimal soil air regime is when the aeration porosity of soil
is 20%–25% of total porosity. Arvidsson (1998) indicated that a critical soil aeration
porosity of 10% is required for plant growth. In addition, Feiziene et al. (2010)
suggested that denser soil is less permeable to water and air, and with the increase in
soil organic matter content the soil density decreases. Bogužas et al. (2010) reported
that using no-tillage technology facilitates a rapid increase in the number of earth-
worms and a decrease in the size of soil particles (<0.25 mm) in soil; it can be
assumed that there are large pore volumes existing between soil particles larger than
0.25 mm, and that these pores are filled with water or air.

Studies by Feiza et al. (2006) established that the total and aeration porosity of
soil is close to optimal both under shallow and deep ploughing, and at the 0–10 cm
and 10–20 cm soil layers this ranges within 46%–50% and 24%–30% respectively.
Norwegian scientists (Ekeberg and Riley 1997) conducted research that compared
deep autumn ploughing, deep loosening and direct drilling on morainic loam soil,
and found that the lowest soil density and highest porosity were observed in soil
under direct drilling. This was associated with a significantly increased number of
soil macroparticles in untilled soil compared to within conventionally tilled soil.

Studies conducted at the Lithuanian Institute of Agriculture determined that air
permeability in soil depends on field relief. In the upper (5–10 cm) layer of soil on a
slope, the best soil permeability to air was observed under shallow ploughing; air
permeability of the same soil layer after deep ploughing was lower. At the foot of the
slope permeability to air was lower, both after shallow and deep ploughing, com-
pared to that at the top of the slope (Feiza et al. 2008).

Soil aeration is a very dynamic component of soil quality that is greatly dependent
on the amount of water present and the soil bulk density (Bhagat et al. 1996).
Scientists (Czyz and Tomaszewska 1993; Dexter and Czyz 2000; Czyż 2004) have
found that oxygen levels in soil are significantly reduced when it has been persis-
tently compacted by heavy tillage equipment which can lead to extreme oxygen
deficiency that is unfavourable for plant growth.
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2.4 Environmental Aspects of Soil Tillage

The negative impact of tillage on soil also affects local ecosystems and the natural
environment. The effect of soil compaction from heavy agricultural machinery or
increased soil erosion contributes to an increased leaching of chemical substances to
surface and ground waters, which subsequently pollutes water bodies. In addition,
ditch banks and road sides are eroded, ditch beds choked up, and slope vegetation
destroyed.

One of the most important goals of environmental sustainability is to reduce the
effect of human activities on climate change, to which land, forests and water
resources are very sensitive. During the last several decades, increasing amounts
of CO2, methane (NH4), nitrous oxide (N2O) and other gases have been emitted into
the environment. These gases are known as greenhouse gases (Muñoz et al. 2010) as
they capture infrared rays emitted from the earth, thus trapping heat in the atmo-
sphere. The most significant of these gases is CO2, the amount of which has
increased in the atmosphere from 280 to 366 ppm compared to pre-industrial levels
(Rastogi et al. 2002). Since the 1980s, the EU has been significantly aware of the
international implications of contributing to climate change, and it played a main
role in establishing the United Nations Framework Convention on Climate Change
(UNFCCC) and the Kyoto Protocol. The associated documents set limits for the
reduction of greenhouse gas emissions by industrialised countries; 15 countries from
the EU committed to reducing overall amounts of greenhouse gas emissions by 8%
compared to the 1990 level. In 2007 the EU proposed an increased commitment to
reducing these emissions by at least 20% before 2020, and to achieve a reduction of
30% if other developed countries agreed to do the same. The Paris Agreement stated
an intention to maintain ‘the increase in the global average temperature to well below
2 �C above preindustrial levels and to pursue efforts to limit the temperature increase
to 1.5 �C above pre-industrial levels, recognizing that this would significantly reduce
the risks and impacts of climate change’ (UNFCCC (2015) Draft Decision; Rogelj
et al. 2016). In this respect, Boucher et al. (2016) identified research gaps and
suggested new directions for research into a number of the facets of the Paris
Agreement, including the 1.5 �C objective, articulation between near-term and
long-term mitigation pathways, negative emissions, methods of verification, climate
finance, non-Parties stakeholders and adaptation.

Agricultural activities promote the emission of greenhouse gases to the atmo-
sphere, though to a lesser extent compared to other industries (Fig. 2.9). Agricultural
land area covers more than a half of EU territory and contains huge supplies of
carbon, which facilitates reduction of the amount of atmospheric CO2. Nevertheless,
agriculture faces a double challenge: the need to reduce emissions of greenhouse
gases and to simultaneously adapt to new conditions for ameliorating climate
change. Currently, greenhouse gas emissions from agriculture account for 9.4%
(Duxbury 1995; Smithson 2008) to 12.5% (Kumar et al. 2012) of total emissions
to the atmosphere.
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Soil produces greenhouse gas. Tilled soil emits more CO2 than untilled soil
(Buragiene et al. 2015; Dossou-Yovo et al. 2016) due to the favourable conditions
provided for microbiological activities after tillage, and the subsequent acceleration
of the decomposition of residues from plants and those of animal origin. Soil tillage
changes soil structure, promotes soil mixing with organic matter and alters water
infiltration processes (Fleige and Horn 2000). However, it is acknowledged that
emissions are not only related to tillage but also to other agricultural technological
operations (particularly fertilisation) and fermentation processes (Buragiene et al.
2015; Dossou-Yovo et al. 2016).

Sustainable tillage is considered to one of the most important techniques that can
be used to reduce CO2 emissions from soil. Reduced intensity of tillage mitigates
soil disruption and the activity of microorganisms, which thus alters CO2 emissions

Fig. 2.9 Annual emission by various sectors. (Prepared according to Kumar et al. 2012)
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(Grant 1997). In addition, direct drilling and plant residues left on the soil surface
continue the reduction in CO2 emissions as they reduce the direct contact between
the soil and environment; plant residues improve the isolation of carbon in soil
(Schillinger and Young 2004). A comparison between direct drilling with plant
residues left on the soil surface and direct drilling without residues shows that a
greater amount of CO2 is emitted when no plant residues remain (Lal and Kimble
1997). An increase in tillage intensity (i.e. a higher degree of soil disturbance,
mixing and loosening) increases aeration and thus alters the amount of CO2 emitted
from the soil.

Research conducted in Germany established that consumption of 100 L of diesel
fuel causes 376 kg CO2 to be emitted into the environment (Tebrügge 2001).
However, there is currently a lack of research determining exactly how each
individual technological operation performed during tillage effects the amount of
greenhouse gas emitted, but it is obvious that a reduction in the amount of tillage,
drilling technological operations and traffic over the soil will substantially reduce
fuel consumption and greenhouse gas emissions from tractors and agricultural
machinery. Therefore, to make an accurate assessment of how these various tillage
technological operations pollute the environment, it is necessary to know how much
energy each of these technological operations require (Šarauskis et al. 2014b).

2.4.1 CO2 Emissions from Soil Under Different Tillage
Technologies

Ameliorating global climate warming caused by increased concentrations of green-
house gases in the atmosphere is a challenging issue. As previously mentioned, one
source of CO2 emissions is agricultural activities (Duxbury 1994, 1995; Kumar et al.
2012). The soil is both a source of emissions and a reservoir for CO2 accumulation
when bound by plant biomass during photosynthesis, and when organic matter
decomposes, CO2 can be incorporated into soil as organic carbon. Actions disrupting
the soil structure, such as tillage, can increase CO2 emissions from soil with respect
to an increase in soil aeration. In contrast, an absence of tillage and maintaining plant
residue on the soil surface postharvest can increase the amount of carbon within the
soil (Jastrow et al. 1996).

Respiration via plant roots, soil fauna and microflora also significantly contribute
to CO2 emissions from soil (Lal et al. 1995) and represent the fundamental soil
mechanisms involved in soil carbon removal from soil (Curtin et al. 2000). The
carbon content in soil is involved in the carbon cycle, which is a complicated system
whereby carbon is cycled through the atmosphere, terrestrial biosphere and oceans.
Plants absorb CO2 from the atmosphere during photosynthesis, produce their tissues
from carbon and return it back to the atmosphere during withering and decomposing.
CO2 can remain in the atmosphere for 50–200 years, depending on the mechanisms
involved in repeatedly returning it to the land or oceans. CO2 released from soil
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consists of three biological respiration processes: microbiological, plant root and soil
fauna respiration (Macfadyen 1970). CO2 accounts for about 60%–72% of total
greenhouse gas emissions (Macfadyen 1970; Kumar et al. 2012), and to reduce
greenhouse gas emissions it is necessary to sequestrate carbon in soil. The use of a
range of tillage machinery systems, incorporating manure and crop residues, improv-
ing biodiversity and mulching can thus increase the amount of soil carbon.

Various studies suggest that factors such as soil structure, moisture, pH, carbon
content, stable and unstable soil organic matter and the nitrogen content in soil affect
CO2 emissions from it. During plant root respiration, photosynthetic products passed
to roots and various organic residues are carbon sources for microbiological soil
respiration (Kowalenko and Ivarson 1978; Bronick and Lal 2005; Feiziene et al.
2010). The carbon present in plant residues is released in the form of CO2, and the
amount released is 30% higher during conventional tillage compared to direct
drilling (La Scala et al. 2001, 2006). Although Parkin and Kaspar (2003) consider
that a decrease in organic carbon within soil due to tillage is almost unnoticeable in
the short term, Prior et al. (2000) state that tillage in the short-term increases CO2

emissions from soil, due to the physical disruption of soil pores and the release of
CO2 held within them. A Spanish researcher, Álvaro-Fuentes et al. (2007) found that
after disruption of the soil structure during tillage, the amount of CO2 emissions from
soil increased suddenly over a relatively short period lasting less than 3 h post tillage.
In addition, the amount of CO2 emitted after tillage was proportional to tillage
intensity; although the maximum amount of CO2 was emitted from ploughed soil,
CO2 emissions from soil under direct drilling were stably lower during the entire
experiment. Danish scientists (Chatskikh and Olesen 2007) concluded that following
conventional tillage, there was a greater increase in the amount of CO2 emitted
compared to during direct drilling and when using other sustainable tillage technol-
ogies. Studies of CO2 emissions from soil under conventional tillage and direct
drilling were conducted for 330 days in northern France, and results showed no
difference in the amount of CO2 emitted during 41% of days. However, emissions
from soil under direct drilling were higher on 53% of the days but when using
conventional tillage emissions were only higher on 6% of days (Oorts et al. 2007).

Tillage accelerates oxidation of soil organic carbon and thus large amounts of
CO2 are released into the atmosphere over a period of several weeks after tillage
(Reicosky et al. 1997; Ellert and Janzen 1999; Rochette and Angers 1999; Prior et al.
2000; La Scala et al. 2006; Buragiene et al. 2011, 2015). A group of authors (La Scala
et al. 2008, 2009) suggested a differential equation to represent the amount of CO2

released from the soil as a direct relationship with C decay (mass) in soil depending
on time as,

dCsoil tð Þ
dt

¼ �kCsoil tð Þ, ð2:6Þ

where Csoil is the amount of labile soil C of readily decomposable organic matter in g
m�2; k is the decay (mass) constant, time�1; t–time after tillage, days. Having solved
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this equation, the same authors (La Scala et al. 2008) obtained the dependence from
which it is possible to estimate the content of available labile soil C for decay at any
period of time as,

Csoil tð Þ ¼ C0e
�kt, ð2:7Þ

where C0 is initial amount of available labile organic C in soil, g m�2. It is important
to note that the decay constant (k) is considered as a constant only for short-term field
experiments (1 month). As a rule, k is presented in literature as having an exponential
dependence on soil temperature and soil moisture content (Parton et al. 1994; La
Scala et al. 2009).

CO2 emissions from soil in relation to microbiological respiration can be esti-
mated using equation 2.7, which is particularly relevant when soil is not covered
with plant residue. However, not all labile organic carbon is easily transformed into
CO2; some part of carbon can be included into the biomass depending on the activity
of microorganisms (Stevenson and Cole 1999; La Scala et al. 2009). It is possible to
make a reasoned assumption that the emission of organic C and CO2 is proportional
to the negative rate of carbon breakdown and a higher breakdown rate increases CO2

emissions from soil (La Scala et al. 2008, 2009),

CO2 tð Þ ¼ � dCsoil tð Þ
dt

: ð2:8Þ

Csoil(t) for tillage technologies can be calculated as follows,

Csoil tð Þ ¼ CNT tð Þ þ CT tð Þ, ð2:9Þ

where CNT is the organic carbon content in soil prior to tillage (or direct drilling
technology), g m�2; CT is the organic carbon content in soil after tillage, g m�2.

Tillage provides more favourable conditions for the release of organic carbon
present inside soil aggregates, and it becomes more easily available for microbio-
logical processes within soil. According to equations 2.8 and 2.9, the influence of
tillage on CO2 emissions from soil can be estimated according to the following
equation (La Scala et al. 2009):

CO2 tð Þ ¼ �dCNT

dt
� dCT

dt
: ð2:10Þ

Experiments were conducted in Spain to investigate the impact of conventional
and sustainable tillage technologies on CO2 emissions from soil with observations of
emission seasonality. CO2 emissions were found to be higher to the environment
during the plant vegetation period with the application of conventional tillage
technology. However, when sustainable tillage technology was applied, CO2 emis-
sions from soil were approximately 24% lower (Sanchez et al. 2002). Lee et al.
(2009) established the dependence of CO2 emissions from soil on the type of plants

78 E. Šarauskis et al.



cultivated and the growth stage, but observed no significant influence of the use of
tillage technologies on CO2 emissions. During the period from tillage to drilling,
when the soil is bare, tillage can have a significant influence on CO2 emissions from
soil. For example, spring tillage techniques, which loosen and mix the soil more
intensely, have a stronger influence on CO2 emissions from soil during the first
two-week period.

Environmental factors also have an influence on CO2 emissions from the soil.
Zhang et al. (2011) proposed that after tillage there is an increased influence from
water and temperature on emissions from soil. Furthermore, they considered that the
impact of tillage on CO2 emissions from soil continues for about 35 days. Morell
et al. (2010) found that CO2 emissions increase when the soil is moist and after
persistent rainfall, when emissions are substantial.

Some authors have obtained similar CO2 emission results from the soil under
direct drilling, sustainable and conventional tillage (Fortin et al. 1996), whereas
others (Hendrix et al. 1988) have obtained higher emissions under direct drilling
technology. Furthermore, other authors (Ball et al. 1999; Vinten et al. 2002) consider
that CO2 emissions from the soils under direct drilling are higher during a certain
time period and at other times the emissions are lower. Finally, other scientists
(Reicosky and Lindstrom 1993; Dao 1998; Kessavalou et al. 1998; Alvarez et al.
2001; Al-Kaisi and Yin 2005) consider that significantly lower CO2 emissions are
released from the soil for a short period after direct drilling compared to soils that are
ploughed.

Buragiene et al. (2015) researched the effects of five autumn tillage systems with
different intensities on CO2 emissions from soils during the maize vegetation period.
Deep conventional ploughing was performed at a depth of 23–25 cm, shallow
ploughing at a depth of 12–15 cm, deep loosening at depth of 25–27 cm, shallow
loosening at depth of 12–15 cm and in a fifth system no-tillage was used. Analysis of
soil CO2 emissions during the maize vegetative period indicated that they varied
depending on the tillage system used (Table 2.2); the highest soil CO2 emissions
were observed for conventional deep ploughing tillage and the lowest for the
no-tillage system.

The dynamics of soil CO2 emissions during summer, which corresponds with the
maize growth period, indicate that environmental factors (air temperature, soil
temperature and precipitation) significantly (P < 0.05) influence emissions of CO2

from the soil. However, influences from the tillage systems were also observed.
After summarising all average measurements of experimental research for all three
years during the vegetation period, it was established that the highest average soil
CO2 emissions occurred when using the DP tillage system (2.18 μmol m�2 s�1),
followed by the SP system (1.95 μmol m�2 s�1), the DC system (1.96 μmol m�2 s�1),
the SC system (1.89 μmol m�2 s�1) and the NT system (1.59 μmol m�2 s�1) (Buragiene
et al. 2015).

It is very evident that contradictory experimental results have been obtained with
respect to CO2 emissions from soil under all the various tillage systems and
throughout the various time periods. It is not yet clear to what extent CO2 emissions
from the soil increase after tillage, why this occurs, and how long the occur for, or
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what the impact is of soil physical-mechanical properties, soil temperature and
climatic conditions. It is, however, evident, that extensive research is necessary to
clarify these issues.

2.4.2 Characteristics of Variations in Climatic Conditions
and Soil Temperature

Agriculture is one of the most sensitive sectors of the economy and is heavily
dependent on meteorological and climatic conditions; therefore, various climatic
anomalies are direct challenges to farmers. However, by reducing greenhouse gas
emissions into the environment from agriculture, a significant contribution can be
made to climate change mitigation.

Climate change observations began several hundreds of years ago, and can be
used to make comparisons with modern values and observations. It is known that the
average global air temperature increased by about 0.7 �C over the last century
(Fig. 2.10); this increase was even higher in Europe (about 0.95 �C). It has also
been noted that there are seasonal difference to these changes, and that changes are
higher in winter than in summer. In addition, the global annual surface air temper-
ature has increased (Schaller and Weigel 2007).

Fig. 2.10 Global annual surface air temperature changes and linear trends for the period
1856–2004. (By Jones et al. 1999; Schönwiese and Janoschitz 2005; Schaller and Weigel 2007)
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Air temperature has a direct impact on soil temperature, as it affects the various
chemical, physical and biological processes within soil that affect the development
of plants and subsequent crop yield. Higher temperatures speed up the germination
of plants, accelerate microbiological activity, increase root activity and growth
intensity and have an influence on root cell permeability to water. However, these
positive effects begin to diminish when the soil temperatures are too high.

The soil temperature regime is dependent on energy absorption in the upper layer
and heat transfer properties to deeper layers. Soil temperature, T, as a function of
time, t, and soil depth, z, is described by the following equation (Gisi 1990):

T z; tð Þ ¼ Tm þ Aoe
�z

ffiffiffiffiffiffiffiffiffiffi
πf =DH

p
sin 2πtfð Þ � z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
πf =DH

ph i
, ð2:11Þ

where Tm is the average soil temperature during experimental day period, AO is the
maximum temperature amplitude on soil surface during experimental day period, z is
soil depth, DH is thermal diffusivity characterising the heat distribution speed within
soil, DH values are presented in the chart (Gisi 1990) and f is the frequency of
temperature fluctuations during the experimental day period.

The velocity of thermal flow into soil, vt, can be calculated from the following
formula (Gisi 1990),

vt ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffi
πDH f

p
: ð2:12Þ

The thermal exchange process within soil depends on meteorological conditions,
soil thermal conductivity, thermal capacity, water content in the soil and other soil
properties. In addition, one of the main factors influencing the soil thermal process is
tillage, as well as the effect of various plants and residues covering the soil surface.

Different tillage technologies have a different impact on the soil temperature
(Curtin et al. 2000; Al-Kaisi and Yin 2005). For example, Dalmago et al. (2004)
determined that during the initial plant growth period (up to 30 days from the start of
germination) soil temperature was lower under direct drilling compared to conven-
tional tillage technology, and that the temperature difference was particularly prom-
inent at 2.5 cm depth. This is mainly attributed to the fact that the soil was covered
with chopped plant residues when using direct drilling technology. In subsequent
periods, the increase in leaf area of plants resulted in a decrease in the soil temper-
ature difference, and thus differences were insignificant. Other scientists (Morote
et al. 1990; Salton and Mielniczuk 1995; Curtin et al. 2000; Calderon and Jackson
2002; Al-Kaisi and Yin 2005) made similar temperature measurements and
suggested that direct drilling prevented the soil from fast warming during the initial
period of vegetation compared to using conventional tillage, due to crop residues on
the soil surface. Plant vegetation also impacts variations in soil temperature in
relation to the shadow made by the biomass (Amos et al. 2005). Bergamaschi
et al. (2004) examined the dependence of plant foliage development on tillage
systems and found that there was a lower plant leaf density under direct drilling
technology than with conventional tillage technology; there were variations in the
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amount of shadow from the plant leaves, resulting in different soil surface
temperatures.

Soil temperature is also affected by soil bulk density. Temperatures of heavily
compressed soils are 1–2 �C lower than those where soil bulk density is within an
optimal range. There are changes in the processes of moisture capillary rise and
evaporation with variations in soil bulk density, and large temperature variations
affect plant growth and development (particularly in initial stages).

According to other studies, temperature variation in soil is dependent on the soil
tillage intensity and environmental factors. In addition, thermal processes in soil
have a very strong impact on crop growth and are very closely related to soil
physical-mechanical properties and plant residues.

2.5 Energy and Economic Aspects of Tillage

In relation to tillage technologies, environmental sustainability is equally important
as the energy-related and economic aspects. In this respect, each tillage technology
has advantages and disadvantages. The application of conventional tillage technol-
ogy makes it more possible to achieve higher and better quality yields; however, the
cost of this technology is usually higher due to low productivity and the need to use
high-power tractors. In contrast, although the use of direct drilling technologies is
likely to result in lower yields and quality, the costs of tillage and drilling techno-
logical operations are lower. In addition, the impact of the latter technologies on the
environment and biodiversity is also more positive compared to conventional
ploughing. Morris et al. (2010) provides a visual presentation (Fig. 2.11) of the
dependencies of tillage technologies and various activity indexes, using a trilinear
coordinate system.

Fig. 2.11 Relation between
performance indicators (x,
y, z) and different tillage
systems (1, 2, 3). x: crop
yield and quality; y: tillage
systems costs; z: soil,
environmental and
biodiversity benefits; 1:
conventional tillage; 2:
reduced tillage; 3: no-tillage.
(Prepared according to
Morris et al. 2010)
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Hernanz et al. (1995) conducted long-term experiments on the growth of winter
wheat, winter barley and other crops. Three different tillage systems were then
compared in terms of energy consumption: conventional tillage (ploughing to a
depth of 30 cm), minimum tillage (cultivation to a depth of 15 cm) and direct
drilling. Results showed when considering machinery, fuel, seeds, fertilisers and
other costs prior to harvesting, the use of minimum tillage and direct drilling
technologies for cereals can save between 7% and 11% of energy costs compared
to the use of conventional tillage.

Research conducted by Lithourgidis et al. (2009) showed that the use of sustain-
able tillage in Greece has many advantages compared to conventional tillage: the
environment is protected and costs for machinery, repairs, maintenance and fuel are
saved. In addition, the experiments of Baker et al. (2007) showed that elimination of
tillage can save up to 80% of fuel costs and up to 60% of labour time spent on
maintenance and repair of machinery.

In Croatia, the energy aspects of three different tillage and drilling technologies
were analysed: conventional, reduced and direct drilling (Filipovic et al. 2006). It
was found that fuel consumption when applying conventional tillage and drilling
accounted for between 48 and 61 L ha�1, but reduced tillage had a decreased fuel
consumption of 1.5–2.0 times less than conventional technology. Furthermore,
application of direct drilling technology enabled a reduction in fuel consumption
of between 5 and 8 times less than when using conventional technology.

Turkish researchers found that direct drilling reduces the amount of fuel used by
approximately 6-fold, and saves approximately four times the amount of labour time
used with conventional tillage and drilling technology. A higher yield of approxi-
mately 400 kg ha�1 was obtained by drilling into conventionally tilled soil (Yalcin
et al. 2005). Furthermore, the energy efficiency of three different intensity soil tillage
technologies was investigated in Italy, where a comparison between deep soil
ploughing (35 cm), minimum tillage (15 cm) and direct drilling revealed that the
highest energy efficiency was attributed to deep ploughing (Bertocco et al. 2008).
Safa and Tabatabaeefar (2008) analysed fuel consumption related to technological
operations involved in wheat cultivation by agricultural machinery on different size
farms: fuel consumption for soil tillage amounted to 75–121 L ha�1, and for drilling
it was only between 14.2 and 20.7 L ha�1. In support of this result, Germanas (2008)
proposed that fuel consumption accounts for about 8–10 L ha�1 under direct drilling.

Tebrügge and Böhrnsen (1995) found that conventional tillage technology (deep
ploughing, pre-seeding tillage and drilling) resulted in approximately 2 h ha�1

labour time and a fuel consumption of approximately 35 L ha�1. The labour time
required for direct drilling technology was five-fold less than using conventional
technology, and the fuel costs were 5–6 times lower. They also estimated that the
traction force required for direct drilling involved about 8–10 kW per metre of
working width, whereas that for conventional tillage technology required approxi-
mately 16–18 kW m�1.

Abandoning certain tillage technological operations thus enables a reduction in
diesel fuel consumption and a simultaneous reduction in the total production costs of
plant production, while fostering sustainable agricultural development. One of the

84 E. Šarauskis et al.



most important tasks for modern energy policies is the correctly balanced manage-
ment of the energy consumption intensity; energy is a significant factor in the socio-
economic development of any state (Tolón-Becerra et al. 2010; Omer 2008) and
ensures energy security, economic competitiveness and environmental protection
(Ang et al. 2010).

Bakasenas (2008) examined the modelling structure of energy consumption using
pre-seeding tillage machinery. He established that the fuel energy consumption of
the pre-seeding tillage machinery is 31%–43% that of the total energy consumption
used by all machinery. An assessment of sustainable tillage and direct drilling
systems for the cultivation of maize was conducted in Lithuania in relation to energy
and economic aspects (Šarauskis et al. 2014b), and energy efficiency balance
calculations reflected the ratio of the energy output with the maize yield using
various tillage systems (in terms of energy indicators and energy inputs associated
with the use of agricultural machinery, diesel fuel, seeds, fertiliser, herbicides and
other materials (Table 2.3)).

The best energy efficiency ratio (14.0) was obtained using the no-tillage system;
that for shallow ploughing was 13.4, and for conventional maize cultivation using
deep ploughing the energy efficiency ratio was 12.4. An economic assessment of

Table 2.3 Energy inputs, outputs and efficiency ratios using different tillage systems for maize
cultivation (From: Šarauskis et al. 2014b)

Energy inputs/outputs/
efficiency ratio Unit

Tillage systems of maize cultivation

Deep
ploughing

Shallow
ploughing

Deep
cultivation

Shallow
cultivation

No-
tillage

Human labour MJ
ha�1

9.54 8.66 7.31 7.17 3.23

Diesel fuel MJ
ha�1

2662.70 2274.62 2318.18 2116.22 1123.85

Agricultural machinery
(including self-propelled
machines)

MJ
ha�1

1739.56 1578.82 1332.36 1307.35 589.38

Maize seed MJ
ha�1

459.00

Herbicides MJ
ha�1

634.25 1814.25

Nitrogen (N) MJ
ha�1

10,532.00

Phosphate (P2O5) MJ
ha�1

1316.14

Potassium (K2O) MJ
ha�1

774.69

Total of energy inputs MJ
ha�1

18,127.9 17,578.2 17,373.9 17,146.8 16,153.5

Energy output of maize
grain and biomass

MJ
ha�1

224,179 236,033 196,931 205,751 226,184

Energy efficiency ratio – 12.4 13.4 11.3 12.0 14.0
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mechanised technological operations used in maize cultivation showed that the
highest costs were related to tillage. The most expensive tillage operation evaluated
was that of deep ploughing, and assessment of the cost of various technologies
indicated that sustainable tillage systems saves between 8.0 and 23 EUR ha�1

compared with use of the conventional deep ploughing system (Šarauskis
et al. 2014b). In addition, Sørensen and Nielsen (2005) investigated the cost of
agricultural machinery use under reduced-tillage conditions and proposed that
preparation of soils without using a plough can reduce costs from 25% to 41%,
compared with conventional tillage.

Other very important factors in the cost of tillage operations relate to the dimen-
sions of the field cultivated. For example, a larger, flatter field with fewer obstacles
and stones facilitates greater energy efficiency and lower tillage costs. However, for
fields that are stony or that have an irregular shape or relief, an appropriate value for
the total correction factor should be estimated (Šarauskis et al. 2012, 2014b).

2.6 Conclusion

The main aim of agriculture is to produce the largest amount of food with the
minimum environmental impact. It is thus very important to choose appropriate
crop and soil management systems that enable minimal soil disturbance and soil
degradation processes and which improve the physical, mechanical, biological and
chemical properties of the soil (Hobbs et al. 2008). Sustainable tillage such as
no-tillage, strip tillage, minimal tillage and reduced tillage technologies play an
important role in agriculture and are used to: protect soil from erosion and runoff;
reduce leaching of chemical substances into water bodies; improve soil moisture
storage due to optimised soil porosity, encourage a greater number of earthworms
and more extensive plant rooting; save labour time, fuel consumption and the cost of
tillage operations; minimize CO2 emissions and reduce the negative impacts of
tillage on the environment. Crop residues incorporated into the soil or left on its
surface also have important functions in terms of improving soil structure and
stability and increasing soil organic matter (Morris et al. 2010; Lahmar 2010;
Sommer et al. 2014). The use of sustainable tillage has energy-saving, economic
advantages, delivers sufficiently high yields, thereby delivering a greater output with
a reduced input. Other advantages also include climate change mitigation through
reduced emissions by providing a lower fuel use of 60%–70%, and a 50% reduction
in the amount of machinery and labour required (Basch et al. 2012).
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Chapter 3
Coffee Production and Climate Change
in Ethiopia

Birhanu Tsegaye Sisay

Abstract Ethiopia is the center of origin and diversity of arabica coffee. Arabica
coffee is the most widely consumed, over 70% in volume of production and over
90% of traded value globally. 157,437 thousands of 60 kg bags coffee were
produced in 2016 in the world, including 101,552 thousand bags of arabica coffee.
Ethiopia is the leading coffee producer in Africa, and the 5th in the world. Ethiopian
coffee is known for its unique characteristics, aroma and flavor. Coffee production in
Ethiopia recorded an average annual growth rate of 2.6% during the last 50 years,
increasing to 3.6% since 1990. Ethiopia has also a strong domestic coffee consump-
tion culture, which frequently accounts for over half of the production. Coffee is
produced in Ethiopia under different production systems, i.e. forest, semi-forest,
plantation and garden. The area of plantation and home garden coffee are increasing
despite the decrease in forest and semi-forest coffee.

Ethiopian coffee forest area is shrinking from time to time, largely due to
increasing population, land use conflict, high deforestation, expansion of large-
scale coffee and tea farms, and other agricultural practices. Ethiopia has a wide
range of coffee genetic diversity. Around 11,691 arabica coffee germplasm acces-
sions from different coffee growing areas throughout Ethiopia were collected and
conserved ex-situ in field gene banks. The major challenges facing the coffee sector
is the threat of coffee genetic erosion and various production constraints like disease
and pest prevalence, replacement of coffee by other crops, coffee market price
fluctuation. Concerning climate change, data from weather stations of Ethiopia
showed that the mean annual temperature has increased by 1.3 �C between 1960
and 2006, at an average rate of 0.28 �C per decade, and by 0.3 �C per decade in the
south western region. In addition, spring and summer rains have declined by
15–20% since the mid-1970s and late 2000s, in southern, south-western and
south-eastern Ethiopia. The mean annual temperature of Ethiopia is projected to
increase by 1.1–3.1 �C by the 2060s, and 1.5–5.1 �C by the 2090s.
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3.1 Introduction

The total coffee produced in 2016 on the world was 157,437 thousand of 60 kg bags,
from which 101,552 thousand 60 kg bags was accounted to Arabica alone and the
remaining 55, 885 was for Robusta coffee. In 2016, from the total amount of coffee
produced in the world, 17, 208 thousand 60 kg bags was produced in Africa, 45, 083
thousand 60 kg bags in Asia and Oceania, 20, 269 thousand 60 kg bags in Mexico
and central America, and 74, 877 thousand 60 kg bags was produced in south
America (ICO 2017a, b, c). In crop year 2012/13, world coffee production reached
145.1 million bags, the largest on record. With the exception of Africa, all coffee
growing regions recorded a steady growth in their production over the time period
(ICC 2014). Africa’s share in world production has hence decreased from 25% to an
average of 14%. Since 1990, production levels have generally stagnated, registering
less than 20 million bags every year. The subsequent decline in production was
initially attributable to structural factors given low yields and ageing coffee trees as
well as the economic liberalization programmes implemented in the 1990s. Other
factors were related to the regional conflicts affecting certain countries. Production in
crop year 2012/13 is estimated at 16.7 million bags (ICC 2014).

The most dynamic growth in African production was observed in Ethiopia, which
recorded an average annual growth rate of 2.6% during the last 50 years, increasing
to 3.6% since 1990. The country’s production trend is generally upward despite
some downward interruptions, reaching 6.4 million bags in 2012/13. Ethiopia is also
unique in Africa by having a strong domestic coffee consumption culture, which
frequently accounts for over half of production (ICC 2014). According to the ICO
(International Coffee Organization) report in 2017, Ethiopia is the leading coffee
producer in Africa by producing 7100 thousand 60 kg bags, followed by Uganda
(4900 thousand 60 kg bags) and Côte d’Ivoire (1500 thousand 60 kg bags) in 2016
cropping year. Ethiopia has also recorded 5.7% change of coffee production in 2016
compared to the previous cropping period of 2015 (ICO 2017a, b, c). This shows
remarkable potential of the country to produce fine specialty coffee (Table 3.1).

Despite the increase in the world coffee production from 2014 to 2016, coffee
consumption has also grown from time to time. ICO (2017a, b, c) report indicated
that, 155,469 thousand of 60 kg bags of coffee was consumed globally in the year
2015/16. The world coffee consumption has increased from 2012/13 to 2015/16 by
1.9%, in Africa by 1.0% and in Ethiopia by 2.9%. Generally, an increased coffee
consumption of 2.1% was recorded by exporting countries as compared to importing
countries, which was 1.8% increase in the cropping years of 2012/13 to 2015/16
(ICO 2017a, b, c). Nearly 45–50% of Ethiopia’s coffee production is locally
consumed. Most of this coffee is considered lower quality and may have been
originally destined for export, but was rejected since it did not meet Ethiopia
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commodity exchange quality standards. Interestingly, even though it may be a lower
quality than what is exported, the price of coffee in the local market place is
sometimes higher than the international price (Tefera 2015) (Table 3.2).

Table 3.1 Total coffee production by some exporting countries (in thousands of 60 kg bags)

Country

Crop year

2010/11 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17

Brazil (A/R) 53,428 50,592 55,420 54,698 52,299 50,388 55,000

Vietnam (R/A) 20,000 26,500 23,402 27,610 26,500 28,737 25,500

Colombia (A) 8523 7652 9927 12,163 13,339 14,009 14,500

Indonesia (R/A) 9129 10,644 11,519 11,265 11,418 12,317 11,491

Ethiopia (A) 7500 6798 6233 6527 6625 6714 6600

Peru (A) 4069 5373 4453 4338 2883 3304 4222

Uganda (R/A) 3267 3115 3914 3633 3744 3650 3800

Côte
d’Ivoire

(R) 982 1966 2072 2107 1750 1893 2000

Kenya (A) 641 757 875 838 765 789 783

Burundi (A) 353 204 406 163 248 274 258

Rwanda (A) 323 251 259 258 238 278 251

Malawi (A) 17 26 23 28 25 21 18

Source: ICO (2016)
A Arabica, R Robusta

Table 3.2 Domestic coffee consumption by some exporting countries in thousand 60 kg bags

Country

Crop year

2010/11 2011/12 2012/13 2013/14 2014/15 2015/16 2016/17

Brazil (A/R) 19,132 19,720 20,330 20,085 20,333 20,500 20,500

Indonesia (R/A) 3333 3667 3900 4167 4333 4500 4600

Madagascar (R) 467 450 430 410 390 370 360

Philippines (R/A) 2125 2175 2325 2550 2800 3000 3000

Colombia (A) 1308 1439 1441 1469 1505 1672 1700

Costa Rica (A) 407 381 423 335 381 436 359

Côte
d’Ivoire

(R) 317 317 317 317 317 317 317

Ethiopia (A) 3383 3383 3400 3650 3675 3700 3700

Honduras (A) 345 345 345 345 345 345 345

India (R/A) 1800 1917 2000 2100 2200 2250 2250

Mexico (A) 2354 2354 2354 2354 2354 2354 2354

Thailand (R/A) 775 1100 1130 1200 1250 1300 1300

Uganda (R/A) 204 210 216 221 229 234 240

Venezuela (A) 1650 1650 1650 1650 1650 1650 1650

Vietnam (R/A) 1583 1650 1825 2000 2200 2300 2300

Source: ICO (2016)
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There are over 120 species of coffee in the genus Coffea. However, the only two
species of economic importance are Arabica coffee (Coffea arabica) and Robusta
coffee (Coffea canephora). Many scholars agreed that Ethiopia is the center of origin
and diversity of Arabica coffee. Arabica coffee is the most widely consumed,
dominating over 70% in volume of production and over 90% of traded value
globally. More than 80 developing countries mainly earn their foreign currency
from coffee (Gole 2015). Exports by exporting countries during the period from
1990/91 to 2011/12 show varying performances. Of the 20 leading exporting
countries, Vietnam recorded a high growth rate in its exports (13.9%), followed by
Peru (6.2%), Nicaragua (7.3%), Honduras (5.2%), India (5.7%) and Ethiopia (6.2%).
In terms of volume, Vietnam exported 20 million bags in 2012/13 compared to
1.1 million bags in 1990/91. Brazil exported 31.2 million bags in 2012/13, while
Colombia recorded a negative growth rate in its annual exports (�1.5%) as a result
of the prolonged falls in its production during recent years. Decreases in exports
were also recorded in Cameroon (�7.6%), Côte d’Ivoire (�4.1%), Kenya (�3.1%)
and El Salvador (�2.5%) (ICC 2014). For Ethiopia, coffee is the most important
export commodity, with a share of 20–25% of the total foreign exchange earnings.
Ethiopia has exported 210 thousand 60 kg bags in October 2016 and this has grown
to 277 thousand 60 kg bags in October 2017 and this shows 31.8% change (ICO
2017a, b, c) (Table 3.3).

Ethiopia produces and exports premium quality coffee to the world market. ICO
(2016) report indicate that Ethiopia is the leading producer in Africa, and the 5th in
the world, following Brazil, Vietnam, Colombia and Indonesia. If we consider
Arabica alone, Ethiopia is the 3rd largest producer after Brazil and Colombia (ICO

Table 3.3 Exports of all forms of coffee by some exporting countries in thousand of 60 kg bags

Country

Years

2010 2011 2012 2013 2014 2015 2016

Brazil 33,167 33,806 28,549 31,662 36,429 37,018 34,267

Vietnam 14,229 17,717 22,920 19,718 26,097 20,655 27,422

Colombia 7822 7734 7170 9670 10,954 12,716 12,831

Indonesia 5489 6159 10,722 10,882 6175 8379 6545

India 4647 5414 5044 5033 5131 5262 6086

Honduras 3349 3947 5508 4185 4252 5030 5306

Peru 3817 4697 4310 3971 2720 2790 3960

Uganda 2657 3142 2685 3672 3442 3596 3543

Guatemala 3468 3697 3750 3575 3043 2961 3072

Ethiopia 3324 2675 3203 2870 3117 2985 3001

Mexico 2498 2907 3556 3132 2402 2519 2384

Nicaragua 1712 1468 1987 1661 1901 1753 1961

Côte d’Ivoire 1912 772 1712 1962 1600 1418 1495

Papua New Guinea 929 1225 925 811 807 711 1133

Costa Rica 1200 1243 1374 1344 1209 1128 1007

Source: ICO (2016)
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2015). Ethiopia has the largest highland area suitable for Arabica production and,
hence has the potential to be a leading producer in both quality and quantity. The
country has favorable ecological factors such as suitable altitude, ample rainfall and
optimum temperatures, appropriate planting materials, and fertile soil. Coffee grows
in Ethiopia in several places at various altitudes ranging from 550 to 2750 m above
sea level (ECEA 2008). Ethiopian coffee is known for its unique characteristics,
aroma and flavor. This shows that there is very high coffee production and export
potential in Ethiopia and to earn premium prices. The country has also become of
particular interest to the world for its inherent quality and coffee production
potential.

The Ethiopian coffee production has great potential of resilience to the effects of
climate change, due to (i) the diverse and adaptive management practices,
(ii) presence of high genetic diversity of both wild and cultivated coffee, and (iii)
vast highland plateau suitable for coffee. The management practices for coffee
production involves growing coffee under deep, medium and no-shade (ECFF
2017). The fragmented Ethiopian coffee forest area is shrinking from time to time,
largely due to increasing population, land use conflict, high deforestation, expansion
of large-scale coffee and tea farms, other agricultural practices and fluctuating
international coffee prices (Gole 2003). Most of the shade grown coffee system
resembles natural forest in structural complexity and diversity. Shade modifies the
micro-climate, and can moderate extreme temperature by at least 5 �C. As a result,
the known coffee types and brands are either replaced by other more profitable crops
or their cultivation is expanding into less suitable areas (ECFF 2017).

3.2 Coffee Production in Ethiopia

Ethiopia, which is considered as coffee’s birthplace, produces high quality Arabica
coffee for both the domestic and international markets. Coffee plays a major role in
Ethiopia’s economy and is deeply intertwined with cultural traditions and day-to-day
living. There are an estimated 15 million people, or approximately 15% of the
country’s total population, who derive their livelihoods from coffee (Tefera 2015).

Different scholars explained out that coffee is produced in Ethiopia under differ-
ent production systems, namely: forest coffee, semi forest coffee, garden coffee and
plantation coffee (ECEA 2008; Gole 2015). The coffee production systems are
mostly forest based; and the differences between the systems are manifested by
the level of forest management intensities. Accordingly, the level of forest manage-
ment ranges from little or none in the forest coffee to intensive management in the
home-garden and plantation systems (Gole 2015). On the other hand, forest (shade)
coffee and sun coffee can be considered as the two main coffee production systems
in Ethiopia (ECFF 2017). The traditional production systems account for 90–95% of
the production, while plantation may range 5–10%. Even if recent survey data is not
available for accurate figure but generally, the areas of plantations and home gardens
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are increasing (Gole 2015). However, inconsistent data was reported by different
authors and organizations in the share of this production system from the total coffee
produced in the country.

It is estimated that 525,000 hectares (5250 km2) of land are planted by coffee in
Ethiopia (Tefera 2015), although the actual area is probably in excess of 20,000 km2.
Coffee provides Ethiopia with its most important agricultural commodity, contrib-
uting around one quarter of its total export earnings (Minten, et al. 2014). In 2014/15
Ethiopia exported around 180,000 metric tons of coffee (ICO 2015) at a value
estimated to be in excess of 800 million USD. Coffee farming alone provides a
livelihood income for around 15 million Ethiopians (16% of the population), based
on four million smallholder farms (Tefera 2015; Minten, et al. 2014; Tefera and
Tefera 2014). For many of these farmers, coffee is their single most important source
of income.

The main coffee growing areas are found within Oromia Region and Southern
Nations, Nationalities, and Peoples’ Region (SNNPR), with modest production in
Amhara Region and minor output in Benishangul-Gumuz Region (ECFF 2017).
Most coffee is grown in areas of humid (moist) evergreen forest. This type of
rainforest is found at 650–2600 m above sea level, with coffee mainly confined to
altitudes of 1200–2100 m. Almost 95% of Ethiopian coffee is produced in the
administrative zones of Keffa, Sidamo, Ilubabor, Wellega, Gedeo and Harerghe
(Hailu 2011). The following map demonstrate coffee producing areas in Ethiopia
(Fig. 3.1).

The quality standards of Ethiopian coffee are classified according to their origin
of production (ECEA 2008). Among the best-known coffee varieties in Ethiopia;
Harar, Wellega, Limu, Sidama and Yirgacheffee take the priority (ECEA 2008). But,
there are numerous lesser-known coffee regions that have equally distinct flavor
profiles. The range of flavor profiles adds a unique element to Ethiopian coffee, and
makes it especially well-suited to development within the specialty coffee market
(ECFF 2017). The following table summarizes the quality standards of Ethiopian
coffee classified according to their origin of production (Table 3.4).

3.3 Coffee Genetic Diversity and Conservation Strategies

In Ethiopia, there are immense genetic potentials among and within the wild types,
local landraces and released arabica coffee varieties with great diversity for any
desirable traits such as yield, quality, disease resistance, drought tolerance, low
caffeine content, etc. and wider ecological conditions (Kufa and Burkhardt 2013).
The best hope for crop improvement lies in the progenitors or wild relatives of the
cultivated plants that harbor rich genetic resources for tolerance against abiotic and
biotic stresses (Nevo 1998; Schoen and Brown 1993).

The high genetic diversity of Ethiopian coffee is considered to be of great value
both nationally and internationally, as it represents a pool to develop improved
breeds of coffee. There are currently hundred types of coffee under cultivation,
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each with varying aromas, tastes, colors especially in the Southwestern part of the
country. Ethiopian coffee ranks highly in intrinsic quality of the bean due to the
diverse agro-ecological zones and immense genetic diversity aforementioned. It is
also de-facto wild and organic due to predominant subsistence and traditional
production systems (Kufa 2006; FAO 2014). The use of chemical inputs, such as
pesticides, fungicides and artificial fertilizers is rarely practiced, and although
certification is not common (Tefera, and Tefera 2014), Ethiopian coffee can often
be considered as organic by default, and may indeed exceed the standards set for
organic certification (ECFF 2017).

The wild populations of C. arabica in the mountain rainforests are the most
important genetic pool of the crop (Gole 2015). It is naturally restricted to two
isolated mountain forests on the western and eastern sides of the Great Rift Valley in

Fig. 3.1 The main coffee growing zones and areas of Ethiopia. (Source: Justin et al. 2017)
The coffee zones represented by coloured polygons: red/pink, North Zone (coffee areas: Amhara
and Benishangul Gumuz); light blue, South West Zone (coffee areas: Wellega, Illubabor, Jimma-
Limu, Kaffa, Tepi and Bench Maji); light green, Rift Zone (coffee areas: Rift North and Rift South);
dark blue, South East Zone (coffee areas: Sidamo, Yirgacheffe, Bale and Central Eastern
Highlands); dark green, Harar Zone (coffee areas: Arsi, West Hararge and East Hararge) (Justin
et al. 2017)
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Southern Ethiopia (Wintgens 2004). Tesfaye (2006) reported high genetic variability
within and between different wild populations in Ethiopia. He further noted that wild
coffee plants are genetically distinct and more diverse when compared to the
cultivated varieties grown in Ethiopia and around the world. The mountain rainforest
areas in Ethiopia are at different field gene banks in Ethiopia (Kufa 2010).

Efforts are under way to conserve coffee germplasms in Ethiopia by Jimma
Agricultural Research Center (JARC) and Ethiopian Biodiversity Institute (EBI).
Surendra (2008) indicated that Ethiopia alone possesses around 99.8% of the world
total arabica’s genetic diversity. In efforts to collect and document the use of coffee
genes in breeding programs, researchers have collected a total of around 11,691
Arabica coffee germplasm accessions from different coffee growing areas through-
out Ethiopia. The collections are conserved ex situ in field gene banks at Jimma
Agricultural Research Center and its sub-centers (5960 accessions) and at Choche
(5731 accessions) in Jimma zone of Oromia state, Ethiopia (Gole 2015). The
collection at Choche is mainly for conservation and managed by the Ethiopian

Table 3.4 Quality standard and characteristics of major Ethiopian coffee by origin

Coffee type Characteristics

Harar Harar is the highest premium coffee in Ethiopia as well in the world

Harar coffee has medium size bean, with a greenish-yellowish color with
medium level of acidity and a distinctive mocha flavor

Wollega
(Nekempt)

Is Highland grown produced in western Ethiopia

The beans of Wollega has medium-to-bold bean with fruity taste

Nekempti coffee export designations include: Kelem Wollega, East Wollega
and Gimbi coffees are coffee mostly sun-dried

Limu Is known for its spicy and wine flavor, and good acidity

It is most preferred and popular in Europe and the U.S.

Washed Limu is one of Ethiopia’s premium coffees

Medium sized bean and greenish bluish in color mostly round in shape

Sidamo Has greenish-grayish color and medium-sized beans

Sidamo accounts for 30% of all Ethiopian coffee production

Washed Sidamo, called sweet coffee is known for its balanced taste and good
flavor

It has fine acidity and good body

It is always blended for gourmet or specialty coffee

High grade unwashed Sidama coffees are known for their intense fruity
characteristics

Yirgacheffee It is highland grown coffee and has intense flavor known as flora

It is one of the best highland-grown coffees

It has fine acidity and rich body

Many roasters are attracted to its fine and fruit flavor and are willing to pay a
premium price for it

Internationally known and recognized as Yirgachaffe Brand Name

Source: ECEA (2008), Willem (2011) and Gole (2015)
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Biodiversity Institute (Gole 2015). Despite ex-situ field gene banks, conserving
coffee germplasm in-situ is also important.

However, currently one of the major challenge facing the coffee sector is the
threat of coffee genetic erosion and production constraints because of the degrada-
tion of major ecosystems that have been supporting the coffee farming system for
several generations. Coffee genetic resources are under severe threat from genetic
erosion in the centers of origin and diversity. These coupled with the increasing
patterns of climate change are threatening the natural coffee gene pools (Kufa 2010),
requiring urgent measures for preserving environmental sustainability and coffee
biodiversity at their country of origin and genetic diversity in Africa. Kufa (2010)
also emphasized on the severity of human disturbance threats and underlined the
need for urgent characterization and conservation measures of coffee genetic
resources for future development of the coffee sector worldwide. Kufa and
Burkhardt (2013) pointed out that the extent of variations in root growth varied
across geographical areas, demonstrating the strong link between coffee genetic and
climatic factors.

The diversity in coffee genes, species and ecosystems, traditional farming prac-
tices and technological innovations such as mitigation and adaptation strategies to
climate change need to be exploited in the African continent to produce superior
quality coffee types and remain competitive in the world market (Kufa 2015).

3.4 Climate Change

In the centers of origin and diversity of Coffea arabica, coffee species are, however,
under a severe threat of genetic erosion and irreversible loss largely due to increasing
population, expansion of agricultural farms, coffee crop replacement by other crops,
coffee market price fluctuation and climate change impact are the most
important one.

The impact of climate change on degradation of farm lands and natural resources
can contribute to reduced agricultural productivity and food insecurity in developing
countries. Intensive coffee production, on the other hand, can hamper efforts to
protect, maintain, and enhance habitats and species. Hence, unless appropriate
global initiatives are urgently realized, the present green Africa can be easily
converted into deserts with profound and damaging consequences for natural
resource bases, biodiversity, economies and livelihoods. In most African countries,
natural forest ecosystems with high levels of biodiversity are under serious threat,
largely due to increasing population pressures and subsequent deforestation and land
degradation. The destruction of natural coffee habitats coupled with changes in
weather patterns can adversely affect coffee genetic resources and the livelihoods
of millions of people in Africa and elsewhere (Kufa 2015).

Historical data from weather stations for Ethiopia provides specific details of the
general warming trend. Data shows that the mean annual temperature has increased
by 1.3 �C between 1960 and 2006, at an average rate of 0.28 �C per decade
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(McSweeney et al. 2010), and by 0.3 �C per decade in the south western region (Jury
and Funk 2013). significant trend observed in mean rainfall in any season for which
climate data is available (1960–2006). However, based on data from quality-
controlled climate station observations, it has been shown that spring (Belg) and
summer (Kiremt) rains have declined by 15–20% since the mid-1970s and late
2000s, in southern, south-western and south-eastern Ethiopia (Funk et al. 2008;
Funk et al. 2005).

The mean annual temperature of Ethiopia is projected to increase by 1.1–3.1 �C
by the 2060s, and 1.5–5.1 �C by the 2090s, with the scale of the projections
depending on the emission scenario (McSweeney et al. 2010). Projections from
different General Circulation Models (GCMs) are broadly consistent in indicating
increases in annual rainfall in Ethiopia (IPCC 2013; Niang et al. 2014), but these
increases are largely due to increasing rainfall in the October–December period in
southern Ethiopia (McSweeney et al. 2010). Projections of change in the rainy
seasons of April–June and July–September, which affect larger areas of Ethiopia,
are much more uncertain but tend towards slight increases in the south west and
deceases in the north east (McSweeney et al. 2010). In the Ethiopian Highlands, a
region of high and complex topography, projections from the GCMs also indicate
likely increases in rainfall, and extreme rainfall, by the end of the twenty-first century
(Niang et al. 2014). However, these future trends are not consistent with observed
decreasing rainfall for many places in Ethiopia (from the 1950s to the present day).

Human-induced land-use change is one of the major sources of greenhouse gas
(GHG) emission, resulting in climate changes. Though Ethiopia is contributing less
than 2 tons of CO2 per capita, it is one of the country’s most affected by the
consequences of climate change. Hence, as part of the global response to climate
change, Ethiopia has developed its Climate Resilient Green Economy (CRGE)
Strategy in 2011 (Gole 2015). The vision of the country is to reach middle income
country status by 2025, while following the green economy development path, with
net-zero GHG emission, taking 2010 as the baseline (FDRE 2011).

The climate resilient green economy report documents that Ethiopia is already
exposed to elevated climate variability and a series of extreme weather events.
Consequently, climate change will have a profound impact on the coffee sector.
Coffee is highly sensitive to fluctuations in rainfall. Undesirable weather events have
had an acute impact on output. Unlike robusta, arabica coffee is an extremely
climate-sensitive crop. There is increasing evidence that rising temperatures in
coffee landscapes may be one of the most threatening issues facing Ethiopia’s coffee
subsector (UNDP 2012). Preliminary assessments suggest that wild coffee popula-
tion in Ethiopia will be vanished by year 2018 due to impact of climate change
(UNDP 2012).

Climate change will negatively impact much of the current coffee farming
landscape of Ethiopia, however, substantial areas that were previously unsuitable
for coffee will become suitable as the century progresses. This is due to the upslope
shift of coffee growing suitability (the niche) as higher altitude areas (e.g. above
2000 m) improve and lower altitude areas worsen, as the climate changes. Reloca-
tion of coffee farms to higher altitudes will require positive action with critical
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attention to feasibility and planning. Before decisions are made concerning the
establishment of new coffee farms and areas, suitability has to be determined in
terms of climate, agronomy (e.g. soil, shade, slope), the potential for land-use
contradictions (e.g. land tenure, other existing land-use activities), market value,
and logistics. A certain amount of shift could occur quite naturally, as farmers see the
potential and financial incentive to start growing coffee on their land in areas
previously unsuitable (ECFF 2017).

Assisted migration to ‘new’ areas will be a key component for ensuring resilience
in the Ethiopian coffee economy due to the replacement of areas lost at lower
altitudes (below 1400–1500 m) as the climate there becomes unsuitable for coffee
growing. The new areas are mostly in the South West coffee zone, but North, Rift
(Rift South coffee area), and South East (Sidamo coffee area) coffee zones may also
provide opportunities (ECFF 2017). In many cases afforestation and reforestation
will be necessary to provide the right growing environment for coffee, but this would
also bring additional benefits in terms of increasing forest cover, preserving biodi-
versity and providing improvements in ecosystem services. Prevention of forest loss
is also a key issue, especially in the South West and South East coffee zones where
recent deforestation rates are high and could have a more significant impact than
climate change, at least in the short to medium term (ECFF 2017).

3.5 Mitigation Strategies

To mainstream the sustainable production, the strategy places emphasis on scaling
up and disseminating best practices and new technologies to boost productivity.
Special attention is given to practices that allow better adaptation to climate vari-
ability and the expansion of shade management systems. Strengthening conservation
and management of natural resources will be another focal area. However, the
strategy clearly notes that such goals will only be realized if the appropriate
institutions are strengthened to provide the necessary support services to improve
productivity (UNDP 2012).

One approach to mitigate warming climates at the landscape level is to encourage
farmers to readopt traditional forest shade production systems. However, despite the
benefits offered by traditional shade systems, many smallholders continue to cut
down forest trees to increase the amount of solar irradiation to coffee canopies
(UNDP 2012).

This calls for special attention to systematic investigations in order to tailor site-
specific conservation options. Thus, characterization of the diverse coffee types
would also allow sustainable, wise exploitation and maintenance of the wealth of
wild coffee genetic resources in their original habitats. Immediate measures are
required to identify and design ways of implementing relevant conservation strate-
gies against the possible threats from climate change to coffee ecology and produc-
tion at country of origin. Implementation of global coffee genetic resources
conservation initiatives and other relevant projects could be among the top priority
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actions to maintain quality environments, conserve and benefit from the unique
coffee germplasm base in Africa. However, detail works on the identification and
implementation of sustainable ecological, economical and social conservation of
wild coffee diversity and its natural forest ecosystems are crucial. Moreover,
investigations on the levels of forest management, identification of suitable coffee
genotypes with desirable traits, including low caffeine, disease resistant, drought
tolerant and urgent implementation of sound incentive mechanisms (like forest
product branding and certification) are of paramount importance to benefit from
the potential forest genetic resources and ecosystem services. This need, strong
coffee partnerships in both coffee producing and importing countries to coordinate
and facilitate sustainability initiatives for the future development of the coffee sector.

Air, soil temperature and moisture can be altered by specific farming
interventions, and provide a buffer against inadequate growing conditions and
extreme weather events. The most obvious interventions are irrigation, shade
management and mulching, but terracing has clear benefits, and pruning is also
advocated in some cases. Observations of on-farm adaptation and improvements in
coffee farming practices across Ethiopia indicate the potential to provide various
levels of resilience for many but not all farmers. Careful assessment of each farming
site is required to see which interventions, or combination of measures, would be
most suitable (ECFF 2017).

Improved cultivars and selections of indigenous arabica coffee may provide some
potential, especially for disease resilience and improved productivity, but significant
climate resilience is unlikely based on field observations of field trials, and available
genetic diversity information.
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Chapter 4
Impact of Climate Change on Coastal
Agro-Ecosystems

Saon Banerjee, Suman Samanta, and Pramiti Kumar Chakraborti

Abstract Climate change is a major threat for ecosystems, food security, forests and
other natural resources. Proper steps must be taken to reduce the vulnerability of the
farming communities living in coastal areas, especially in the developing countries.
This chapter reviews the impact of climate change on the coastal agro-ecosystem,
and practices to improve sustainability. We found that 27 countries are the most
vulnerable due to accelerated sea level rise. In some coastal areas, up to 40%
biodiversity loss has already been observed. About 70% income is generated from
crop cultivation and the rest is from fisheries and other animal husbandry activities.
Hence, climate resilient agriculture can secure the rural livelihood. Adaptation
measures may include agro-forestry practices, establishment of orchards, nutrient
recycling, salinity management and rational use of water. Techniques of climate
resilient agriculture vary with techniques available, needs of the farming community,
resources and infrastructure.

Keywords Coastal ecosystem · Climate resilient agriculture · Climate change · Sea
level rise · Cyclone

4.1 Introduction

Agriculture can be viewed as one form of ecological engineering for manipulation of
populations, communities and ecosystem for human purposes. This concept con-
siders the agricultural operations as ecosystem manipulation instead of only
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production process (Weiner 2003). A variety of agro-ecosystems exist side by side in
a particular region, they are associated with different methods of farming, such as
organic, integrated or conventional (Wezel et al. 2009). In present days, the different
ecosystems are under threat mainly due to global warming and climate change.
However, climate change and variability are not new. Many societies have coped
with and adapted to climate variability and many other stressors during the past
centuries (Mertz et al. 2009). Climate change is considered to be one of the major
threats to sustainable development because of its effects on ecosystem, health,
infrastructure, food security, forests, etc. (IPCC 2007). Global food security and
imbalance in agro-ecosystems, threatened by climate change, are the most important
challenges in the twenty-first century to supply sufficient food for the increasing
global population (Magadza 2000; Lal 2005).

In recent years, more and more attention has been paid to the risks associated with
climate change, which will increase uncertainty with respect to food production. The
coastal ecosystems are more vulnerable to climate change (Dickson et al. 2007).
Although some aquatic plants have their ability to adapt themselves in the diversified
coastal environment due to climate change, the problems of soil salinity, sea level
rise, etc., pose a threat to coastal agriculture (Cronk and Fennessy 2001). Moreover,
the coastal zones of the world are mostly populated and any change would affect a
considerable number of population. The effects of global warming would be first felt
on these coastal zones. The rate of sea level rise increased from the nineteenth to
twentieth century. The total twentieth century rise is estimated to be 0.17 m (Jena
and Mishra 2011). Proper steps must be taken to reduce the vulnerability of farming
community living in coastal areas, especially in the developing countries (Tompkins
and Adger 2005). The present article intends to enumerate the application of climate
resilient agriculture towards sustainability of coastal agro-ecosystem.

4.2 Coastal Agro-Ecosystems

The science of living organisms and their interaction with the natural environment is
ecology. Ecology’s root extends to the origins of humanity. Agricultural practices
are too dates back to the time of civilization. So both agriculture and ecosystem are
walking hand in hand and sometimes they become complementary to each other.

Ecology can be grouped according to the types of organisms or habitats being
studied. Examples of habitats include marine and coastal ecosystems, rain-forests,
deserts, etc. Coastal ecosystems may also be defined as a broad interaction between
land and sea influencing each other in true sense. Coastal areas include marine and
terrestrial ecosystems ranging from coastal lowlands to coral reefs with their unique
characteristics and coastal ecology is the study of coastal ecosystems (Hoorweg and
Muthiga 2009).

Coastal ecosystems are most productive but highly threatened ecosystems in the
world. Coastal ecology includes both marine and terrestrial ecosystems. A large
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range of functions and values are associated with coastal ecosystem (Fig. 4.1).
Among them, regulation and supporting services such as shoreline stabilization,
flood control, detoxification of polluted waters and waste disposal are indirect use
value. The direct use values includes the utility which are derived directly from the
use of many living and nonliving resources. The fishery sector is one of the major
sources of income and livelihood for millions of people around the world. About
540 million or nearly 8% of the world’s population are directly or indirectly involved
with fishery production system (FAO 2010a, b).

Coastal ecosystems serve as breeding and nursery grounds for fish and other
aquatic organisms as well as seasonal migration grounds for marine mammals and
birds, and also includes plants such as mangroves, seaweed and sea grasses that
require brackish to salty water to grow (Hoorweg and Muthiga 2009). World’s
coastal regions possess vast range environments which are shown in Table 4.1
(Burke et al. 2000). Mangroves and mudflat ecosystems play key roles for sheltering,
feeding and spawning grounds for finfish and shellfish (Vidthayanon and
Premcharoen 2002). One of the important sources of income for coastal communi-
ties in developing countries are the ornamental marine species like corals, inverte-
brates and fish having high economic value (Lem 2001).

Coastal ecosystems are frequently exposed to aberrant weather conditions and
nowadays it becomes more vulnerable due to global warming. Since the 1950s, the
quantity and magnitude of natural disasters increased significantly in the coastal
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Fig. 4.1 Values of coastal ecosystems. (Adapted from Costanza et al. 1997)
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areas, which may be due to climate change (Jena and Mishra 2011; Sovacool 2014).
The increase in urbanization near the coast has serious environmental impacts.
Worldwide, more than 600 million people are living in coastal zones which are
less than 10 m in elevation; of which 360 million reside in urban areas (McGranahan
et al. 2007). Let us take an example of India, a developing country, sharing more
than 8000 Km long coastline with Arabian Sea, Bay of Bengal and Indian Ocean.
More or less one third of the country’s population lives in coastal zones with highly
increasing population density. The major activities found along the Indian coastal
zone are traditional activities like, fishing, tourism, agricultural activities, oil explo-
ration, commercial and residential development. Fishing activities not only provides
important source of food but also provides employment, income and foreign
exchange for India (Senapati and Gupta 2014).

Within India we found mangrove ecosystem along the coastal areas of West
Bengal which are distributed over North and South 24 Parganas, East Midnapur and
southern parts of Howrah. The coastal region of West Bengal lies between 870250 E
and 890 E latitude and 210300 N and 230150 longitude, covering an large area along
the Bay of Bengal coast. The major part of the coastal area in West Bengal falls
within the boundary of the districts of South and North 24 Parganas. The coastal
region of the districts of South and North 24 Parganas is popularly known as
Sundarbans, due to the fact that the area is under mangrove forest dominated by
the noble mangrove tree named Sundari (Heritierafomes). The forest has both
regional and global importance for its diverse ecological resources (Islam 2003).
In the said zone, main livelihood and major land use pattern in this coastal zone
includes crop cultivation. Nearly 80–90% of the cultivated land is used for agricul-
tural crop production. The next important land use is associated with fish cultivation
in ponds and ditches. Almost 70% income is generated from crop cultivation and rest
is from fisheries and other animal husbandry activities. Apart from rice, the other
crops grown are chili, cucurbits, tomato, beet and bettlevine (Bandyopadhyay et al.
2003). A large number of natural vegetation is observed in Sunderban. In this zone
salinity plays a key role in regulating the density of and diversity of phytoplankton
(Raha et al. 2012).

Table 4.1 Characteristics feature of the coastal environment

Zones Features

Near shore
terrestrial

Dunes, cliff, rocky and sandy shores; coastal xeromorphic habitats, urban,
industrial and agricultural landscape

Intertidal Estuaries, deltas, lagoons, mangrove forests, mud flats, salt marshes, salt pans,
other coastal wet lands, ports and marinas, aqua cultural beds

Benthic Kelp forest, sea grasses, coral reefs and soft bottom environment above the
continental shelf, artificial reefs and structures

Pelagic Open waters above continental shelf, freestanding fish farms e.g. plankton
blooms, neustone zone, sea ice herring schools

Adapted from Burke et al. (2000)
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4.3 Climate Change Impact on Coastal Ecology

With increasing rate of greenhouse gases in atmosphere due to urbanization and
industrialization, climate change has emerged as the most prominent environmental
issue. Most of the third world countries, mainly developing countries, are facing the
devastating consequences of climate change. The main problems arises due to
climate change are rising temperature, melting glaciers which in turn rises the sea
level leading to inundation of coastal areas (IPCC 2007). Precipitation pattern also
changes along with the increasing tendency of high intensity rainfall for short time
leading to increased risk of either devastating floods or recurrent droughts. Expan-
sion of pest attack due to unnatural weather condition may harm the biodiversity
along with many public health related issues. Thus it is obvious that different
ecosystems are going to be disturbed due to imbalance in their systems. People
living in different ecosystems across the world have been recognized as being
predominantly risk prone to the impacts of climate change (Pittock 2005). It is also
true that ecosystems are under severe threat from poor and unsustainable resource
management along with the impact of climate change (Sokona and Denton 2001).

Generally climate change negatively affects natural ecosystems leading to biodi-
versity loss which may be up to 40% before the end of the century in some areas. The
Climate Change Vulnerability Index measures the current vulnerability condition of
different countries to extreme climate-related events and how well it is prepared to
combat the impacts of climate change. A report based on the study on 160 countries
revealed that many countries mainly Africa, south and south-east Asia are at
‘extreme risk’ from the impacts of climate change (Maplecroft 2010). Poor nations
with few natural resources, limited infrastructure and most importantly large scale
population are the main victims of climate change. Thus African and south Asian
countries like Somalia, Haiti, Afghanistan, Pakistan, Philippines, India and Indone-
sia are topping the list. In India, coastal areas and Indo-Gangetic plains are declared
as the most vulnerable zones for extreme weather events.

Among all ecosystems, coastal ecosystem is the most productive but highly
threatened ecosystems in the world. The ecosystem derived from marine habitats
is greatly affected by human activities and large numbers of population pressure in
the coastal areas (MEA 2005; McGranahan et al. 2007). Economic opportunities like
highly fertile low lying delta areas with good transport facilities and easy access to
sea food are the main reason for high population density near the coastal areas
(Darwin and Tol 2001). Coastal ecosystems are very rich in species diversity (flora
and fauna) like mangrove forests, coral reefs, sea fish and aquaculture, etc. Coastal
areas have a relatively higher Gross Domestic Product share compared to other
inland regions due to their productive nature (Dasgupta et al. 2007). During recent
years the physical, biological and biogeochemical characteristics of the oceans and
coasts are changing due to pollution and climate change impact which modify the
ecological structure and functions.
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Reviewing a large numbers of literatures and articles it can be stated that the two
main concerning impacts of climate change for coastal ecosystem are:

(i) Sea level rise and
(ii) Extreme weather events such as cyclones, storms, heavy rainfall, etc.

4.4 Impact of Sea Level Rise on Coastal Ecosystem

The rise in sea level has a negative impact on the biophysical and socio economic
characteristics of coastal ecosystem. According to a report, most of the destructive
consequences of climate change are evolving around water-resource (Stern 2006). It
is expected that sea levels may rise approximately 50 cm by the year 2100 compared
to 1990 levels. The most alarming news according to them is ‘some island nations
like the Seychelles and Maldives are expected to be submerged into the sea within
the next century if the present rate of sea level rises continue’. Approximately 1.28%
of the total population live in developing countries will be affected if the sea level
rises 1 m in height (Dasgupta et al. 2007). A study was conducted to estimate the
potential impacts of sea level rise for different countries (developed, and developing)
considering a 1–5 m rise in sea levels (TERI 1996). Few other researchers also tried
to find out the impact of SLR at regional level (Nicholls and Mimura 1998; Darwin
and Tol 2001; Dasgupta et al. 2007). Another study was conducted to estimate the
climate change impact for 84 developing countries situated in the coastal region by
grouping them into five world regions, namely, Latin America and the Caribbean
countries; Middle East and North Africa; Sub-Saharan Africa; East Asia and South
Asia (Dasgupta et al. 2007). Based on six indicators (land, population, GDP, urban
extent, agricultural extent and wetlands), the researchers identified the most affected
regions due to sea level rise are East Asia and South East Asia. If we consider the
scenario of south Asian countries, researchers reported that sea level has risen at a
rate of 2.5 mm per year along the Indian coastline since 1950s. India has also been
identified in the top 27 most vulnerable countries list which are mostly affected by
the impacts of climate change related accelerated sea level rise (UNEP 1989).

Report of IPCC claimed that through the twentieth century, global sea level rise
contributed to increase in coastal inundation, erosion and ecosystem losses, but with
considerable local and regional variations (IPCC 2007). Researchers across the
world predicted that changes in water temperature, precipitation and oceanographic
variables like, wind velocity, wave action and sea level rise can bring significant
ecological and biological changes to coastal ecosystems. Loss of property and life
due to increasing flood risk along with loss of habitats, infrastructure damage, loss of
tourism, recreation and transportation functions and most importantly degradation of
soil and water quality affecting agriculture and aquaculture, are the main issues on
climate change (Nicholls and Lowe 2004). Coral reefs have significant importance in
the livelihood of coastal people because these reefs are acting as a food source to
marine fishes as well as it attracts the tourists too. Degradation of coastal ecosystems
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will definitely destroy those coral reefs which have a direct socioeconomic impact on
the societies dependent on the coastal ecosystems for goods and services.

4.5 Extreme Weather Events and Their Impact

The coastal communities over the world are witnessing many extreme weather
events like cyclone, storm, tornedo, etc., specially from beginning of twenty-first
century and scientists are expecting a lot more to come. Reports claimed that nearly
120 million people across the globe are exposed to tropical cyclones annually, which
killed 2,50,000 people from 1980 to 2000. Scientists predicted a 15% increase in the
intensity of tropical cyclones which would significantly enhance the vulnerability of
population living along the shoreline of India (Aggarwal and Lal 2008). Cyclonic
storms affect the coast more adversely as it is associated with high tides along with
heavy rainfall which is sufficient to destroy coastal habitats in few hours. For
example, severe cyclonic storm ‘Aila’ formed at Bay of Bengal and hit the coast
of West Bengal, India and the coasts of Bangladesh on 25th May, 2009 (Table 4.2).
The cyclone hit the coast with 6.5 m high tidal surges and affected 11 coastal districts
of India and Bangladesh. This surge of water damaged and washed away over
1743 km of embankments and forced many people to leave their villages. The actual
calamities started after the cyclone when daily high tides, and particularly during
periods of full moon, inundated the coastal area due to absence of embankments.
These tidal waves cause intrusion of huge amount of saline water into the agricul-
tural land and stays there for a long time. As a result, salinity of the soil increased
highly which severely affected the agricultural production. Fresh water resources
like ponds, wells are also contaminated with the saline water which caused severe
drinking water scarcity in the area. Aila has altered the livelihood of the peoples by
severely hampering the economy of this region for few years.

Table 4.2 Damage caused by the cyclone ‘Aila’

Damages caused by the Aila

Number of villages affected: 4249

Size of affected population: 25,62,442

Number of people missing: 8000

Number of deaths: Official-70; Unofficial-300

Length of embankment breached: 400 km

Number of cattle lost: 2,12,8512,12,851

Total area of agricultural land affected: 1,25,872 ha

Estimated financial loss in agriculture: Rs. 337 crore

Number of houses fully damaged: 1,94,390

Number of houses partially damaged: 1,94,701

Total loss: Rs. 1495.63 crore

Adapted from Rudra (2010)
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4.6 Impact of Climate Change on Agriculture

Climate is one of the most important factors for agricultural productivity. At a global
scale, scientists offer different views at the impact of climate change on agriculture
as they thought that there might be no significant losses on its production with
changing climate (IPCC 2007; Mendelsohn 2008). They explained this point by the
logic that production losses in drier African regions will be compensated by
increased production in high latitude regions where global warming will raise
temperatures and extend planting seasons by reducing the risk of frost (Hassan
2010). The overall impact of climate change on agriculture is given in Table 4.3.
Though we are very much concerned about the impact of climate change on
agriculture but it is also true that this sector itself contributes to global warming
through carbon dioxide (CO2), methane (CH4) and nitrous oxide (N2O) gas emis-
sions. At a global scale, approximately 20% of the annual increase in greenhouse gas
emissions was contributed by agricultural system (IPCC 2007).

Many researchers studied the impact of global warming on crop growth and
production (Kurukulasuriya and Rosenthal 2003; Easterling et al. 2007; Lobell and
Gourdji 2012). Most of the authors opined that the crop and livestock productivity
may decline because of rising temperatures and drought-related stress, especially in

Table 4.3 Impact of climate change on agriculture

Climatic
element Expected changes by 2050’s

Confidence
in
prediction Effects on agriculture

CO2 Increase from 360 ppm to
450–600 ppm (2005 levels now
at 379 ppm)

Very high Good for crops: increased pho-
tosynthesis; reduced water use

Sea level
rise

Rise by 10–15 cm increased in
south and offset in north by
natural subsistence/rebound

Very high Loss of land, coastal erosion,
flooding, salinisation of
groundwater

Temperature Rise by 1–2 �C. Winters
warming more than summers.
Increased frequency of heat
waves

High Faster, shorter, earlier growing
seasons, range moving north and
to higher altitudes, heat stress
risk, increased
evapotranspiration

Precipitation Seasonal changes by �10% Low Impacts on drought risk’ soil
workability, water logging irri-
gation supply, transpiration

Storminess Increased wind speeds, espe-
cially in north. More intense
rainfall events.

Very low Lodging, soil erosion, reduced
infiltration of rainfall

Variability Increases across most climatic
variables. Predictions uncertain

Very low Changing risk of damaging
events (heat waves, frost,
droughts floods) which effect
crops and timing of farm
operations

Adapted from Mahato (2014)
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the tropical regions. Studies revealed that a 2.5–4.9 �C temperature rises in India
may reduce the rice yields by 32–40% and wheat yields by 41–52% which will cause
GDP to fall by 1.8–3.4% (GoI 2011; Guiteras 2007). Many authors predicted that
depending on crop variety its productivity may also increase reasonably with the
increment in mean ambient air temperature of up to 1–3 �C. Though this scenario
can only be experienced at mid to high latitude regions. Same experiment at lower
latitude regions produced negative result. Moderate increase in temperature will
reduce crop yields as crops become intolerant of high temperatures. The intrusion
of sea-water in the fertile land due to cyclone or water surge, the fertility of the soil
can be destroyed (Figs. 4.2 and 4.3). For example, due to Aila, the production of
rice reduced to 3000 Kg per ha compared to the 6000 Kg per ha in the coastal zone
of West Bengal (Debnath 2013). Historical studies claimed that, at global level, a
significant climate-associated yield reductions of 40 million tons per year was
experienced from 1981 to 2002 for maize, wheat and other major crops (Lobell
et al. 2011). Projecting the agricultural production under various climate scenarios
of 2055, some scientists expected a 10% reduction in maize production for Africa
and Latin America which may result a loss of US$2 billion per year (Jones and
Thornton 2003).

Fig. 4.2 Sea water intrusion in the coastal region of West Bengal, India
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4.7 Impact of Climate Change on Fisheries
and Aquaculture

High tides during cyclonic storm or sea level rise not only contaminate the fresh
water resources but also destroy the fresh water fish population through salinisation,
coastal erosion and wetland flooding. Some freshwater fish species can’t survive on
saline water and may become extinct along the coastlines. Degradation of coral reefs
due to the increasing oceanic temperature, coastal fish population has also declined
considerably. Increase in oceanic temperature and destruction of coral reefs along
the coasts of many Asian cities reduced the fish population near the coast and
hampered the fishery sector severely. Many researchers found that marine fisheries
are affected by the direct and indirect impacts of climate change (Allison et al. 2005;
Vivekanandan 2006; Allison et al. 2009; Badjeck et al. 2010; Sumaila et al. 2011).
Although it is also true that many non-climatic factors are also associated with this
declination in fish catch. But there is no doubt that climate change will add to the
problems in fishery sector that is already visualized in the coastal regions.

Fig. 4.3 Visible impact of sea-water intrusion
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In a nutshell, the ecological impacts of climate change on fishery include:

(a) Change species distribution i.e. fish migration, increased variability of catches,
changes in seasonality of production i.e. decrease in fishing season.

(b) Damage to infrastructure, damage to fishing gears, increased danger at sea and
problem in navigation routes.

(c) Socio-economic impact, migration, rehabilitation, increase in fuel costs, reduced
health due to diseases.

4.8 Climate Resilient Agriculture

It is the integral part of sustaining agriculture in the era of climate change involving
proper management of resources used for agricultural operations. It aims at increase
of farm production and productivity and to minimize the adverse effect of climate
change. The natural resource management, soil health improvement, crop produc-
tion enhancement and livestock management are the major components of any
climate resilient agriculture system. Climate resilient agriculture offers both mitiga-
tion and adaptation measures to climate changes (FAO 2010a, b; Matthews et al.
2013). The adaptation measures vary a lot depending upon the region, agroclimatic
situation and socioeconomic status of the farming community. They may be
switching over to agro-forestry practices, establishment of orchards, nutrient
recycling and use and rational use of water towards greater water productivity (Pretty
et al. 2006). Diversification of crops in promotion of mixed farming and agroforestry
will also help the farmer to fight weather extremes, disease epidemics and crop
failures and sustain the farmers’ livelihood support (Davis et al. 2012; Lin 2011).

One of the more talked about issues in climate change is carbon sequestration and
orchards and agro-forestry shall pave the way for more carbon assimilation and delay
the pace of climate change (Blanco-Canqui and Lal 2004). This is because diversity
of ecological attributes arising from a large number of species also provides easier
access to limited resources and may also reduce instability in the ecosystem pro-
cesses through asynchronous responses of the different species to environmental
fluctuations. As water is becoming scarce over time there will be a decline in rice
areas and rice ecosystems are to be gradually shifted to others. At the same time
promotion of fodder and animal husbandry along with poultry will indicate a better
balance of sustainability in agriculture and welcome the way for greater organic
interventions and internal resources in input use pattern (Ortmann and Machethe
2003; Zheng et al. 2014). This in conjunction with mixed farming becomes
important very much because in the light of greater use of farm supported energetic
in crop production and cutting down of fossil fuel use in manufacture of inputs
(Figs. 4.4 and 4.5).

Domestic waste water if at all used to support and get a harvest out of a homestead
garden can contribute to the awareness of the value of water and its rational use. The
models of agriculture supported by mixed cropping and animal husbandry is not
only climate friendly but also it creates man-days and takes care of farm employment
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which also contributes to sustainability in a greater way (Magdoff 2007). Conser-
vation tillage will be an important strategy to combat the climate change also. It not
only means less fossil fuel spent on the mechanical operations on part of the farmer
or enterprise, it also means less compaction of the farm lands due to lessened burden

Fig. 4.4 Intensified farming through utilization of banks of pond for vegetable cultivation

Fig. 4.5 Vegetable cultivation in the bunds of rice field
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of traffic. Further opening the entire land by cultivators more carbon from below the
surface gets oxidised and escapes in the atmosphere. Less compaction also results in
more biological tillage by worms and less disturbed micro-flora and drives the
system towards sustainability. Organic residue of rice is normally burned in many
areas which promotes carbon emissions. Organic residues of the crop when incor-
porated it helps to attain the soil quality and water balance improvements that are
needed to realise the benefits which offer resilience to climate change.

Different types of livelihood assets (physical, financial, social, human and natural
capital) form the basis for households’ choices of livelihood strategies, including
agricultural practices, which in turn influence their food security status and level of
well-being. We find empirical evidence that land (natural capital) and household
asset and ownership (physical capital) are positively linked to household food
security levels. Relevant information available, their integration, capacity building
allows further receptivity and makes education (human capital) is closely associated
with adaptation by the vulnerable households. The results also show that households
that diversify what they choose to produce, as well as to sell, are pursuing key
livelihood strategies that make them more food secure, and more able to take up new
agricultural practices to deal with changing circumstances.

To bridge the gap between science and field application, there is a need for
‘translators’ of climate information to assist communities and planners to understand
the implications of results for their immediate planning decisions. Enhanced com-
munication between producers and users of climate science is clearly a requirement.
New climatological information that is too coarse in resolution for application to
crop decision-making must be downscaled for use at the field decision-making level.
Developing tools and documents for mainstreaming climate information to agricul-
tural decision making, with the building of a large-scale system of support for the
operational use of seasonal climate information for the countries are needed. It will
be important to devise best practices for integrating local knowledge with scientific
knowledge in the formulation of adaptation strategies. While local knowledge has
much to offer in terms of informing adaptation strategies, combining the two has
proven challenging to date. Participatory mechanisms for bringing farmers together
to disseminate expert knowledge and weather information are necessary. Active
collaboration between climate forecasters, agrometeorologists, agricultural research
and extension agencies in developing appropriate products for farming communities
is essential.

In India, considering the importance of climate resilient agriculture, National
Initiative on Climate Resilient Agriculture (NICRA) was launched in the year 2011
by Indian Council of Agricultural Research (ICAR) with the funding from Ministry
of Agriculture, Government of India. The mega project has three major objectives of
strategic research, technology demonstrations and capacity building (ICAR 2016).
Under strategic research, assessment of the impact of climate change simultaneous
with formulation of adaptive strategies is the main approach. The climate resilient
agricultural technologies aim at increasing farm production and productivity and
managing natural resource in a better way. The objectives of NICRA are to enhance
the resilience of Indian agriculture covering crops, livestock and fisheries to climatic
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variability and climate change through development and application of improved
production and risk management technologies; to demonstrate site specific technol-
ogy packages on farmers’ fields for adapting to current climate risks and to enhance
the capacity of scientists and other stakeholders in climate resilient agricultural
research and its application. Presently the technology demonstration component is
going on in 100 vulnerable villages through Krishi Vigyan Kendra i.e., Farmers’
Scientific Centre (Figs. 4.6 and 4.7).

Under NICRA, the village level interventions towards climate resilient agricul-
ture are as follows:

(a) Maintaining soil health: Resilience of crop production under changing climate is
mainly dependent on soil health. A number of interventions are made to build
soil carbon, control soil loss due to erosion and enhance water holding capacity
of soils, all of which build resilience in soil. Improved methods of fertilizer
application should be practiced matching with crop requirement to reduce
nitrous oxide emission.

(b) Adapted cultivars and cropping systems: Improved, early duration drought, heat
and flood tolerant varieties should be adopted as per climatic situation of a
village. Crops and varieties should be chosen in such a way that optimum yields
can be achieved despite climatic stresses.

(c) Agromet Advisory service system: Village level weather based agro advisories
and contingency crop planning should be prepared on regular basis.

(d) Rainwater harvesting and recycling rainwater: Rainwater harvesting and
recycling through farm ponds, restoration of old ponds in dryland/rainfed
areas, percolation ponds for recharging of open wells, bore wells and injection
wells for recharging ground water are taken up for enhancing farm level water
storage.

(e) Water saving technologies: Deficit irrigation, water saving technologies like
direct seeded rice, zero tillage and other resource conservation practices should
be introduced at drought prone villages.

(f) Livestock and fishery interventions: Use of community lands for fodder produc-
tion during droughts/floods, improved fodder/feed storage methods, feed sup-
plements, micronutrient use to enhance adaptation to heat stress, vaccination,
improved shelters for reducing heat/cold stress in livestock, management of fish
ponds/tanks during water scarcity and excess water are some key interventions in
livestock/fishery sector.

(g) Formation of cooperative and Institutional interventions: Seed bank, fodder
bank, commodity groups, custom hiring centre, collective marketing, introduc-
tion of weather index based insurance and climate literacy through a village level
weather station should be introduced to ensure effective adaptation of all other
interventions.
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Fig. 4.7 Farmers-scientists interaction program in one vulnerable village

Fig. 4.6 Farmers’ Awareness Program for technology demonstration
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4.9 Conclusion

The coastal zone is the most vulnerable region due to climate change. The climate
resilient agriculture operation must be implemented for the sustainable development
of agricultural system in the coastal area. In the early phase, the major focus should
be on assessing vulnerabilities and identifying adaptation options for coastal eco-
systems. Designing optimum adaptation strategies are extremely difficult due to its
multidisciplinary nature and multi-sector, multi-stakeholder interests. Successful
implementation of farm level climate resilient agriculture depends on how different
stakeholders play their roles. There are many stakeholders at various levels like
national, regional and international organizations, dealing with various elements of
climate change adaptation. Additionally, various NGOs operating at regional levels
should be involved in community-based interventions to improve the livelihoods of
farmers, water and food security. In the coastal zone of developing countries, major
emphasis should be given on poverty reduction and disaster mitigation.
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Chapter 5
Methanogenesis and Methane Emission
in Rice / Paddy Fields

N. K. Singh, D. B. Patel, and G. D. Khalekar

Abstract Rice fields are a major source of atmospheric methane (CH4), a green-
house gas. CH4 emissions from wetland rice fields represents globally 15–20% of
the annual anthropogenic CH4 emissions, and about 4% of the global CH4 emis-
sions. Methane emission from rice cultivation may increase from the 1990 level of
97 Tg/year to 145 Tg/year by 2025 due to the increase in acreage and intensification
of paddy cultivation. Here we review the role of anaerobic methanogenic bacteria in
methane emission. We discuss the factors that influence methane emissions from rice
fields, such as water regime, cropping season, soil temperature, fertilizer application,
soil physico-chemical properties, crop cultivation, agricultural practices, soil type,
soil profile and crop management practices. These practices control soil bacterial
communities. Other influencing factors include intercultural operations such as
ploughing, puddling and frequent mixing of soil during the paddy field preparation.
Methane emission from paddy field follows a seasonal pattern of variation due to
influence of climatic factors like temperature, sunlight, and precipitation. Algae,
microphytes, macrophytes and anoxygenic photosynthetic bacteria significantly
reduce CH4 emissions when they grow actively under illuminated condition. Meth-
ane emission is limited by alternate flooding-drying; cultivars with few unproductive
tillers, small root system, high oxidative ability, and high harvest index; excessive
application of organic amendments; application of potassium, biochar, nitrate,
sulfate and ferric iron; and urease and nitrification inhibitors.
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5.1 Introduction

Methane, the second most important greenhouse gas after CO2 in the atmosphere, is
increasing at an average rate of 0.8% per annum (Prinn 1995). Since pre-industrial
era, the atmospheric methane concentration has increased almost three fold (Keppler
et al. 2006; Zou et al. 2005). The tropospheric CH4 concentration (1.8 ppmV),
although very low as compared to CO2 (357 ppmV), accounts for about 15–20%
to global warming (IPCC 1996; Schimel 2000). About 1 kg of atmospheric methane
is considered 21 times more destructive to the radiation balance (Denier van der Gon
et al. 2002) and has 23 times greater global warming potential on mass balance basis
(Towprayoon et al. 2005) than does an equal amount of CO2 when released into the
atmosphere. The greater global warming potential of methane may be due to its high
absorption potential for the infrared radiations.

Nearly 70% (550 Tg y�1) of the total methane emission has anthropogenic origin
(Hattori et al. 2001; Sass and Fisher 1994; Zou et al. 2005). Global estimates of
emission rates from wetland rice fields range from 60 to 150 Tg year�1 (Aulakh
et al. 2000). More recent findings estimate the global CH4 emission from rice fields
to be 25.6 Tg y�1, accounting for about 4% of the total global CH4 emission (IPCC
2007; Yan et al. 2009). However, methane emission from rice cultivation may
increase from the 1990 level of 97–145 Tg y�1 by 2025 (Anastasi et al. 1992).
The flooded paddy fields represent a unique anoxic environment where
methanogenic archaea produce methane in the terminal step of anaerobic microbial
decomposition of organic material.

Paddy is grown over more than 150 million hectares of land and is consumed
more than any other cereal globally (Bloom and Swisher 2010). The rice producing
area across the globe has expanded in the past from 116 million hectares in 1961 to
153 million hectares in 2004 in order to fulfil the food demand of growing popula-
tion (IRRI 2006). Table 5.1 represents the rice cultivation area under main geo-
graphical regions and countries (FAOSTAT Database 2008). Nevertheless, rice
cultivation has to be intensified in order to support the booming human population
and to meet the increasing food demand; especially in the tropical and subtropical
regions. Such intensification will require increased fertilizer dose which may exac-
erbate the methane problem from this anoxic agroecosystem. This may lead to
further intensification of CH4 emission and increased concern among policy makers
(Dubey 2001; Inubushi et al. 2001; Neue and Roger 2000). Although, microbiology
of flooded rice field has been reviewed by few workers (Kimura 2000; Liesack et al.
2000), the present article tries to focus on the factors that influence CH4 production
and emission from paddy fields. A broader knowledge of the factors affecting CH4

emissions from rice fields is essential so that feasible and cost-effective technologies
and methods can be developed in order to mitigate CH4 emissions from paddy fields
without affecting the productivity.
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5.2 Mechanism of Methane Production in Paddy Fields

The methanogenic archaea responsible for methane production may be obligate
chemolithotrophic or quasi-chemolithotrophic or methylotrophic, transform organic
carbon into methane, and perform better under anaerobic conditions (Bloom and
Swisher 2010). Crop residues and exudates from previous crops and rice plants
accumulated in the soil and during prolonged inundation get decomposed and act as
main substrates for methanogenesis (Naser et al. 2007). Firstly, the hydrolytic
microorganisms convert the complex organic molecules into monomers and oligo-
mers. The cellulolytic and saccharolytic organisms then ferment the above com-
pounds and lead to production of various organic acids, alcohols, H2, and CO2;

Table 5.1 Major rice growing geographical regions and countries

Country and geographical
region

Area
(000 ha)

Country and geographical
region

Area
(000 ha)

World 156,688 Egypt 668

Asia 140,036 Tanzania 665

Africa 9386 Malaysia 660

South America 4806 Iran 630

N&C America 1826 Sierra Leone 630

Europe 606 Korea, DPR 575

Oceania (including Australia) 27 Congo, Dem Rep 418

India 44,000 Mali 377

China 29,230 Colombia 360

Indonesia 12,166 Côte d’Ivoire 345

Bangladesh 11,200 Peru 339

Thailand 10,360 Ecuador 325

Myanmar 8200 Italy 233

Vietnam 7305 Mozambique 204

Philippines 4250 Uruguay 180

Nigeria 3000 Argentina 164

Brazil 2901 Russia 163

Pakistan 2600 Cuba 160

Cambodia 2542 Venezuela 160

Japan 1678 Bolivia 145

Nepal 1440 Dominican Rep 145

Madagascar 1300 Panama 130

USA 1112 Liberia 120

Korea, Rep 950 Ghana 120

Laos 820 Uganda 119

Sri Lanka 796 Guyana 105

Guinea 789 Spain 102

Source: FAOSTAT Database 2008. FAO, Rome. 22 Sep 2008. http://beta.irri.org/solutions/index.
php?option¼com_content&task¼view&id¼250
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whereas, homoacetogenenic bacteria exclusively convert simple sugars to acetate
and syntrophic bacteria convert organic acids/alcohols to acetate, H2, and CO2.
Lastly, the anaerobic acetoclastic methanogenic archaea convert acetate to CH4

and CO2. However, the sulfate and iron reducing bacterial populations in presence
of sulfate or ferric iron compete with the methanogenic archaea for reducing
equivalents and convert CH4 to CO2 (Chidthaisong and Conrad 2000). The methane
thus produced in the paddy fields gets released into the atmosphere (Fig. 5.1).

5.3 Factors Affecting CH4 Production and Emission from
Paddy Fields

The important variables that affect CH4 production and emission from paddy fields
include climatic factors; physical, chemical and biochemical properties of soil;
temperature; water management; rice cultivar; application of manure, fertilizers,
urease and nitrification inhibitors and other organic carbon or nitrogen sources
(Aulakh et al. 2001; Neue and Roger 2000). These variables affect one or more of
the principal processes of CH4 production, its transport and oxidation; which control

Fig. 5.1 Schematic diagram of methane production, oxidation and emission from paddy field [Note
the oxidation of root exudates in the vicinity of rhizosphere and in the oxic layer prevailing at the
soil water interface. Reduction of organic matter originating from the leached down root exudates,
rice straw, and other sources takes place due to the presence of various microorganisms in the
anoxic layer of the lowland paddy field ecosystem]
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CH4 emission from paddy fields. However, production, transport and oxidation of
CH4 are the result of a large number of complex processes that operate on micro-
scopic scale, which ultimately control the CH4 flux form rice fields to the atmo-
sphere. Since the first study on methane production from paddy field in 1981
(Cicerone and Shetter 1981), a large number of experiments have been conducted
in the last three decades, the results of which are of tremendous importance in
understanding of the complexity of processes which control and affect methane
emission from paddy fields (Table 5.2).

5.3.1 Influence of Soil Properties

Soils from different location may differ in their physical, chemical and biochemical
properties like, soil texture and structure, aeration, porosity, density, dynamic water
content, water holding capacity, clay percent, mineral content and their availability,
nutrient and organic matter status; all of which may affect the soil bacterial commu-
nity and CH4 production, oxidation and transport. Apart from carbon supply and
water regime, soil conditions responsible for higher methane production in wetland
paddy soils are temperature, texture and mineralogy, Eh/PH buffer, and salinity
(Neue and Roger 2000). The CH4 emission rates also differ markedly with the soil
type (Yagi and Minami 1990).

5.3.1.1 Soil Type

Soil type is a complex factor, influenced by soil organic matter, decomposition of
organic fertilizer, soil pH, Eh and sand percentage. It has been reported that soil type
and management practice largely determine the structure of bacterial communities
(Clegg et al. 2003). Wang et al. (2010) investigated the community structures of
methanogenic archaea by polymerase chain reaction-denaturing gradient gel elec-
trophoresis (PCR-DGGE), sequencing and real-time PCR and concluded that the
methanogenic community structure was influenced by the soil types and sampling
locations. Ramakrishnan et al. (2001) also showed differences in the methanogenic
archaeal communities in rice soils among distinct geographical regions. The
methanogenic archaeal communities in paddy field soils were reported stable
throughout the year and were slightly influenced by the sampling period and
fertilization; but distinctly influenced by the soil type and sampling region
(Watanabe et al. 2006). Above findings suggest that soil type is known to affect
the methanogenic communities and it is the methanogens which affect the methane
production. However, Sass and Fisher (1992) reported a clear inverse relation of the
seasonal CH4 emissions in Texas with that of the soil clay content.
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Table 5.2 Factors affecting bacterial methane emission from paddy fields

Factors Impact References

Season Seasonal pattern Emission records from paddy
field show a distinct seasonal
pattern: an early flush of CH4

before transplanting, an
increasing trend in emission
rates reaching maximum
toward grain ripening, and a
second flush after water is
withdrawn prior to
harvesting

Corton et al. (2000)

Cultivars Biomass The cultivar producing
higher biomass (Pusa
Basmati) show higher CH4

emissions than the cultivar
producing comparatively
lower biomass (IR72)

Jain et al. (2000)

Sowing
method

direct seeding The practice of direct seeding
instead of transplanting result
in 16–54% reduction in CH4

emission

Corton et al. (2000)

Presence of
other
organisms

Indigenous phototrophs Methanogenesis in paddy
soil occurs in the soil-
floodwater interface if plant
residues like rice straw exist.
However, such
methanogenesis is likely to
be suppressed by the growth
of indigenous phototrophs
under illumination

Harada et al. (2005)

Azolla Growing Azolla at the soil-
floodwater interface in low-
land rice filed exert a moder-
ating effect on the CH4 flux
by increasing the dissolved
oxygen concentration

Bharati et al. (2000)

Fertilizers NH4
+ containing N

fertilizers
Such N fertilizers often result
in increased CH4 emission
either by stimulation of plant
growth and methanogenic
activity or inhibition of
methane-oxidizing activity

Kruger and Frenzel
(2003)

Urea Seasonal flux of CH4

increased by 94% following
application of urea
@120KgNha�1

Adhya et al. (2000)

Phosphorus Low phosphate supply to rice
plants result in the enhance-
ment of CH4 emission
whereas application of P

Adhya et al. (1998),
Conrad et al. (2000),
Lu et al. (1999)

(continued)
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Table 5.2 (continued)

Factors Impact References

inhibit acetotrophic
methanogenesis. Application
of phosphorus as single
superphosphate (SSP)
inhibits CH4 emission from
flooded rice planted plot

Phosphogypsum Phosphogypsum reduce CH4

emission by 72% when
applied in combination with
urea fertilizer

Corton et al. (2000)

Muriate of potash (K2O) Application of potassium
@30 kg K ha � 1 (through
muriate of potash) in paddy
field show 49% reduction in
CH4 emission as compared to
control plots (without K
application). Potassium fer-
tilizers act by preventing
reduction of redox potential,
decrease the content of
reducing substances and Fe2

+

content in the rhizosphere,
inhibit methanogenic bacte-
ria, stimulate methanotrophic
bacterial population, and
produce higher plant biomass
and grain yield.

Jagadeesh Babu
et al. (2006)

Sulfate Presence of sulfate sup-
presses CH4 formation

Saenjan and Wada
(1990)

Incorporation of ammonium
sulfate as N fertilizer in place
of urea results in 25–36%
reduction in CH4 emissions

Corton et al. (2000)

One mol of SO2
�4 is needed

by sulfate reducing bacteria
to inhibit the production of
one mol of CH4. The cost of
SO2

�4-containing fertilizer
as a mitigation option to
reduce CH4 emissions in rice
fields is estimated at 5–10 US
dollar per Mg CO2-
equivalent

Denier van der Gon
et al. (2001)

Slag silicate Application of slag silicate
fertilizer (@ 4 Mgha�1) in
tillage and no-tillage plots,
reduced the total seasonal
CH4 flux by about 20% and
36%, respectively, while

Ali et al. (2009)

(continued)
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Table 5.2 (continued)

Factors Impact References

grain yields increased by
about 18% and 13%,
respectively

Nitrate, ferric iron, and
sulfate

Reductions of nitrate, ferric
iron, and sulfate play impor-
tant roles in the mineraliza-
tion process, especially
during the early phase of
flooding of rice fields when
nitrate, ferric iron, and sulfate
have not been completely
depleted

Yao et al. (1999)

Organic
amendments

Sesbania, Azolla and
compost

Application of Sesbania,
Azolla and compost result in
emission of 132, 65 and
68 kg CH4 ha

�1 in the wet
season while pure urea
application result in 42 Kg
CH4 ha

�1

Adhya et al. (2000)

Rice straw Addition of rice straw com-
post increase CH4 emission
by only 23–30% as compared
to 162–250% increase in
emissions with the use of
fresh rice straw

Corton et al. (2000)

Rice straw stimulated the
immediate accumulation of
fermentation products during
the incubation period. In the
detected organic acids, ace-
tate was in most abundance
during the decomposition of
rice straw, whereas propio-
nate showed the lowest
concentration

He et al. (2008)

Propionate is an important
intermediate among fermen-
tation products following
acetate in paddy field receiv-
ing high amount of paddy
straw

Glissmann and
Conrad (2000)

Application of comparatively
higher carbon substrate stim-
ulate the growth of dsrAB
[dissimilatory (bi)sulfite
reductase genes]-containing
sulfate-reducing prokaryotes.
Sulfate is not the limiting
factor to growth of sulfate-

Hadas and Pinkas
(1995), He et al.
(2008), Oude
Elferink et al. (1994)

(continued)
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Table 5.2 (continued)

Factors Impact References

reducing prokaryotes and
these bacteria can survive by
fermentation in syntrophic
interaction with methanogens
under low-sulfate condition

Organic carbon Application of organic car-
bon into freshwater wetlands
stimulates sulfate reduction,
production of organic acids,
and CH4 emission

Feng and Hsieh
(1998), Glissmann
and Conrad (2000)

Biochar Almost complete suppression
of CH4 emissions in biochar
(ground to <1 mm) amended
soils (@20 g Kg�1) has been
reported in the Eastern
Colombian Plains

Rondon et al. (2005)

Soil amendment with high
dose of bamboo char and
straw char reduce CH4 emis-
sions from the paddy field
respectively by 51.1% and
91.2% compared to control
(without biochar)

Liu et al. (2011)

C/N ratio of organic
amendments

Soil amendment with organic
products like animal manure,
rice straw, compost, and
green manure having C/N
ratio of 100, 51, 12, and
10 kg C (kg N)�1 respec-
tively show that amendment
having least C/N ration
(green manure) is most
desirable due to their role in
increased grain yield and
comparatively less contribu-
tion to increased CH4

emissions

Matthews et al.
(2000)

Water
management

Drainage Midseason drainage reduces
CH4 emission by 43% which
can be explained by the
influx of oxygen into the soil

Corton et al. (2000)

The mean CH4 flux from
permanently flooded rice
fields in fallow season is
about 5–6 times higher than
that from the rice fields
drained intermittently during
rice season

Xu et al. (2000)

(continued)
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Table 5.2 (continued)

Factors Impact References

Drainage of rice fields in the
fallow season reduces annual
total CH4 emission by
56–59%

Jiang et al. (2006)

Drainage in the fallow season
reduce CH4 emission during
rice growing season by
13–42% and annual total
CH4 emission by 48–68%

Cai et al. (2003)

The rate of CH4 production
in the paddy soil and in rice
roots during the rice growing
season are respectively
42–61 and 56% lower in the
flooded condition than in
drained rice field

Zhang et al. (2011)

Keeping soils drained as
much as possible during
winter seems to be a feasible
option to reduce CH4 emis-
sions during the following
rice growing seasons

Kang et al. (2002)

Intermittent irrigation Mean CH4 emission rate
during the 4 year period
amount to 25.57 and
18.33 kg ha�1 respectively
under intermittent and con-
tinuous flooding showing a
reduction of 28% by
adopting the practice of
intermittent irrigation over
continuous flooding. How-
ever, this reduction is
accompanied with a slight
reduction (3.2%) in grain
yields

Jain et al. (2000)

Water regimes and
aeration

In comparison to local prac-
tice of normal aeration, early
aeration reduce CH4 emis-
sion by 13.3–16.2% and
increase N2O emission by
19.1–68.8% while delayed
aeration reduce N2O emis-
sion by 6.8–26.0% and
increase CH4 emission by
22.1–47.3%

Li et al. (2011)

Nitrification
inhibitor

Dicyandiamide Dicyandiamide (@ 30 Kg
ha-1) reduce CH4 emission
by 13%

Adhya et al. (2000)

(continued)

144 N. K. Singh et al.



Sandy soils having high organic carbon are reported to produce more methane
than clay soils with similar organic carbon content (Yao et al. 1999). Among the
three soil types tested, peaty soil showed highest emission rate followed by the
alluvial and the Andosol. Higher percolation rates of soil indirectly result in low
emissions of CH4 from paddy fields (Inubushi et al. 1992; Jain et al. 2000).
Moreover, leached sandy soil in China also resulted in lower emissions from the
paddy fields (Mingxing and Jing 2002). Aggregate size of soil is supposed to affect
CH4 uptake and its oxidation in soil. At high CH4 concentrations (16.5% v/v), the
uptake rate of CH4 and O2 linearly decreased with aggregate size of soil between
2 and 10 mm. However, at low CH4 concentration, CH4 (1.8 ppmv) was consumed
in soil aggregates <6 mm but soil aggregates >6 mm released CH4 into the atmo-
sphere. The atmospheric CH4 uptake rate also increased threefold when the loamy
soil was amended with sterile quartz sand (Jackel et al. 2001). High percolation rate
and frequent water replenishment may result in constant inflow of oxygen and
downward discharge of methanogenic substrate into the soil, and therefore, low
methane production and emission.

Table 5.2 (continued)

Factors Impact References

Nimin Nimin (@ 1% of urea-N)
increase CH4 flux by 9.6%
over that of urea

Adhya et al. (2000)

Calcium carbide and
nitrapyrin

Calcium carbide and
nitrapyrin inhibit CH4 emis-
sion from flooded soil
planted to rice besides con-
trolling N losses

Bronson and Mosier
(1991),
Keerthisinghe et al.
(1993)

Sodium azide,
dicyandiamide, pyridine,
aminopurine, ammonium
thiosulfate, thiourea

These compounds act as
nitrification inhibitor, prevent
nitrogen loss, and suppress
rapid release of methane
from paddy fields. The nitri-
fication inhibitor-based inhi-
bition of CH4 production
follows the order: sodium
azide > dicyandiamide >
pyridine > aminopurine >
ammonium thiosulfate >
Thiourea

Bharati et al. (2000)

Organic ammendments Application of Sesbania,
Azolla and compost respec-
tively result in emission of
about 132, 65 and 68 kg CH4

ha�1 in the wet season while
pure urea application result in
42 KgCH4 ha

�1

Adhya et al. (2000)
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5.3.1.2 Water Holding Capacity

Water holding capacity of soil depends upon the soil type, especially texture and is
known to influence the soil microflora and hence the process of methanogenesis. Soil
water affects the seasonal variation pattern of CH4 flux and soil redox potential. The
higher the soil water content, the quicker soil Eh declined and the earlier CH4

emission initiated after rice transplantation (Xu et al. 2003). The CH4 emission
rates from paddy fields increased until the water content reached to about 75–82%
of water holding capacity (Jackel et al. 2001). However, Yang and Chang (1998)
observed a increase in methane production with water content of soil with a
maximum at 66.7% water. There was a positive linear correlation between total
methane production and water content of soil from 16.7% to 66.7%. The water-
history-induced change of soil organic C content may affect the soil reduction rate,
and then CH4 production and emission within the rice-growing season (Xu et al.
2003). At 68% of water holding capacity, maximum CH4 oxidation was observed
with biphasic kinetics. It is worthwhile to mention that activity with low Km allows
oxidation of atmospheric CH4. However, when the soil moisture reduced below
20%, the soil turned from net uptake to net release of atmospheric CH4 (Jackel et al.
2001). They showed that the methanotrophic microorganisms get inactivated at an
earlier stage of drainage than the methanogenic microorganisms. Hence, it is
unlikely that the rice fields can act as a net sink for atmospheric CH4 even when
drained.

5.3.1.3 pH of Soil

Soil pH has been regarded as one of the most important factor in determining soil
bacterial community structure (Fierer and Jackson 2006; He et al. 2008). The
optimal pH for several species of methanogens is near neutral i.e., between 6.4
and 7.1 (Liu and Wu 2004) and a soil pH less than 6.0 may inhibit the growth of
methanogens (Wang et al. 1993). The relationship between the pH and the methane
production rate can be described by a parabolic curve (Liu and Wu 2004). The
correlation coefficient between methane emission rate and water pH was recorded
less than 0.25, and between methane emission rate and soil pH it was less than 0.30
(Yang and Chang 1999). The DGGE banding patterns of 16S rDNA PCR products
of methanogens from two black calcareous soil samples (BC-I, BC-II) of NE China
were different from those in the other soil samples (Wang et al. 2010). These two soil
samples were collected from soils having pH > 8.0, which was comparatively higher
than the soil pH of the other samples. Therefore, it is likely that soil pH might be a
factor influencing the methanogenic archaeal community.
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5.3.1.4 Redox Potential

The methanogenic archaea are obligate anaerobe, need low redox potential (less than
– 0.33 V) for their growth, and are known to survive in paddy field soil even under
drained conditions. These bacteria can metabolize only in strictly anaerobic envi-
ronments and the Eh must be below �200 mV to cause significant CH4 production
(Kludze et al. 1993; Yamane and Sato 1964). The correlation coefficient between
methane emission rate and soil redox potential was less than 0.35 (Yang and Chang
1999). The flooding leads to a low redox potential, establishes an anaerobic soil
environment for the mathanogens, and increases the rate of CH4 production
(Sebacher et al. 1986). Most of the Asian paddy fields are flooded during rice
cultivation period in summer and remain under fallow or cropped with wheat or
barley under drained condition in winter. This may be a reason for prevalence of a
wide seasonal variation in redox potentials (+0.6 to �0.3 V) of paddy field soils
(Takai and Kamura 1966). Therefore, the archaeal community structure from
drained soil did not reflect the methane flux from paddy fields under flooded
conditions (Yagi and Minami 1990); and the communities of methanogenic archaea
determined in such case may not correspond to the active populations of
methanogenic archaea in paddy field soil (Watanabe et al. 2007). Soils containing
higher amounts of readily decomposable organic substrates (acetate, formate, meth-
anol, methylated amines, etc.) and low amounts of electron acceptors (NO3

�, Fe3+,
Mn4+, and SO4

2�) are likely to show high amount of CH4 production. During
oxidation–reduction reaction O2 is the first to get reduced at an Eh of about
+30 mV; followed sequentially by NO3

� and Mn4+ at 250 mV, Fe3+ at +125 mV
and SO4

2� at �150 mV (Patrick 1981). Re-flooding of drained soils require longer
duration to sufficiently lower the soils redox potential (Eh), and hence, CH4 pro-
duction and fluxes is delayed in more oxidized soil, which increase only slowly after
transplanting of seedlings (Xu 2001). However, if flooding is continued between two
rice cropping seasons, Eh of the soil remains low and CH4 production and its fluxes
starts immediately after rice transplanting.

5.3.2 Spatial Variation with Soil Depth

Flooded rice fields are characterized by O2 and nutrition gradients and hence,
different physical–chemical characteristics of the soil profile. Ratering and Schnell
(2000) reported highest concentrations of oxygen at the surface and a depletion of its
level below 3 mm depth. They observed zero CH4 production at the soil surface but
an increased with the depth. However, in soil below 4 mm depth where iron(III)
concentrations decreased, higher methane production rates were recorded. Wang
et al. (1997) observed a significant decrease in kinetic parameters: Vmax and Km
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from top to bottom in the paddy rice soil profile, ranging from 12.5 to 1.2 μg h�1 g�1

and 165 to 4.1 μg g�1, respectively. Oxygen gradient affect the diversity and
succession of bacterial community structure in paddy soil (Noll et al. 2005). Only
a slight change in soil depth affects the relative abundance of the hydrogenotrophic
Methanomicrobiales or RC-I relative to the acetoclastic Methanosaetaceae (Wu et al.
2009). The diversity and composition of bacterial communities in different habitats
of paddy field such as floodwater, plow-layer soil, rice straw and its compost
incorporated in soil differed considerably (Asakawa and Kimura 2008; Nakayama
et al. 2006; Okabe et al. 2000). The relative abundance of methanogenic bacterial
population composition was also different in the rhizosphere than the bulk soils
(Kruger et al. 2005). Therefore, it is quite clear that spatial variation in the soil profile
influence the structure of methanogenic community and hence the process of
methanogenesis in rice soil. However, due to ploughing, puddling and the frequent
mixing of soil during the field preparation for planting, the effect of soil profile may
not be always observed.

5.3.3 Seasonal Variations in Methane Emissions

Methane emissions from paddy fields follow a seasonal pattern of variations
depending upon the availability of moisture and an inverse correlation exist
between CH4 emissions and grain yields (Corton et al. 2000). A seasonal variation
of 36.3, 18.4, and 20.1 gm�2 in daily rate of methane emissions has been observed
respectively from flooded paddy field, field planted with weeds, and unplanted
field (Holzapfel-Pschorn et al. 1986). Low solar radiation during pre-anthesis
period result in reduced supply of assimilate to the spikelets which may reduce
the yields and harvest index during wet season whereas, during dry season the
yields and harvest index are comparatively higher (Denier van der Gon et al. 2002).
During wet season sufficient photosynthates are produced but comparatively lower
flowers and spikelets frequency are unable to make use of this carbon for grain
production and therefore result in lower yield. The excess carbon gets into the soil
as rhizodeposition and as leaf litter which serve as raw materials for
methanogenesis and thus higher methane emissions in wet season. Whereas,
much of the carbon during dry season is more effectively used for seeding and
active rice production and hence a lower methane emission and higher rice yield
(Denier van der Gon et al. 2002; Sass et al. 1990). Thus it clear that submerged rice
fields in wet season show increased methanogenesis and lower rice yield harvest
index as compared to the dry season crops or crops obtained with intermittent
irrigation and drainage.
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5.3.4 Climatic Factors

The climatic factors exert a natural selection pressure on the paddy fields microflora
and greatly influence their structural and functional diversity. Temperature, sunlight,
and precipitation are the few climatic factors that mainly affect CH4 emission from
paddy fields either directly or indirectly. These factors affect the growth and activity
of both the microorganisms and the rice plants besides affecting many physical and
chemical processes that occur in the paddy field ecosystems. It affects mineralization
of nutrients, process of methanogenesis, methane oxidation, transport and emission
in the atmosphere. The effect of sunlight on CH4 production and emission is due to
its influence on the temperature and growth of the rice plants. The relation between
solar radiation and grain yield is significant. Daily variations of CH4 flux have
showed good correlation with soil temperature at specific depth in some paddy fields
(Schuetz et al. 1989). Dual cropped paddy fields generally show greater CH4 flux for
late rice than for early rice. Moreover, seasonal variation of CH4 emission is more
coincident with the temperature pattern than early rice. With increase in soil tem-
perature (at 5-cm depth) from 20 to 35 �C in Italy and 18–31 �C in China, methane
emissions measured from rice paddies increased rapidly (Holzapfel-Pschorn et al.
1986; Khalil and Rasmussen 1991).

Elevated methane production and emission in dry season has been related to a
better rice growth and higher solar radiation (Neue and Roger 2000). Moreover,
daily pattern of CH4 emission from paddy field is not controlled by plant metabo-
lism, as proved by cutting rice shoots above the water level (Neue et al. 1992).
However, precipitation seems to play a more important role on CH4 emission
because the hydrological condition of the field changes significantly in different
years at different places.

5.3.4.1 Temperature

Sensitivity analysis reveals temperature as the most important parameter governing
the activity of methanogens and methane emission rate (Chin and Conrad 1995; Liu
and Wu 2004). Temperature is positively correlated with both diurnal and seasonal
variations in CH4 flux (Schutz et al. 1989). 30–40 �C is regarded as the optimal
temperature for the activity of majority of the methanogens (Neue and Scharpenseel
1984). CH4 production gets doubled as the temperature increased from 20 to 25 �C
and raising of temperature by 10 �C in the temperature range of 15–30 �C increases
the methane production rate by a factor of 2.5–3.5 (Schutz et al. 1989). The
methanogenic bacterial population level increase as soil temperature rise gradu-
ally. Some studies have correlated variations in soil temperature to CH4 emission
during growing season (Schutz et al. 1989; Yagi and Minami 1990). Three
seasonal maxima for methanogenesis have been reported- the first shortly after
flooding, second during vegetative stage of rice plants, and third during the grain
filling and maturation stage. Continuously flooded paddy field with N-application
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through urea showed significant positive correlation of CH4 emission with soil
temperature (R2 ¼ 0.281, p < 0.05) and variation of CH4 flux with population of
methanogens (R2 ¼ 0.82, p < 0.05) (Yue et al. 2005).

Reduction of incubation temperature of methanogenic rice soil from 30 to 15 �C
reduced the CH4 production rate and changes the degradation pathway of organic
matter. Lower temperature decreases the steady-state partial pressure of H2 and lead
to transient accumulation of acetate, propionate, caproate, lactate, and isopropanol
(Chin and Conrad 1995). At reduced temperature, acetate become increasingly more
important methanogenic precursor and allow proliferation of fast growing
acetoclastic Methanosarcinaceae, while low acetate concentrations at higher tem-
peratures favours slow-growing but the better-adapted Methanosaetaceae (Chin
et al. 1999; Fey and Conrad 2000). Incubation of anoxic rice field soils at 30 �C
for 1 week showed abundance of Crenarchaeota whereas; relative abundance of
Methanosarcinaceae further increased when the soil was incubated for another
2 weeks (Chin et al. 1999). Brief incubation rice field soil at 50 �C resulted in a
pronounced inhibition of acetoclastic methanogenesis, but only in a relatively small
group of acetoclastic methanogenic populations (Wu et al. 2001). However, Fey
et al. (2001) showed that prolonged incubation at 50 �C caused a drastic change in
the methanogenic microbial community and resulted in the dominance of Rice
cluster I methanogens and production of CH4 exclusively from H2/CO2.

5.3.4.2 Illumination

The closed chamber method showed practically no or only minor effects of illumi-
nation on CH4 emissions when rice straw was either not applied or was incorporated
in the soil. However, when the rice straw was surface-applied, illumination signif-
icantly reduced CH4 emissions (Harada et al. 2005). Further, the amount of
methanogenesis in the rice straw incubated under light was significantly lower
than that incubated in the dark. Earlier, Yang and Chang (1998) reported suppressive
effects of light exposure on CH4 emission from soil slurries was due to the growth of
algae in water, which reduced the CH4 emission from paddy field. Actively growing
Azolla was also reported to exert moderating effect on CH4 flux from flooded soil by
increasing the dissolved oxygen concentration at the soil-floodwater interface
(Bharati et al. 2000). Earlier, Yang and Chang (1998) reported that suppressive
effects of light exposure on CH4 emission from soil slurries was due to the growth of
algae in water, which reduced the CH4 emission from paddy field. Actively growing
Azolla was also reported to exert moderating effect on CH4 flux from flooded soil by
increasing the dissolved oxygen concentration at the soil-floodwater interface
(Bharati et al. 2000). Methanogenesis in fact occurs even in the soil-floodwater
interface in the presence of plant residues like rice straw. However, under such
condition, methanogenesis is suppressed by the growth of indigenous phototrophs
(algae, microphytes, macrophytes and anoxygenic photosynthetic bacteria) growing
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actively under illuminated condition. They increase the dissolved oxygen status of
soil and thus play an important role in controlling CH4 emission from rice paddies by
suppressing the activity of methanogenic archaea and stimulating the
methanotrophic microorganisms.

5.3.4.3 Water Regime

Wang et al. (2000) compared three different water regimes: local practice (drying of
fields at 50–68 DAT and at 112–138 DAT); alternate flooding/drying (7 times
drying: 12–16, 25–32, 44–50, 59–64, 73–78, 86–91, and 100–135 DAT); and
continuous flooding (dry only at 32 day before harvest). The practice of alternate
flooding/drying showed least CH4 emission whereas; the local practice of
mid-season drainage reported highest biomass and grain yield. However, the differ-
ence in grain yield was not significant although, it was at par with that of alternate
flooding/drying. Aeration status of soil aggregates is a function of soil moisture. A
comparative view of the rhizosphere of paddy plants grown under different water
regimes like waterlogged, drained soil, and upland rice has been represented in the
Fig. 5.2. Li et al. (2011) compared four different water regimes (early aeration,
normal aeration, delayed aeration, and prolonged aeration) with respect to global
warming potential of CH4 and N2O emissions and rice yields. In comparison to
normal aeration of local practice, early aeration reduced CH4 emission by
13.3–16.2% and increased N2O emission by 19.1–68.8%; while delayed aeration
reduced N2O emission by 6.8–26.0% and increased CH4 emission by 22.1–47.3%.
They reported least emission of CH4 and N2O with prolonged aeration treatment;
however, grain yield got reduced by 15.3% as compared to the normal practice.
Midseason aeration around 1 month after seedling transplantation would optimize
rice yields and may simultaneously limit global warming potential of CH4 and
N2O. Kang et al. (2002) concluded that CH4 emission from rice fields could also
be mitigated by improving soil water regime between rice crops. Therefore,

Fig. 5.2 Rhizospheric regions of paddy plants from (a) waterlogged soil, (b) drained soil, and (c)
upland rice [Note the prolific growth of roots of paddy from lowland rice, more numerous and
thinner roots from drained soil and poor roots growth in case of upland rice. The green coloured
cyanobacterial mats are present on the surface of root zone of paddy plants from lowland; whereas,
it is absent in the case of drained and upland rice plants.]
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preventing water logging, keeping rice fields well-drained and drying soils as much
as possible in the winter would be options to mitigate CH4 fluxes from rice fields.

5.3.5 Intermittent Irrigation

As mentioned earlier, anaerobic condition is a prerequisite for CH4 production in
paddy fields. However, drainage may eliminate this prerequisite and eventually may
reduce CH4 emission (Watanabe et al. 2010; Zhang et al. 2011). In case of perma-
nently flooded field, drainage is effective in preventing CH4 emission not only from
rice fields in the fallow season, but also during the following rice season. The total
CH4 emission from permanently flooded rice fields during the rice season were
reported 1.2–4.8 times that of the rice fields drained in the previous fallow season
(Cai et al. 2000; Kang et al. 2002). Drainage of the paddy field in fallow season
reduced CH4 emission during the rice season by 13–42% and the annual total CH4

emission by 48–68% (Cai et al. 2003; Jiang et al. 2006). However, Zhang et al.
(2011) reported respectively 42–61% and 56% reduction of mean CH4 production
from the rice soil and rice roots during the rice growing season in drained field as
comparison to the flooded field.

The plant photosynthates and decaying rice roots are important carbon sources for
CH4 production (Conrad and Klose 2005; Dannenberg and Conrad 1999). Under
reduced soil water content in the fallow season and the resultant lack of anaerobic
condition, the methane production from paddy fields also gets reduced (Xu et al.
2003). CH4 production rate in rice roots was also significantly lower in drained fields
than in permanently flooded rice fields at four rice growth stages namely; rice
tillering, booting, grain filling and ripening stages. The root exudate and plant debris
(organic carbon) supplied by the rice plants to the soil, especially at the reproductive
and ripening stages play a significant role in second or third peaks of the seasonal
variation of CH4 emission (Wang 2001). During rice growing season, soils in the
paddy plots remain constantly under strong reductive condition, which may increase
the anoxic condition of soils around the rice roots. Under such condition growth and
activity of rice roots would be limited and roots would begin to age and decay
comparatively earlier (Chen et al. 2007; He et al. 2008).

Water-saving practice like alternate wetting and drying brings about changes in
both the community structures and transcriptional activities of methanogenic archaea
(Watanabe et al. 2010). The principal component analysis and sequencing analysis
of 16S rDNA indicated the dominance of members of Methanosarcinales in contin-
uously flooded field and Methanocellales in the field under alternate wetting and
drying. Intermittent irrigation shows a reduction in the number of methanogenic
archaeal community (Yue et al. 2005) due to abundant entry of atmospheric O2 into
the surface layer of submerged paddy soils, while methanotrophic bacteria popula-
tion increase and result in reduced CH4 emission. Hence, more reduced nature of
soils in permanently flooded rice fields than in drained fields over the rice season
leads to greater decomposition rates in permanently flooded rice fields than in
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drained fields, causing higher CH4 production. Therefore, reduction of CH4 produc-
tion in the rice roots in drained fields in the fallow season decreases the CH4

emission to some extent in comparison to that of the permanently flooded rice fields.

5.3.6 Effects of Cultivars on Methanogenesis

Over 80,000 rice cultivars are known throughout the world which varies in genotype
and phenotype (Jia et al. 2002). Lower CH4 emission was observed in the fields of
Sichuan province planted with hybrid rice than that with normal variety (Schuetz
et al. 1989; Wang 2001). A comparison of three temperate rice cultivars reported
higher CH4 fluxes with the cultivars Jingyou (japonica hybrid) and Zhonghua (tall
japonica), whereas CH4 emission from Zhongzhuo (modern japonica) was compar-
atively lower. Among these temperate varieties, Zhongzhuo had the lowest emission
rates and the highest yield (Wang et al. 2000). The differentiation in the CH4

emission potential of different rice cultivars gets reflected only in the second week
after transplanting, when CH4 emission start to increase. Cultivar level variation is
also influenced by the CH4-oxidizing activity of paddy fields. Rice cultivar IR65598
showed comparatively higher CH4 oxidizing activity as compared to the cultivars
IR72 and Chiyonishiki (Wang and Adachi 2000). They observed a significant
difference in the population level of methanogenic bacteria in soil grown
(at booting and ripening stages) and methanotrophic bacterial population in rice
roots (at ripening stage) to different rice cultivars.

Rice plant is supposed to affect CH4 emission due to their influence on the
processes of CH4 production, consumption and transport. With no organic amend-
ment, root exudation and root death (rhizodeposition) contribute about 380 kg C ha
�1 of methanogenic substrate over the season; representing 37% of the total
methanogenic substrate from all sources (Matthews et al. 2000). Additionally,
about 225 kg C ha�1 (22%) is predicted to come from residues from previous
crop. Thus rice crop contribute a sum total of about 59%, while the remaining
41% comes from the humic fraction of the soil organic matter. However, the cultivar
based differences in CH4 emission rates become significant only in the middle and
late growth stages of rice plants, and accordingly, the production of root exudates
varied significantly among the cultivars tested (Wang and Adachi 2000). Significant
positive correlation of root exudates to root dry matter production was also observed
among rice cultivars. The root exudate and plant debris (organic carbon) supplied by
the rice plants to the soil is supposed to be the predominant factor responsible for
peaks in CH4 production during the reproductive and ripening stages of the rice
(Lu et al. 2000; Wang 2001). Various cultivars differ in their ability to produce
biomass due to variation in their morphological, physiological, and biochemical
attributes; which might be one of the reasons for higher CH4 emission potential with
some cultivars. Root morphology and physiology vary significantly among rice
cultivars; hence, different niche conditions may develop around the roots of different
cultivars. Moreover, rice cultivars with few or practically negligible unproductive
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tillers, small root system, high root oxidative activity, and high harvest index are
supposed to be ideal for mitigating CH4 emission in rice fields.

5.3.7 Influence of Readily Mineralizable Organic
Amendments

Excessive application of nitrogen-rich organic amendments may however, supply
available carbon and hence enhances the risk of global warming (Qin et al. 2010;
Win et al. 2010). It is noteworthy to mention that Azolla and a large number of
microalgae grow naturally and are also used for better crop growth and yield (Singh
and Dhar 2011; Singh and Patel 2012). These microphytes besides having high
ptotosynthetic efficiency fix atmospheric nitrogen and serve as a good source of
readily mineralizable nitrogen, phosphates, potash and a large number of
micronutrients including growth factors (Singh and Dhar 2006, 2007). These
cyanobacteria provide multiple benefits, depict a promising multifaceted
bioinoculants in organic farming practices, and are useful pointers for improving
cultivation practices and establishment of plants in inhospitable habitats (Singh et al.
2016a). Although, organic amendments in general enhance CH4 emission, applica-
tion of compost increases CH4 emission comparatively lower than does rice straw
(Yagi and Minami 1990). Applications of fermented organic fertilizers from biogas
generators also produce less CH4 than the fresh manure (Wang et al. 1993).
Amendment with readily mineralizable soil organic matter can affect an immediate
increase in CH4 emission up to 400 mgCH4m

�2 day�1 which gets reduced after
10 days of incubation to below 100 mgCH4m

�2day�1; but remained consistently at a
higher level as compared to the treatments with inorganic fertilizers (Adhya et al.
2000). Fertilizer from biogas pits often contains comparatively less amount of easily
decomposable carbon than the fresh manure (Wang et al. 2000). The organic matter
having high amount of readily mineralizable organic carbon serves as the main
source of fermentation products, which may be driven to CH4 by strict methanogens
in flooded soils and sediments.

Organic amendments with low C/N are supposed more beneficial in terms of
enhancing crop yields and reducing CH4 emissions (Matthews et al. 2000). This may
be due to higher rates of C immobilization into microbial biomass, removing it
temporarily as a methanogenic substrate. Use of biofertilizers and readily utilizable
organic amendments are advocated to sustain crop productivity and soil health
(Singh et al. 2016b). Of animal manure, rice straw, compost, and green manure
having C/N ratio of 100, 51, 12, and 10, respectively; green manure proved most
desirable for soil amendment in paddy fields. This may be due to increase in grain
yield and comparatively less increase in CH4 emissions than rest of the treatments.
However, animal manure appeared to be the worst option in terms of reducing CH4

emissions (Matthews et al. 2000). Seasonal CH4 fluxes (cumulative) from pig
manured plots exceeded over the plots supplemented with ammonium sulfate
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fertilizer by a factor of 15–35 (Wang et al. 2000). The average fluxes observed from
the paddy fields were 139, 31, 102, and 04 mg CH4 m

�2 day�1 respectively, in plots
treated with pig manure, cattle manure, rice straw, and pure mineral fertilizer.

Organic manure greatly promotes CH4 emissions from paddy field as compared
with mineral fertilizers. Matthews et al. (2000) compared methane emission from
paddy fields when fertilized with urea alone and urea along with each of Sesbania,
Azolla, and compost. They observed maximum methane emission with urea
+Sesbania (212% increase); followed by urea+Azolla (61% increase), urea+compost
(54% increase), and urea alone. Incorporation of vetch as a green manure has been
regarded effective in improving soil fertility and rice productivity with a yield
comparable to that of recommended chemical fertilization (Lee et al. 2010, 2011).
Organic amendment increases CH4 oxidation potential of the paddy field soil while
nitrogenous fertilizer inhibits the process. Thus accelerating the process of CH4

oxidation can be a feasible approach to mitigate CH4 emission from wetland.

5.3.8 Application of Rice Straw and Methane Production

Application of rice straw improves the soil fertility and increases N2 fixation, N
uptake and crop yield (Takahashi et al. 2003; Tanaka et al. 2010). However, it also
increase methane emission and influence successions of bacterial population in the
paddy fields (Asari et al. 2007; Rui et al. 2009). Photosynthates released from rice
roots (rhizodeposition) that are immediately utilized by the rhizospheric microor-
ganisms, organic materials from rice roots, and rice straws incorporated in soil are
the major sources of methane emitted from paddy fields (Kimura et al. 2004). Almost
half amount of plant materials in soil gets decomposed before they reach a size less
than 1 mm. Harada et al. (2005) observed a more active methanogenesis at the soil-
floodwater interface in the surface-applied rice straw and the surrounding soil
compared to the soil incubated without rice straw. In straw amended paddy wetland
about 84–89% of the released methane comes from acetoclastic methanogenesis
whereas, hydrogenotrophic methanogenesis accounts for about 11–27% (Glissmann
and Conrad 2000). Methane production in straw amended fields starts after 8 days of
incubation and reaches a stable state only after 20 days (Weber et al. 2001). Soil
amendment with rice straw (@ 2 t ha�1) significantly increased CH4 production
under both continuously flooded and intermittently flooded field plots (Adhya et al.
2000). However, higher grain yield and less amount of CH4 released per tonne of
grain yield were noticed under rice straw-amended intermittently flooded paddy field
plots.

Application of paddy straw influence successions of bacterial population with
fast-growing bacteria dominating at the beginning while the slow-growing one at the
later stages (Asari et al. 2007; Rui et al. 2009; Sugano et al. 2005). The most
representative methanogenic bacteria that colonize the paddy straw belong to the
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families Methanosaetaceae and Methanomicrobiaceae. The methanogenic bacterial
diversity in the fertilized paddy soil was less than the unfertilized one (Weber et al.
2001). This may be due to the fact that paddy straw is predominately a habitat for
fermentative bacteria whereas; methanogenic bacteria are more abundant in the soils
around fertilizers, where the fermentation products get concentrated and serve as
methanogenic substrate. The change in microbial communities of these habitats may
depend upon the plant growth, decomposition of rice straws, plant residues and
change in symbiotic and competitive relationships between methanogenic archaea
and eubacteria during the cultivation period and thereafter.

5.3.9 Application of Biochar to Soil

Biochar is suggested to play a significant role in reducing greenhouse gases emis-
sions from agricultural soils (Renner 2007; Yanai et al. 2007), improving sorption
and desorption of pesticides (Wang et al. 2010; Zhang et al. 2010b), reducing
leaching loss of nutrients (Hua et al. 2009), improving fertility status of soil
(Major et al. 2005; Steiner et al. 2007) and boosting plant growth and crop yield
(Steiner et al. 2007). Almost complete suppression of CH4 emissions in ground
biochar amended soils (@20 g Kg�1) has been reported from the Eastern Colombian
Plains (Rondon et al. 2005). CH4 emissions from the paddy field soil amended with
bamboo char and straw char at high rate reduced respectively by 51.1% and 91.2%,
compared to control (without biochar) (Liu et al. 2011). The reduction of CH4
emissions from paddy soil with biochar may be due to the inhibition of
methanogenic activity or stimulation of methylotrophic activity during incubation.
Biochar amendment of paddy soil also resulted in significant reduction of CO2

emission (Liu et al. 2011; Zhang et al. 2010a). Rondon et al. (2006) also demon-
strated a net reduction in annual emissions of CH4 and increase in soil carbon from a
non-fertile tropical soil with the use of biochar derived from mango trees.

The effect of biochar on CH4 emissions from paddy fields depend on the physico-
chemical properties of the biochar, types of soils, microbiological considerations,
and water and nutrients management (Cai et al. 1997; Xiong et al. 2007; Zou et al.
2007; Zwieten et al. 2009). Soil pH is one of the most important parameter that
affects CH4 emission rates from paddy soil. The methanogenic archaea prefer a near
neutral pH (6.5–7.5). Hence, addition of bamboo char (pH 9.81) or straw char
(pH 10.2) may result in reduced methanogenesis and hence less emission of CO2

from the paddy soil (Liu et al. 2011). Moreover, higher C/N ratio of biochar may
stabilize microbial biomass which may be the reason for reduced mineralization rates
in soil supplemented with biochar. Therefore, CH4 emission can be avoided by
converting straw to biochar instead of directly using it. Moreover, the nature of
biochar, the local soil condition, and the environmental factors must be considered
before using this input as a mitigation strategy for greenhouse gases.
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5.3.10 Application of Mineral Fertilizers

Soil organic carbon, available NPK, and micronutrients are regarded predominant
factors affecting both crop productivity and bacterial community structure (Wu et al.
2011). Some researchers have focused on the responses of some functional microbes
like denitrifiers, methanotrophs, and diazotrophic bacteria to fertilization in paddy
soil (Chen et al. 2010; Qiu et al. 2008). Long-term fertilization is reported to
significantly affect the population of free-living diazotrophs and methanotrophs in
paddy fields (Islam et al. 2010; Zheng et al. 2008). Although application of some
mineral fertilizers have been helpful in reducing CH4 emission from paddy fields,
they do not show a clear cut pattern and varying results have been reported (Lu et al.
2000; Wang 2001; Wang et al. 2000). Nitrate, sulfate, and ferric iron favours
respectively the nitrate reducers, sulfate reducers, and iron reducers which compete
successfully for the methanogenic substrates and suppress methanogenesis.

5.3.10.1 Nitrogenous Fertilizers

Nitrogen is the most important nutrient required by plants for proper growth and
development. It serves as building blocks of several carbohydrates, lipids, proteins
and many other products. Nitrogen fertilizer influence the root physiology of paddy
plants by changing the exudation pattern of organic substance and H+/OH� ions and
therefore, the substrates and pH. With increase of N fertilizer in paddy field, an
increase in the relative abundance of hydrogenotrophic methanogens on the rice
roots has been observed (Wu et al. 2009). Application of N fertilizers, especially
ammonical fertilizer can inhibit the process of CH4 oxidation. Moreover, (NH4)2SO4

is reported to reduce CH4 emission more efficiently than NH4HCO3 and
(NH4)2HPO4 (Wang et al. 2000). Addition of N-compounds (nitrate and its denitri-
fication products- nitrite, NO, N2O) result in a largely reversible inhibition of
methanogenesis. These reduce the H2 partial pressure well below the threshold
limit required by methanogens, and hence, do not allow exergonic production of
methane (Kluber and Conrad 1998). Addition of nitrate and N2O to paddy fields
leads to oxidation of reduced iron and sulfur species and production of electron
acceptors, which may be helpful in CH4 oxidation. As a result, the methanogenic
activity do not resume until all electron acceptors gets reduced, and hence, H2 reach
the threshold level for methanogenic archaea. Thus, competitions of methanogens
with denitrifying bacteria, iron- and sulfate-reducing bacteria not only out-compete
methanogens for H2 and acetate but also generate N2O and NO toxic to methanogens
(Kluber and Conrad 1998).

Methanogens associated with rice roots may encounter nitrogen limitation due to
severe competition between paddy plants and microbes for nutrients (Bodelier et al.
2000). Application of ammonium-based fertilizers at the commonly-adopted levels
in China (150 or 250 kg N ha�1) generally inhibited accumulative CH4 emission
during rice season by about 28–30% as compared to no N addition across various
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climate zones. However, an increase in the application of ammonium-based fertil-
izers from the moderate level of 150 kg N ha�1 to the high rate of 250 kg N ha�1 did
not significantly modify CH4 emission (Xie et al. 2010). The use of anaerobically
digested cattle slurry for mitigation of ammonia volatilization also reduces the risk of
nutrients being leached down. It did not increase the CH4 emission, and thereby, did
not affect the C balance in the paddy field and the nutrients can effectively be taken
up by plants (Win et al. 2010). Therefore, the application of N fertilizer may
stimulate the activity of hydrogenotrophic methanogens associated with rice roots.

5.3.10.2 Phosphatic Fertilizers

Nirmal Kumar and Viyol (2009) suggested that greater phosphate content of the soil
suppressed the methane flux from rice field. They observed a higher negative
correlation (r ¼ �0.416) of methane flux with phosphate content of the paddy
field. High phosphate concentration is known to delay the development of
methanosarcinal populations and the acetoclastic methanogenesis (Chin et al.
2004; Conrad et al. 2000). However, the exact reason behind such reduced
methanogenesis is unknown and a confusion exist; whether this effect is only due
to the inhibition of enzyme activity or also due to inhibition of growth of
methanogens. It is further assumed that phosphate addition to rice paddies will
decrease but do not stop the CH4 production and the extent of such suppression
depends on the concentrations of both the acetate and phosphate.

5.3.10.3 Application of K-fertilizers

K is regarded as one of the three primary nutrients and a deficiency of it in soil can
adversely affect the plant performance. Kirk and Bajita (1995) have reported the
utility of adequate K nutrition in maintaining the oxidizing power of rice roots.
Potassium application is known to alleviate the extreme reducing conditions and
associated imbalances in rice plants including iron toxicity (Chen et al. 1997). It
reduces CH4 emission in paddy fields by preventing a drop in soil redox potential,
inhibiting methanogenic bacteria and simultaneously stimulating methanotrophic
bacterial population (Jagadeesh Babu et al. 2006). Supplementation of K-deficient
soils with K promoted root growth and enhanced α-naphthylamine oxidase activity
(Chen et al. 1997). The α-naphthylamine oxidase activity of rice roots is used as an
index of the oxidation status of the rhizosphere region and is significantly correlated
with CH4 efflux (Satpathy et al. 1998). Jagadeesh Babu et al. (2006) observed
comparatively higher overall root oxidase activity with K application. The low
CH4 flux from K-amended plots may also be due to an impact of higher
α-naphthylamine oxidase activity, indicating an overall higher oxidation status.
Therefore, K amendment can correct nutritional imbalance (especially in
K-deficient soils) and increase grain yield besides being an effective mitigation
option for CH4 emission due to higher α-naphthylamine oxidase activity.
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5.3.10.4 Use of Sulfate Containing Fertilizers

Use of sulfate containing fertilizers like ammonium sulfate [(NH4)2SO4] or soil
amendments like gypsum (CaSO4) are considered viable mitigation options to
reduce CH4 emission from paddy fields (Masscheleyn et al. 1993). The strictly
anaerobic methanogenic bacteria mainly use acetate (CH3COO

�) and H2/CO2 as
substrates (Kristjansson et al. 1982) but have to compete with other microorganisms
that use the same substrates as electron donor but have the capability to use sulphate
as alternative electron acceptor. Sulfate reducing bacteria have slightly higher
affinity for acetate than methanogens. They reduce the steady-state concentrations
of H2 to a level that is too low for methanogens to remain active, and hence, suppress
the CH4 production in paddy fields, but do not completely out-compete the
methanogens for substrate (Denier van der Gon et al. 2001; Kristjansson et al.
1982). However, after reduction of SO4

2� methanogens will start producing meth-
ane, which might be the reason for higher methane emission from rice fields at lower
content of sulphate. Sulfate reducing bacteria need 1 mol of SO4

2� to inhibit the
production of 1 mol of CH4 (Denier van der Gon et al. 2001). Methane emission
from paddy field showed higher negative correlation (r ¼ �0.476) with sulphate
content of soil (Nirmal Kumar and Viyol 2009). Therefore, SO4

2� addition to rice
paddies reduces but do not stop the CH4 production and the extent of such suppres-
sion depends on the concentrations of both the acetate and the SO4

2�.

5.3.10.5 Application of Slag-Type Silicate Fertilizer

Silicate fertilizers are the by-products of steel industry, release ferric ions in soil
solution, act both as oxidizing agents and electron acceptors, control the production
of organic acids, enhanced methane oxidation and suppress the CH4 emission
(Furukawa and Inubushi 2002). Application of silicate fertilizer (@ 4 Mgha�1) in
tillage and no-tillage plots, reduced the total seasonal CH4 flux by about 20% and
36%, respectively; while grain yields increased by about 18% and 13%, respectively
(Ali et al. 2009). However, Lee et al. (2011) observed that silicate fertilizers
application @ 2.3 Mgha�1 in rice field reduced the seasonal CH4 flux by about
14.5% and increased rice yield by about 15.7% over control. However, the ratio of
easily oxidizable organic matter to easily reducible Fe must be managed in order to
get the best result (Conrad 2002). Silicate fertilizers improve soil nutrient balance by
significantly increasing the soil pH, available phosphate and silicate, exchangeable
calcium concentration in soil, and resistance to biotic and abiotic stresses (Ali et al.
2008; Takahashi et al. 1990) and thus could be good soil amendment to reduce CH4

emission as well as sustaining rice productivity. However, increase of yield may
partly be due to release of inorganic nutrients from the furnace slag and partly due to
nutrients from the soil. Silicate fertilizers increase the soil pH, and hence, the
availability of phosphate in acidic soil, which in turn further suppress the
methane flux.
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5.3.10.6 Availability of Fe(III) as Alternative Electron Acceptor

The inhibition of methane production in sediments in presence of poorly crystalline
Fe(III) oxides is reported to inhibit methane production (Chidthaisong and Conrad
2000; Frenzel et al. 1999). Such inhibition is associated with reduction in the
concentrations of acetate and hydrogen, the two primary electron donors for
methanogenesis in sediments (Conrad 1999). However, addition of acetate or hydro-
gen to the sediments may result in resumption of the process of methane production.
Fe(III), as such, is not considered toxic to the methanogens, but the inhibition of
methanogenesis was due to the resurgence of Fe(III)-reducing microorganisms that
maintained hydrogen and acetate at levels too low for methanogenesis to be ther-
modynamically favourable for methanogens (Lovley and Phillips 1987). Thus,
availability of poorly crystalline Fe(III) as an alternative electron acceptor for
microbial respiration can be a major factor suppressing methane production in
lowland paddy cultivation.

5.3.10.7 Application of Urease Inhibitor and Nitrification Inhibitor

Urea, the dominant form of N fertilizer applied to rice in Asia, is subjected to various
forms of loss and lead to a drop in redox potential of the soil and results in higher
CH4 production (Bharati et al. 2000). Urea is converted to ammonia by the enzyme
urease. This ammonia is converted to nitrate via nitrite by a process called as
nitrification. The application of urease and nitrification inhibitor prevents/delays
the release of available forms of nitrogen in the soil and thus prevents its loss and
suppresses the rapid release of methane from paddy fields (Xu et al. 2002). Appli-
cation of a urease inhibitor (hydroquinone) and a nitrification inhibitor
(dicyandiamide) together with urea reduced the total emission of N2O and CH4

respectively by about 1/3 and 1/2 as compared to that in control (only urea) (Xu et al.
2002).

Sodium azide, dicyandiamide, pyridine, aminopurine, ammonium thiosulfate,
and thiourea are few nitrification inhibitors that are used in different parts of the
world. The nitrification inhibitor-based inhibition of CH4 production followed the
order: sodium azide > dicyandiamide > pyridine > aminopurine > ammonium
thiosulfate > Thiourea (Bharati et al. 2000). Nitrification inhibitors like calcium
carbide and nitrapyrin have been reported to inhibit CH4 emission from flooded soil
planted to rice besides controlling N losses (Bronson and Mosier 1991;
Keerthisinghe et al. 1993). Nitrification inhibitors inhibit the process of nitrification
and oxidize most of the methane produced in flooded soils to CO2 before being
released into the atmosphere, and thus, it plays an important role in the biogeochem-
ical cycling of methane. Although, several nitrification inhibitors regulate CH4

production differentially in flooded soil, the exact mechanism of such inhibition
on the selected microorganisms is still a matter of investigation.
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5.4 Conclusion

A complex set of parameters including various climatic factors, physico-chemical
properties of soil and cultural practices among many others influence the CH4

production and emission from paddy fields. The immense variability of environ-
mental factors affecting the 140 million hectares of annually harvested rice fields
denies the use of blanket strategies to reduce methane emission. However, methane
emission from water-logged paddy fields can be reduced by adoption of one or more
mitigation strategies like managing organic inputs in soil, judicious use of nitrogen
fertilizer, improved irrigation practice, use of improved crop cultivars etc. Reduc-
tion, early incorporation of straw in soil, or organic amendment of soil with rice
straw manure derived from aerobic composting techniques significantly reduces
emissions as compared to fresh straw (Corton et al. 2000). Application of sulfur
coated urea, ammonium sulfate (NH4)2SO4 and Gypsum (CaSO4) increase compe-
tition between sulfate reducing and methanogenic bacteria and reduce methane
emission from paddy fields. Gypsum application proves effective in neutralizing
the pH of alkaline soils. Application of nitrification inhibitors like encapsulated
calcium carbide and dicyandiamide can drastically reduce N losses, help enhance
fertilizer N-use efficiency, and reduces the emission of N2O, another green-
house gas.

Water management practices like shallow flooding, midseason drainage and
intermittent irrigation conserve water and increase yields and are considered one
of the most promising mitigation option suitable for reducing methane emissions in
irrigated rice fields. Midseason drainage decreases the net global warming potential
(GWP) of paddy fields as long as nitrogen is applied in appropriate doses. However,
high dose application of nitrogen fertilizer may offset the reduction of methane
emission by encouraging emission of N2O, another green house gas. Improvement
of crop cultivars through breeding for specific traits like short duration, ‘aerobic’ rice
varieties, and increased yield potential enhance plant performance and reduce
methane emission. However, water management may prove to be the most promis-
ing mitigation option if irrigation water is available sufficiently and irrigation/
drainage systems are well established (Wang et al. 2000).

Flooded rice paddies represent a microbiologically highly complex
agroecosystem in which diverse groups of microorganisms like hydrolytic, cellulo-
lytic, fermentative, homoacetogenic, syntrophic acetate and H2 utilizing sulfate
reducing bacteria and methanogenic archaea interact with each other. Detailed
research need to be carried out to understand the effect of different factors mentioned
above on adaptive mechanisms, physiological responses, and microbial community
structural changes of the functional groups of microorganisms. Culture-independent
approaches like analysis of DNA extracted directly from the environmental samples
may be used for describing bacterial communities in such a complex agroecosystem.
There is an urgent need of mitigating emissions from paddy fields at the national and
international level using funding through ‘Clean Development Mechanism’ projects,
introduced in Kyoto Protocol or from other resources. For mitigation programs to be

5 Methanogenesis and Methane Emission in Rice / Paddy Fields 161



successful, reduction of emissions should be concomitant with other benefits like
higher yields, less fertilizer and water needs, and targeting both N2O and CO2 beside
methane. However, further research is needed in order to combine geographic
information, green house gas emission models, crop yield models, and socio-
economic information to develop site-specific packages of mitigation technologies.
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Chapter 6
Physical and Biological Processes
Controlling Soil C Dynamics

Pratap Srivastava, Rishikesh Singh, Rahul Bhadouria, Pardeep Singh,
Sachchidanand Tripathi, Hema Singh, A. S. Raghubanshi, and P. K. Mishra

Abstract Globally, land use change and management have declined soil organic
carbon (SOC), thus emitting more CO2 contributing to global warming. Here we
review factors that control the fate of soil organic carbon. We found that dry
tropical soils are considerably away from carbon saturation, and thus have
the potential for high carbon sequestration, if managed properly. Integrated
indicators have been set up, such as relative availability of inorganic nitrogen
pools, carbon management index, macro-aggregate water stability and metabolic
quotient. For example, the relative, rather than absolute, availability of inorganic
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nitrogen pools has been found associated with resource conservation mechanisms
in soils.

Keywords C accumulation · Dry tropical ecosystems · Organic amendments ·
Relative availability · Soil aggregates

6.1 Introduction

Soil is a structurally and functionally complex ecosystem, which plays a regulatory
role in biogeochemical cycle and biosphere functioning. It generally encompasses a
matrix of non-living material (made up of inorganic and organic components) along
with the embedded air, water and web of interacting organisms. The multi-
functionality and living nature of soil is a function of soil organic carbon (SOC)
primarily, which closely relates with its physical, chemical and biological properties
(Fig. 6.1) (Smith et al. 2000). Globally, soil holds the largest reservoir of carbon
(about 1500 Pg, petagram), which comprises more than the combined carbon present
in the vegetation (550 Pg) and atmosphere (750 Pg). SOC provides many ecosystem
services such as plant nutrient retention and supply, reduction in soil erosion and
improvement in aggregation, and water holding capacity (Tisdall and Oades 1982;
Brady and Weil 2002). It is, therefore, considered as an important indicator of soil
quality and fertility. Whereas, it’s various components reflects the degree of soil
viability (Vinther et al. 2004; Dominy et al. 2002; Lal 2006; Pan et al. 2009).
However, global soil CO2 emission represents a significant carbon flux (about
75 Pg C y�1) which is identified as the second largest flux (contributes 20–38%)
of carbon between soils and the atmosphere (Raich and Schlesinger 1992; Schle-
singer and Andrews 2000). Therefore, climate change and the declining soil quality

Fig. 6.1 Illustration
showing integrative nature
of soil organic carbon
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has drawn global attention in recent years towards soil ecosystem, in general, and
soil carbon dynamics, in particular, due to their evident recognition at the core of
these interlinked problems. It has been observed that soil may act as both, source as
well as sink of atmospheric CO2 depending upon management. Therefore, delinea-
tion of various pools and fluxes of SOC along with factors affecting them is required
to better understand the SOC dynamics for increased carbon accumulation in soils
(Lal 2004a, b). It would indicate about the relative importance of various pools and
processes in the soils, which govern soil’s nature as source and sink of atmospheric
CO2. Moreover, how these pools and processes are affected under various agro-
management systems and can be appropriately manipulated to achieve a balanced
soil carbon dynamics for improved soil fertility and climate stability is an important
emerging topic of research in recent times.

Cultivation decreases SOC, however, specific management systems, (such as
reduced tillage, rotation and manure addition) enhance the same (Bronick and Lal
2005). SOC pools in the agricultural soil particularly in dry tropical ecosystem,
is considered to be lower than their potential sink capacity (Lal et al. 2007). Stewart
et al. (2007) argue that ecosystems which are quite away from carbon saturation
inherently (due to low productivity under some abiotic constrains) or due to anthro-
pogenic degradation are better suited for soil carbon sequestration. These dry
tropical ecosystems, covering approximately 40% of the global land area (Murphy
and Lugo 1986; FAO 2000, 2001) having low SOC saturation and severe anthro-
pogenic influence, may have the greatest potential as carbon sink (Scurlock and Hall
1998; Rosenberg et al. 1999). The holistic understanding of soil carbon dynamics in
these dry ecosystems might help in striking an appropriate balance between carbon
mineralization and immobilization in an effective manner (Fig. 6.2). Here, we
reviewed various SOC pools, its fluxes and the major processes governing SOC
accumulation and release to holistically understand the possible mechanism of soil
carbon dynamics to delineate the carbon accumulation approaches in dry tropical
ecosystems.

Fig. 6.2 Factors affecting the compromise between soil carbon decomposition and immobilization
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6.2 Soil Carbon Pools

The world’s soil holds the largest reservoir of carbon (about 1500 Pg, petagram) in
terrestrial ecosystems, which comprises more than the combined carbon present in
the vegetation and atmosphere (Fig. 6.3) (Post et al. 1982; Batjes and Sombroek
1997). Alternatively, majority of carbon (around 75%) in the terrestrial pool is stored
as SOC (Batjes 1996), which holds substantial impact in biosphere functioning
(Eswaran et al. 1993; Jobbagy and Jackson 2000). Tropical soil shares 32% of the
total SOC stock (Eswaran et al. 1993). The contribution of carbon in the soil below
1 m is especially relevant in significantly deep tropical soils (Sombroek et al. 1993).
It indicates that tropical soils store a considerable amount of SOC, higher than the
temperate soils (Moraes et al. 1995). SOC consists of several pools with variable
turnover rate, ranging from months to thousands of years (Parton et al. 1987; Silveira
et al. 2008). Out of total SOC stock, roughly 80–160 Pg carbon resides in the surface
detritus (Matthews 1997), 200–300 Pg C as soil organic matter (SOM), having
turnover less than a century, and remainder as stable carbon, having turnover of
centuries to millennia (Schimel 1995). SOC incorporates mainly of the plant resi-
dues, decomposition products and byproducts, microbial biomass, and humic
materials.

Ecosystems also show great variation in the SOC content due to their distinct
ecology. Generally, natural ecosystems (such as forest, savanna and grassland) have
higher SOC and resource use efficiency than their modified ecosystems (such as,
plantation, pastureland and cropland), due to greater net primary production (NPP)
and carbon inputs as well as synchronized microbial processes/activity. Generally,
grassland shows a lower or similar SOC as compared to forest ecosystem; however,
savanna has been found to shows intermediate SOC between forest and cropland
systems. The conversion of native vegetation to a cropland always leads to loss of
about 30–75% SOC with time. Basically, such changes in land use and management
shift the ecosystem towards an altogether “unique and new equilibrium”, which is

Fig. 6.3 Terrestrial carbon pools
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considerably different from the native ecosystems. Such modified ecosystems are
called as “alternative or novel ecosystem”. Additionally, various agro-management
systems further affect this equilibrium variably affecting the soil properties,
depending on the type of external physical (such as tillage) and chemical (such as
chemical fertilization and organic amendments) disturbance. This altogether affects
the SOC dynamics drastically in derived system as compared to their native
counterpart.

6.2.1 Inorganic and Organic Carbon

World’s soil comprises two distinct carbon components: soil organic carbon (SOC)
and soil inorganic carbon (SIC) pools, which is estimated to be around1576 Gt and
938 Gt, respectively, up to 1 meter depth (Post et al. 1982; Eswaran et al. 1993;
Schlesinger 1995). Their regional distribution indicates that SOC pool is concen-
trated in arctic, boreal, and temperate soils, whereas the inorganic carbon pool is
concentrated in the arid and semiarid soils. The organic carbon pool is mostly
comprised of humus and the relatively passive charcoal carbon (Schnitzer 1991;
Stevenson 1994; Singh et al. 2015); whereas the inorganic pool includes the
elemental carbon and carbonate minerals, such as calcite, dolomite, and gypsum.
Here, SIC has not been discussed further in relation to management of soil carbon
dynamics in agro-ecosystems, as SOC holds crucial importance in this regard.

6.2.2 Active and Passive Carbon

The SOC consist of various fractions varying in degree of decomposition, recalci-
trance, and turnover rates (Huang et al. 2008). On this basis, SOC pools are broadly
divided into active (labile) and stable (non-labile) carbon pools (Fig. 6.3). The
active/labile carbon pool has a greater turnover rate (or shorter mean residence
time in soils) of several weeks to months or years compared with more recalcitrant
or non-labile carbon pools (Paul et al. 2001). Thus, the relative size of labile carbon
pool in soil is much smaller than non-labile carbon pools. Labile compounds (such
as simple sugars and microbial biomass, etc.) comprise 5–15% of the total SOC pool.
It includes microbial biomass carbon (MBC), dissolved organic carbon (DOC),
water soluble carbon (WSC), particulate organic carbon (POC) and KMnO4-oxidiz-
able carbon etc., which turn over quickly and respond more rapidly to soil manage-
ment than SOC (Blair et al. 1995; Ghani et al. 2003; Haynes 2005; Purakayastha
et al. 2008; Gong et al. 2009). Hence, these fractions have been suggested as early
and sensitive indicators of the effects of land use change and management on the soil
quality (Gregorich et al. 1994; Blair et al. 1995; Yang et al. 2005; Rudrappa et al.
2006). The intermediate (slow) fraction comprises 20–40% of the total SOC pool,
and its turnover rate spans over several decades. However, the stable or recalcitrant
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carbon fraction comprises the remaining 60–70% of the total SOC pool, with a
turnover time of hundreds to thousands of years (Lichtfouse 1997; Rice 2002). It has
been well identified that active and stable SOC play differential roles in SOM
dynamics and nutrient cycling. Therefore, it is argued that the pool size of these
two carbon fractions in the bulk soil as well as aggregate-size fractions may be of
crucial importance in the assessment of soil management practices (Blair et al. 1995;
Srivastava et al. 2016). However, none of the physical or chemical fractionation
methods is so far able to satisfactorily separate the active SOC from stable SOC.
Some of the most widely discussed labile carbon fractions have been discussed here
due to their high sensitivity to land use change and management.

6.2.2.1 Dissolved Organic Carbon (DOC)

Dissolved organic carbon (DOC) can be considered as synonymous to the water
soluble carbon (WSC) and water extractable organic carbon, as they seems to differ
largely due to their method of extraction. It has been reported that carbon extracted
with the water includes comparatively more labile carbon fractions as compared to
other methods (Cook and Allan 1992). This soluble fraction of organic matter serves
as the main energy substrate in soils required for microbial activity in the soil
(Marschner and Kalbitz 2003). In spite of comparatively small amount in the soil,
it governs important soil functions in multiple ways (Zsolnay 1996; Chantigny
2003), such as soil physical stability (Rilling and Steinberg 2002) and C sequestra-
tion (Guggenberger and Kaiser 2003). Moreover, the turnover of DOC is strongly
linked to soil microbial activity (Chantigny 2003), and therefore, significantly
contributes to nutrient availability and cycling (Haynes 2005). The knowledge
about DOC fluxes and dynamics in agro-ecosystems is scarce and contradictory,
particularly under different fertilization regime (Embacher et al. 2008). It has been
reported that the influence of organic amendments is more consistent on WSC as
compared to the contradictory impact of nitrogen fertilization (Chantigny 2003;
Chantigny et al. 2002; Blair et al. 2006). It has been attributed to the variable quality
of WSC (i.e. aromaticity), which depends on the multitude of biotic and abiotic
factors such as temperature, preferential consumption of non-aromatic compounds,
exudation of low molecular weight compounds and easily degradable carbon from
microorganisms and plant roots.

6.2.2.2 Microbial Biomass Carbon

Microbial biomass represents a small, though the most important labile carbon pool,
which is vital for SOC dynamics and nutrient cycling (Powlson et al. 1987; Singh
et al. 1989). It represents a functional index of the soil redevelopment (Srivastava
and Singh 1989). It is highly dynamic and fluctuates more over time than total SOC.
The higher conversion of added carbon to microbial biomass suggests a better
stability of SOC (Sparling 1992). Therefore, its measurement may show the effect
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of soil management practices on potential changes in SOM long before such effects
can be detected by measuring the total SOC (Powlson et al. 1987). Long term
studies have showed an increase in soil microbial biomass under fertilization (Yan
et al. 2007; Šimon 2008; Wang et al. 2008). Microbial biomass as well as activity
has been reported to be higher in organic amended soil than chemically fertilized
soils (Tu et al. 2006). Application of organic manure with/without inorganic
fertilizer has been stated to manipulate the soil microorganisms to improve the
soil health and fertility (Chaparro et al. 2012). It is attributed to the strong influence
of organic manure on the soil microbial biomass and community structure (Singh
and Singh 1993; Carpenter-Boggs et al. 2000; Esperschütz et al. 2007) and activity
(Goyal et al. 1999).

6.2.3 Soil Aggregates and Soil Organic Carbon

Recent understanding shows that not only the chemical recalcitrance of soil organic
matter but biophysical processes, such as aggregate dynamics might be the major
determinants of SOC turnover and sequestration (Schmidt et al. 2011). Tisdall and
Oades (1982) demonstrated that SOC closely relates with soil aggregate formation
and stability. The loss of SOC and aggregate stability represents the unsustainable
soil management (Carter 2002). The aggregate represents the integrative effects of
soil type, environment, plant species, and soil management (i.e. crop rotations,
tillage and fertilizer management) practices (Martens and Frankenberger 1992;
Nyamangara et al. 1999; Martens 2000). Therefore, it represents the integrative
output of the interactions among physico-chemical and biological components inside
the soil (Fig. 6.4). It suggest that the consideration of soil aggregate stability (both
physical and chemical) as crucial integrative indicator or soil functional trait might
be helpful in the improved soil management in a simple and cost effective manner.
Therefore, soil aggregate organization and its behavior in response to land use
change needs to be monitored in order to understand and manage soil carbon
dynamics of an ecosystem.

6.2.3.1 Interrelationships of Soil Organic Carbon and Soil Aggregates

The SOC is a primary factor influencing soil structure and aggregate stability (Kay
1998), and in turn is influenced by the dynamics of soil structure (i.e. aggregation
distribution and stability) (Elliott and Cambardella 1991). Tisdall and Oades (1982)
proposed the aggregate hierarchy concept based upon the influence of SOM as a
binding agent. It considered that binding agents act through three major mecha-
nisms: temporary (mainly by polysaccharides), transient (by roots and fungal
hyphae) and persistent (by humic substances and polyvalent metal cation complexes,
oxides). In this model, it was proposed that fine particles (<20 μm) are bound
together by persistent binding agents to form micro-aggregates (53–250 μm).
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These micro-aggregates, in turn, are bound together by means of temporary and
persistent binding agents into macro-aggregates (>250 μm). However, Six et al.
(2000) reported an contradictory theory that micro-aggregates are formed within
macro-aggregates, which is mediated by the encapsulation of POM by mineral
particles and microbial by-products. In addition, the inorganic binding agents
(such as oxides and/or carbonates) have also been found to play an important role
in aggregate formation (Six et al. 2004). The dynamic relationship between soil
organic carbon and aggregate development, factors affecting it and their role in soil
multi-functionality is illustrated in Fig. 6.5.

The assessment of chemical characteristics of SOM is commonly used to infer its
potential reactivity (Kögel-Knabner et al. 2008), which is responsible for carbon
accumulation in the soils. Several researchers (Tisdall and Oades 1982; Saroa and
Lal 2001; Kong et al. 2005; Mikha and Rice 2004; Marx et al. 2005; Lagomarsino
et al. 2009) showed a higher concentration of carbon and nitrogen in macro-
aggregate than micro-aggregate. It is due to the fact that micro-aggregates are
bound together by SOM to form macroaggregate (Fig. 6.3). Puget et al. (1995)
suggested that greater carbon content in macro-aggregate could be due to less
decomposable SOM associated with these aggregates. It is proposed that increase
of organic carbon concentration in the free mineral fraction is likely to play a key
role in aggregation as well as carbon sequestration (Yu et al. 2012).

Fig. 6.4 Soil aggregate dynamics as an integrative functional trait of crucial importance
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6.2.3.2 Soil Microbe, Plant Roots and Aggregate

Soil microbes play a significant role in soil carbon management by affecting soil
structural dynamics (Fig. 6.6). Differential microbial biomass distribution has been
reported across aggregate size fractions, which further depends on management
systems (Singh and Singh 1996). Similarly, the microbial community composition
and function also differ considerably across different aggregate size classes (Gupta
and Germida 1988; Hattori 1988; Mummey et al. 2006). Root exudates, which
constitute around one third of the plant’s photosynthetic production, stimulate the
aggregate formation by providing substrate to the carbon-limited microorganisms.
Root mucilage can cause short-term stabilization of aggregates via sticking the soil
particles together (Morel et al. 1991). Similar biopolymers secreted by the soil
microorganisms such as hydrophobins and glomalins (called as ‘sticky string bag’;
Miller and Jastrow 2000), helps to improve aggregation, supplementing hyphal
enmeshment. These microbial secretions serve various purposes in soils such as
attachment, nutrient capture and desiccation resistance (Rillig 2005). These fungal
metabolic products are either secreted outside or contained in the hyphal wall, which
have long been implicated as an important mechanism in soil aggregation (Tisdall
and Oades 1982; Chenu 1989). However, despite seemingly higher fungal contri-
bution in soil structural dynamics and C sequestration, it has not been studied
extensively in such relations due to technical limitations.

Fig. 6.5 Illustration showing importance of soil organic carbon-aggregate stability interaction in
soil multi-functionality
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6.3 Soil Carbon Processes

6.3.1 Litter Inputs and Organic Amendments

Litter-fall represents a major influx of the vegetative carbon to soil, and hence,
change in litter input is likely to have wide-reaching consequences for soil carbon
dynamics (Sayer et al. 2007). In agro-ecosystems, organic matter above the surface
of the soil (termed as surface litter) is unaccounted in the assessment of SOC stocks.
However, it may hold significant effect on SOC dynamics in agro-ecosystems. This
litter pool represents a small fraction (i.e. 68–97 Pg C) of the global terrestrial carbon
pool (Matthews 1997). Its global distribution across the vegetation types has been
discussed in detail by Matthews (1997). Litter decomposition has been identified as a
critical stage in SOM accumulation and nutrient mineralization (Austin and Ballaré
2010). It is found that the litter decomposition is controlled by climate (Hobbie 1996;
Gholz et al. 2000; Hobbie et al. 2000; Zhang et al. 2008) and litter quality (such as,
initial litter lignin content or lignin to N ratio (Melillo et al. 1982; Shaw and Harte
2001; Zhang et al. 2008). Litter provides the organic carbon that supports the
heterotrophic activity in the soils. It contains biological macromolecules such as
proteins, carbohydrates, cellulose, etc. which are highly favored for enzymatic
attack, due to their relatively simple chemical structures. In contrast to litter, SOM
lacks such a simple structure, and is a highly unfavorable substrate for enzymatic
mineralization (Kemmitt et al. 2008). Therefore, litter dynamics differ from SOM
dynamics as the mineralization of SOM proceeds at a much slower rate than the
decomposition of organic residues, it arises from. The readily decomposable carbon
in litter allows rapid growth of the soil microbial community (Agren and Bosatta
1996). Carbon entering into the soils is divided into extant soil carbon pools and soil

Fig. 6.6 Factors affecting soil carbon dynamics
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CO2 efflux as decomposition returns most of the carbon added in litter into the
atmosphere, except for a very small fraction stored as recalcitrant humus.

Organic amendment shows beneficial impact on SOC sequestration in the labile
carbon pool and to a greater extent in recalcitrant carbon pool. The increase in
recalcitrant carbon pool could be related to the biochemical resistance of organic
carbon compounds contained either in the organic manure or the plant materials
(McLauchlan et al. 2006; Yan et al. 2007). Studies had shown that farmyard manure
application result in an increase in lignin and similar products, which are major
components of the resistant carbon pool (Paul et al. 1997; Rovira and Vallejo 2002;
Belay-Tedla et al. 2009). Moreover, combined amendment has also been found to
increase both labile and recalcitrant SOC pool in soil than chemical fertilization
(Ding et al. 2012). Its long term application has been reported to increase labile SOC
fractions like WSC, MBC, POC and KMnO4-oxidisable carbon as compared to the
chemical fertilizer alone (Lou et al. 2011). As a result, organic amendment has also
been found to increase the soil aggregate stability and structure (Reganold et al.
1987; Pulleman et al. 2003; Hati et al. 2008). Regular addition of organic material to
soil is required to improve SOC pools, regulate nutrient fluxes, microbial biomass
and activities, and soil physical properties (Marinari et al. 2000).

6.3.2 Carbon Mineralization

Carbon mineralization (also known as soil respiration) is a process in which organic
carbon from soil is decomposed and released in the form of inorganic CO2 into the
atmosphere. “Soil respiration” or “soil CO2 efflux”, which is usually defined as CO2

released from soil to the atmosphere via the combined activity of roots
(i.e. autotrophic or root respiration), and micro- and macro-organisms decomposing
litter and organic matter present in the soils (i.e. heterotrophic respiration) (Högberg
et al. 2009). Autotrophic respiration includes respiration by root and associated ecto-
mycorrhiza and other microorganisms which are dependent on root secretions.
However, heterotrophic respiration is reserved for the decomposition of more
complex organic molecules present in the litter and other forms of SOM. Several
biotic and abiotic factors influence soil CO2 production: soil temperature and
moisture (Epron et al. 1999; Yu et al. 2011), SOM quantity and quality (Couteaux
et al. 1995), root and microbial biomass (Ryan et al. 1997), soil physico-chemical
properties and site productivity (Subke et al. 2011). The reduction in soil disturbance
decreases the rates of SOC mineralization and CO2 emission (Dendoncker et al.
2004; Al-Kaisi and Yin 2005). Moreover, nitrogen application has been found to
reduce both emission rate and season-long cumulative emission of CO2-carbon from
soil (Al-Kaisi et al. 2008). Root exudates and decomposition of litter (both above-
ground and belowground), which provide carbon to soils also exert strong control of
soil respiration or soil CO2 efflux (Luyssaert et al. 2007). Globally, it represents a
significant carbon flux (about 75 Pg C year�1) which is identified as the second
largest flux (contributes 20–38%) of carbon between soils and the atmosphere (Raich
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and Schlesinger 1992; Schlesinger and Andrews 2000). Annually, it once amounted
to about ten time greater addition than that via fossil fuel burning (Mooney et al.
1987). Alternatively, it is also estimated to range from 64 to 72 Gt C year�1, which
accounts for 20–40% of the annual CO2-C input to the atmosphere from terrestrial
and marine sources (Houghton and Woodwell 1989; Raich and Schlesinger 1992). It
is suggested that even a small shift in the soil CO2 efflux may dramatically affect the
soil carbon sequestration rates and atmospheric CO2 concentration. Therefore,
understanding the processes which affect soil CO2 efflux and SOC is important for
the management of future global climate.

The partitioning of soil respiration (Rs) in the autotrophic (Ra) and heterotrophic
respiration (Rh) components is necessary for understanding the implications of
environmental change on soil carbon cycling and sequestration (Tian et al. 2011).
However, it is inherently difficult to make a precise separation of autotrophic and
heterotrophic respiration from soils. The partitioning between these two components
is highly variable spatiotemporally, and taxonomic autotrophs and heterotrophs may
perform the function of the other group to some extent (Högberg et al. 2009). In
reality, the complex situation is perhaps best described as a continuum from strict
autotrophy to strict heterotrophy. As a result of this, and associated methodological
problems, estimates of the contribution of autotrophic respiration to total soil
respiration have been highly variable (Högberg et al. 2009). The observed variations
in the sensitivity of soil respiration to temperature or moisture may be ascribed to the
variations in the proportions of autotrophic and heterotrophic components of soil
respiration (Gomez-Casanovas et al. 2012).

6.3.3 Decomposition of Soil Organic Matter

Carbon sequestration and its release as soil CO2 efflux primarily depend on decom-
position of SOM, which is a major biological process in biogeochemical transfor-
mation. Major differences between the tropical and temperate climate in the SOC
pool in soils relates with the rate of decomposition, in addition to the land use change
and management. Due to difference in the chemical composition of organic mate-
rials, the rate of decomposition in the tropics can be four times faster than that in
temperate climates under high temperatures (Jenkinson and Ayanaba 1977). It
indicates the differential temperature sensitivity of SOC majorly governs its accu-
mulation in the soils. Further, tropical soils are reported to contain more humified,
chemically recalcitrant and stable organic matter than that of temperate soils (Grisi
et al. 1998), which hold importance in carbon sequestration due to its major share in
SOC pool (Rosell et al. 2000). Additionally, the mechanism of protection of the SOC
pool also differs between temperate and tropical conditions.

Decomposition is highly sensitive to change in land use and management, as it is
a predominantly microbial process. Its differential behavior under varied manage-
ment practices bears complementary relationship with the abiotic-biotic interaction
(i.e. the biophysical interactions) happening inside the soils. Further, decomposition
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defines the characteristics, storage, turnover and transfer of carbon among various
aggregate and particle size fractions and thus, indirectly defines SOC accumulation
and soil CO2 efflux. These SOC fractions with different stabilities and turnover rates
are important variables, which are used to detect the influence of agricultural
management practices on SOM quality (Silveira et al. 2008). However, these
changes in the different SOC fractions under long term organic amendment is not
well understood (Ding et al. 2012).

6.3.4 Soil Organic Carbon Immobilization

Organic carbon is immobilized in the soil via its incorporation in microorganisms.
SOC immobilization has been widely discussed in relation to nitrogen input in the
agro-ecosystems. The higher conversion of organic inputs into microbial biomass
represents the stability of SOC. Generally, MBC accounted for 1–5% of total SOC
(Jenkinson and Ladd 1981; Smith and Paul 1990). Its relative proportion
(i.e. MBC/SOC), which is known as microbial quotient, is reported to range from
0.27 to 7.0 (Jinbo et al. 2007). It reflects the soil’s potential to stabilize the organic
matter after its addition to the soil (Pascual et al. 1997). The higher ratio represents
higher tendency of the organic matter to stabilize. It is a reliable indicator of a
turnover of SOC (Joergenson et al. 1994). In general, a situation favoring the
accumulation of organic matter increases both the amount of MBC and its proportion
to SOC (Collins et al. 1992). It is known that long term application of farmyard
manure maintains the soil nutrient levels and stimulates the different aspect of soil
fertility, because it ensures the constant presence and turnover of active microor-
ganisms in the soil (Nardi et al. 2004). The carbon immobilization efficiency is found
higher in fungi as compared to bacteria, as the former emits less carbon per g of
carbon assimilated in the biomass as compared to later.

6.4 Determinants of Soil Carbon Pools and Fluxes

Soil carbon dynamics comprises the study of rate of transfer of SOC among its
various soil pools (i.e. turnover) and its regulatory variables. Therefore, it includes
the kinetics as well as the variables which define the temporal variations in SOC
across its various compartments. The soil carbon dynamics and sequestration
depends on various factors such as vegetation, soil texture, temperature, precipita-
tion and management (Ladd et al. 1996; Lal 2004a, b; Alston et al. 2009; Van
Wesemael et al. 2010; De Gryze et al. 2011). Factors affecting soil carbon accumu-
lation variably are shown in Fig. 6.6. The important determinants are discussed in
brief in the following subsections.
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6.4.1 Soil Moisture and Temperature

Soil moisture and temperature conditions are the major regulators of SOC dynamics,
which strongly affect the soil CO2 efflux (Franzluebbers et al. 1995; Ren et al. 2013;
Iqbal et al. 2008; Liu et al. 2008). Soil moisture availability promotes the microbial
activity, and thus decomposition and mineralization of SOM. The optimal microbial
activity occurs at near field capacity, when ~60% of the soil pores are water-filled
(Rice 2002). Temperature strongly affects soil CO2 efflux by modifying the soil
physico-chemical and microbial properties (composition and activity) depending
upon temperature range and ecosystem-type (Melling et al. 2005). It, thus, defines
the rate of organic matter decomposition and nutrient mineralization (Pregitzer and
King 2005). Appropriate moisture and temperature conditions in the soil cause a
high rate of SOC decomposition, and thus, lower rate of SOC accumulation (Reich-
stein et al. 2002). Therefore, it is stated that soil moisture and temperature may define
the spatial variations of SOC accumulation (Paustian et al. 1998; Freibauer et al.
2004). Moreover, their interaction has also been found to regulate the relative
availability of soil nitrate-N and ammonium-N in dry tropical ecosystem, which
has been identified as possible mechanism of nutrient conservation and climate
change adaptation (Srivastava et al. 2015, 2016).

6.4.2 Soil Texture

Soil texture may affect the SOC sequestration rate (McLauchlan 2006). Gami et al.
(2009) reported a positive relationship between silt and clay fractions, and SOC
sequestration. Clay particles show higher protective effect on the biophysical and
chemical processes of carbon stabilization (Christensen 1996), which may however
differ depending upon the mineralogy (Laird et al. 2001). It is, therefore, that SOC
decomposition rate decreases with increasing clay content (Hassink 1997; Kong
et al. 2009). Clay and silt particle serve as a fixed capacity level (Hassink and
Whitmore 1997), while the combination of micro-, meso- and macro-aggregate
associated carbon provide an additional, though highly variable capacity. The former
is soil-specific, while the later depends on the soil type and management. It is found
that SOC content is generally determined by the amount of clay in most studies
(Raghubanshi 1992), however, some studies in the tropical soils indicate either an
opposite trend or no effect at all.

Tropical soils with predominantly low-activity clays (such as Kaolinite) have
low ability to sequester carbon. These soils, mainly Oxisols and Ultisols, cover
almost 70% of tropical soils where clay and silt fractions play important role in the
amount of SOC pool (Lepsch et al. 1994). Kaolinite is the dominant clay-type
mineral (Uehara 1982) in many Oxisols and Ultisols. Highly weathered conditions
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lead to the presence of sesquioxides (Fe and Al oxides and hydroxides) in tropical
soils. In these highly weathered tropical soils, the rate of SOC loss by cultivation is
more than that for temperate soils (Shang and Tiessen 1997), which is responsible
for the rapid soil degradation in the former. The high clay content in fine textured
soil provides the potential for stabilization of added organic residue by its protec-
tion within stable soil aggregates (Six et al. 2002). The decomposition of organic
residue is reported to be faster in coarse than fine textured soil (Van veen and
Kuikman 1990; Strong et al. 2004). It is found associated with the faster macro-
aggregate turnover and lower SOC and nitrogen in coarse textured soil (Bossuyt
et al. 2001; Six et al. 2001).

6.4.3 Soil Aggregate Dynamics

Soil aggregate development is a hierarchical process (Tisdall and Oades 1982). It
affects the SOC dynamics as is explained in macroaggregate-microaggregate con-
ceptual model, which is predominantly dependent on the microbial activity (Elliott
1986). The mechanism of aggregate development and its association with soil
carbon sequestration and efflux is shown in Fig. 6.7. Different management practices
affect the SOC storage variably via its effect on aggregate size distribution and
carbon and nitrogen present among them (Beare et al. 1994). Drastic decrease in

Fig. 6.7 Macroaggregate-microaggregate dynamics with global environmental problems
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macro-aggregate water stability (WASmacro) has been observed after cultivation of
native soil (Hernández-Hernández and López-Hernández 2002). Mean weight diam-
eter (MWD), which defines the overall structure of soil, has been suggested as
sensitive indicator of SOM change (Sodhi et al. 2009). Labile SOC, which sensi-
tively responds to the changes in soil management, has been found to correlate
positively with MWD. Despite a history of a century of exploration, only few studies
have considered the effect of organic based management practices on the quality of
SOC across aggregate size fractions (Hernández-Hernández and López-Hernández
2002). Therefore, the effect of organic amendment on the aggregate physical
(i.e. mass distribution and stability) and chemical characteristics (i.e. carbon quality
and quantity) across aggregate size fractions is essential to understand the soil carbon
dynamics.

Soil structural dynamics, represented by aggregate distribution and carbon
turnover across various physical size fractions, represent a trade-off between
SOM occlusion and decomposition. Soil aggregates not only protect carbon, but
also regulate the soil microbial community structure and functions (Gupta and
Germida 1988; Miller et al. 2009). On the contrary, soil microorganisms also help
in soil aggregate formation by their secretions such as gum and mucilage (Tisdall
and Oades 1982; Watt et al. 2005). The microbial access to SOC and its activity in
the undisturbed natural ecosystems is highly constrained, because a major part of
the SOM remains occluded within the aggregates pore network. However, human-
managed ecosystems show higher SOM decomposition and mineralization due to
inappropriate soil aggregate development. It is now widely accepted that the
processes which release SOC are regulated by the physical protective capacity of
aggregates, which limits the decomposition of SOM (Elliott 1986).

6.4.4 Soil pH

Soil pH affects the soil carbon dynamics by regulating soil enzymatic activity, and
thus biogeochemical transformations and energy flow. Its changes are significant
in temperate than tropical region, which is generally acidic in nature. It affects the
microbial structural and functional attributes (i.e. community structure, dominance
and activity) in the soil. Acidic soil pH favors the fungi (e.g. forest), while the basic
soil pH favors bacteria (e.g. croplands). This shifts in microbial community
dominance due to change in soil pH holds significance in human managed systems,
such as cropland, due to chemical fertilization and irrigation. Fungi play a com-
paratively greater role in soil carbon accumulation than bacteria; however, it has
been underestimated so far. Therefore, temporal change in soil pH may have a
significant contribution to soil carbon dynamics in tropical croplands due to its
significant effect on the microbial growth, composition and activity.
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6.4.5 Net Primary Productivity of the Ecosystem

The natural ecosystems (e.g. forest and grassland) have a higher net primary
productivity (NPP) than human managed systems (e.g. croplands). The former
adds a considerable amount of carbon in soil as rhizo-deposits and litter (above
and below the ground). Rhizo-deposit constitutes around 33% of its total photosyn-
thetic production. Chemical fertilization in agro-ecosystems has been reported to
shift the relative allocation of photosynthate towards the aboveground parts as
compared to belowground. As the plant roots and rhizo-deposits add major carbon
pool in the agro-ecosystems than the aboveground litter deposition, the effect of
management systems on the carbon input in the agro-ecosystems need to be evalu-
ated. Organic amendments have been found to increase both above and belowground
carbon, which leads to increased carbon storage (Ryals and Silver 2013). In some
studies, the increase in SOC under mineral fertilization has also been reported, which
is ascribed to increased primary production due to nutrient enrichment in the soil.

6.4.6 Nutrient Availability

Soil nutrient availability affects the SOM cycling in nutrient-limited systems
(Gärdenäs et al. 2011). The natural ecosystems (such as forests) are nutrient efficient
due to their inherent and efficient nutrient scavenging mechanisms. Loss of nutrient
from the soil through leaching and continuous removal of SOM is generally
observed under agricultural systems. Agricultural management defines the SOC
dynamics affecting soil processes (Ogle et al. 2005) including nitrification
(Srivastava et al. 2015, 2016). In agro-ecosystems, enhanced nutrient availability
through chemical fertilization though enhances the yield, but negatively affects the
SOC with the time. More specifically, soil nitrogen availability is a crucial driver of
SOM dynamics in agro-ecosystem. For example, the differential dynamics of soil
NH4

+-N and NO3
�-N is reported to have an important ecological significance as it

may affect the important ecosystem properties (Bijlsma et al. 2000; Srivastava et al.
2015, 2016). Moreover, it may have important ecosystem consequences in different
ways in the changing environment (Cruz et al. 2003; Srivastava et al. 2015, 2016).
The consequent differential availability of soil NH4

+-N and NO3
�-N may have

implication on SOC turnover because of their contrasting effects (Currey et al.
2010; Srivastava et al. 2015). Literature findings (Min et al. 2011; Yang et al.
2014; Srivastava et al. 2015, 2016) suggests that the forms of inorganic nitrogen
(i.e. soil NH4

+-N or NO3
�-N) could differentially influence the rate of SOC cycling

thus carbon mineralization via changes in soil chemical and biological attributes. Jha
et al. (1996) reported that soil moisture content affects the soil nitrification more than
ammonification, importantly at low water tension, through dehydration and substrate
limitation. A significant relationship between gross nitrogen mineralization and soil
CO2 efflux is also reported in the literature (Flavel and Murphy 2006).
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Compost based organic systems shows a direct linkage between nutrient avail-
ability and SOC dynamics (Buchanan and King 1992). Organic amendment has been
found to increase nutrient availability (Su et al. 2006), though in a different way
(Srivastava et al. 2015). It increases the relative availability of ammonium as
compared to nitrate affecting microbial processes. The positive correlation of SOC
with soil NH4

+-N availability has also been reported previously (Trasar-Cepeda et al.
1998). Soil nitrogen input via deposition has also been reported to affect the global
carbon cycle influencing microbial activities, particularly the carbon acquiring
enzymes (Carreiro et al. 2000). It regulates the extracellular enzyme activity and
WSC flux by controlling the oxidative enzyme production by soil microbial com-
munities. The regulation of oxidative enzymes by different microbial communities
in response to soil NO3

�-N deposition indicates that microbial community compo-
sition and function may directly control the ecosystem-level response to environ-
mental changes (Waldrop and Firestone 2006).

6.4.7 Microbial Behavior

Variations in biological and biochemical properties of the soil are closely related
with SOC and SON (Trasar-Cepeda et al. 1998). The microbial contribution to soil C
sequestration is governed by the interactions between the microbial attributes (such
as biomass, community structure, synthesized by-products) and other soil physical
properties (such as texture, clay mineralogy, pore-size distribution, and aggregate
dynamics) (Six et al. 2006). Furthermore, it could be related to the diverse soil
processes, including decomposition of organic residues, nutrient cycling and mobi-
lization of recalcitrant organic matter. The microbial behavior has not been dealt
rationally so far despite its crucial role in soil structural dynamics and SOC accu-
mulation, especially the role of fungi as compared to bacteria (Lynch and Bragg
1985). Fungi possess higher growth efficiency than bacteria and produce more
recalcitrant organic compounds due to its unique metabolic pathways (Six et al.
2006; Lehmann et al. 2011). Moreover, it helps to associate small aggregates into
larger aggregate with the help of various secretions (i.e. polysaccharides, organic
acids and glycoprotein) in association with extensive hyphal matrix (Tisdall 1991)
and plant roots (Gale et al. 2000). Therefore, fungi help to build soil structure
necessary for improved soil quality, mediating organic matter accumulation (Tisdall
and Oades 1982).

Soil microbes are typically carbon-limited (Smith and Paul 1990) and act as a
source of plant nutrient in dry tropical ecosystems (Singh et al. 1989). The changes
in SOM are highly related to soil microorganisms due to their primary role in nutrient
cycling and SOM turnover (Paul and Clark 1989; Fließbach and Mäder 2000; Chu
et al. 2007; Ryan et al. 2009). Soil greenhouse gases (GHGs) production and
emission, which are the crucial elements in soil carbon dynamics, is mediated by
several microbial processes (Conrad 1996). Recent studies have shown that
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biological control predominates than chemical recalcitrance (i.e. molecular struc-
ture) in SOM stability (Schmidt et al. 2011). Most researches showed that applica-
tion of organic manure with/without inorganic fertilizers influences SOC (Goyal
et al. 1999), soil microbial biomass and community structure (Singh and Singh 1993;
Carpenter-Boggs et al. 2000; Peacock et al. 2001; Jimenez et al. 2002; Esperschütz
et al. 2007) and activity (Goyal et al. 1999). Thus, it manipulates the soil microor-
ganisms to improve soil health and fertility (Chaparro et al. 2012). Other long term
studies have also showed an increase in microbial biomass under fertilization (Yan
et al. 2007; Šimon 2008; Wang et al. 2008). The type of amendment (organic or
mineral) had an effect on microbial biomass size and activity (Stark et al. 2007). It
has been reported that microbial biomass and activity shows higher value in organ-
ically managed soils than conventional ones (Tu et al. 2006). Lucas et al. (2014),
Larkin et al. (2011) and Saison et al. (2006) observed that compost additions
increases fungal biomass and dominance in the soil. Fungal population has been
reported higher in acidic soils and in treatments under continuous inorganic fertili-
zation treatments, whereas higher number of bacteria is found in integrated fertili-
zation (Vineela et al. 2012).

Microbial enzymatic activities have been found related with SOC (Jimenez et al.
2002). Their activities represent the limitation of nutrients in soil, for which micro-
organisms produces the respective enzymes. Strong correlations of enzymatic activ-
ities with MBC have been reported in the literature (Ekenler and Tabatabai 2004)
except some contrasting studies (Bohme et al. 2005). Soil dehydrogenase (DHA), β
glucosidase (β GLU) and alkaline phosphomonoesterase (PME) enzymes play a
regulatory role in the SOM decomposition and, thus have been majorly studied in
relation to SOC dynamics. The DHA is a membrane-bound enzyme which is related
to the living microbial activity. Its increased activity under organic amendment
signifies the enhanced biological activity due to carbon input. β GLU is an abiontic
and rate limiting enzyme in the carbohydrate decomposition, which determines the
availability of carbon in the soil ecosystems. Its activity has also been identified as
most sensitive indicator of soil health and management (Caldwell et al. 1999).
However, alkaline phosphatase is a microbial-origin enzyme, which determines
inorganic phosphorus availability in the soil by acting at the ester bond present in
SOM, especially in the nucleic acid and phospholipids.

Long term application of manure has been found to enhance the soil microbio-
logical activities (Parham et al. 2002). Under organic amendment, β GLU activity
has been reported to approach to that in the forest (Moeskops et al. 2010). Organic
amendment has also been reported to increase the microbial biomass, and DHA and
PME activity (Malik et al. 2013; Hueso et al. 2012). In tropical forest soils,
biological activity is often limited by P availability (Nottingham et al. 2012). Also,
SOC have been found positively correlated with PME activity (Trasar-Cepeda et al.
1998). Therefore, β GLU and PME activity has been reported as the suitable, short
and long term indicator of soil quality, respectively (Wick et al. 2002; de la Horra
et al. 2003).
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6.5 Parameters for Monitoring Soil Ecosystem Health
and Quality

6.5.1 Microbial Eco-physiological Properties

Soil eco-physiological traits indicate about the ecological well-being of the soil
ecosystems. In this respect, soil microbial quotient, basal respiration and metabolic
quotient (qCO2) are the three well known soil eco-physiological traits, which are
used to monitor the ecosystem health. Microbial quotient, which is a proportion of
MBC to total C (MBC/SOC), denotes (1) C stability and turnover, (2) capability of
soil to support microbial growth, (3) efficiency of C utilization by the microorgan-
ism, and (4) soil quality (Insam and Domsch 1988). However, basal soil respiration
denotes the microbial activity, and the maintenance energy requirement of the soil
ecosystem. Alternatively, it also refers to the in vitro soil respiration measured under
standard set of conditions. qCO2, which represents the ratio of basal soil respiration
to the MBC (Insam and Haselwandter 1989), demonstrates the efficiency of micro-
bial communities in C substrate utilization in the soil (Insam 1990). Higher the qCO2

value, lower is the efficiency of the soil ecosystem, and vice-versa. Soils under high
stress are expected to show higher qCO2 than less-stressed soils (Insam and
Haselwandter 1989). For example, no-tillage shows lower qCO2 (Kaschuk et al.
2009) as it does not shatter aggregates and hyphal networks, and therefore, supports
a higher ratio of fungi to bacteria (Beare 1997; Frey et al. 1999; Bailey et al. 2002).
The reason being, that the fungi have a lower energy requirement for maintenance
than the bacteria, and thus, transform the substrate- carbon into microbial- carbon
more efficiently (Alvarez et al. 1995; Haynes 1999). It has been reported that the
organic systems show higher qCO2 than conventional systems (Araujo et al. 2008).

6.5.2 Carbon Management Index

It is now recognized that it is essential to maintain an appropriate balance between the
labile carbon (which is required for nutrient cycling and soil structure) and non-labile
carbon (which has potential to get sequestered in soil as reserve carbon due to longer
half life) in the soils (Blair et al. 2006). It is because, both the quantity as well as the
quality of SOC represents the important indicators of soil health and ecosystem
productivity (Liu et al. 2005). Carbon management index (CMI) has been found as
an integrative variable in this regard, which integrates the changes in both, labile and
non-labile carbon in the soils. It has been found to be a useful variable for monitoring
the rate of SOC change in agricultural systems, as compared to precursor reference
system. Higher CMI value indicates toward a better carbon sequestration in the soil.
The observations on changes in CMI across aggregate size fractions and its relationship
with other soil properties in long term management experiments are lacking, which
could be helpful in understanding the mechanism of soil carbon dynamics.
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The positive relationship between MBC, carbon mineralization and CMI
(Xu et al. 2011) suggests that microbial behavior may possibly influence SOC
sequestration by differentially affecting the labile and non-labile carbon in the soil
as well as across aggregate size fractions. He et al. (2008) reported that CMI of
macro-aggregate may act as a promising variable for soil quality assessment in
subtropical land use and management. Moreover, Srivastava et al. (2016) reported
that SOC dynamics across land use change may be linked with the physical (water
stability) and chemical stability (CMI) of macro-aggregate, which could be linked
with the change in relative availability of nitrate-N and ammonium-N in the soil. The
dynamics of aggregate total, labile and non-labile carbon across age series of organic
management and their interaction with biotic (microbial biomass, composition and
activity) and abiotic (notably, physico-chemical attributes) is mechanistically not
well understood for their impact on SOC and soil CO2 emission. Though, organic
amendment has been found to increase the CMI (Lou et al. 2011; Verma et al. 2013);
however, its differential impact on CMI value of aggregate size fractions with age
has not been well explored so far.

6.6 Conclusion

The present article clearly emphasizes upon the importance of carbon pools and
fluxes in the dry tropical soil ecosystems. Also, it highlights the fact that proper
management of soil carbon stocks in dry tropical agricultural soils would provide a
dual benefit: enhanced soil fertility with climate change mitigation via carbon
sequestration. Therefore, an in-depth mechanistic study of the SOC dynamics is
required in these ecosystems to identify the integrative determinants of soil carbon
and CO2 efflux, considering all the important factors together. In recent years, the
relative availability of soil inorganic nitrogen pools and carbon management index
has shown interesting association with SOC dynamics and other soil properties in
dry tropical agro-ecosystems. Such finding needs more exploration and validation
across the tropical climate and ecosystems for its identification as an important
ecological indicator for enhanced soil carbon sequestration. We advocate for
multi-factorial experimentation to study soil carbon pools and fluxes in relation to
physico-chemical and biological attributes of integrative nature under various eco-
systems, climate and management for a better understanding of SOC dynamics. It
would help in the improved soil management for sustainable soil fertility and
mitigation of climate change in a simple and cost effective manner.
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Chapter 7
Halophilic Microbial Ecology
for Agricultural Production in Salt Affected
Lands

Sanjay Arora and Meghna J. Vanza

Abstract Halophiles microbes are present in hypersaline environments. Several
alkaliphilic Bacillus species isolated from soils show halophilic characteristics.
Genera that include halophilic species isolated from soil samples are Halobacillus,
Filobacillus, Tenuibacillus, Lentibacillus, and Thalassobacillus. Species from
Filobacillus, Thalassobacillus, Lentibacillus and Tenuibacillus genera are moder-
ately halophile. The family Nocardiopsaceae predominate in saline or alkaline soils.
Many Gram-negative, moderately halophilic, or halotolerant species are included in
the family Halomonadaceae. Microorganisms from the genus Streptomonospora,
which are Gram-positive, aerobic organisms with branching hyphae, are found to
grow upto 15% NaCl.

Mycorrhizal fungi can increase the growth of plants growing in salinity. Vesicular
arbuscular mycorrhizal fungi have the ability to protect plants from salt stress.
Compatible solute strategy is employed by the majority of moderately halophilic
and halotolerant bacteria. All halophilic microorganisms contain potent transport
mechanisms, generally based on Na+/H+ antiporters, to expel sodium ions from the
interior of the cell. Also, some halophiles express aminocyclopropane-1-carboxylic
acid (ACC) deaminase activity that removes stress, ethylene from the rhizosphere
and some produce auxins that promote root growth. Plant growth-promoting
rhizobacteria induces plants salt stress tolerance. Inoculation of halophilic plant
growth-promoting bacterial strains reduces sodium by 19% in soil. Also, with
such method, the yield of wheat and Zea mays can be increased by 10–12% under
salinity stress. Liquid bioformulations of efficient halophilic plant growth promoters
improvs crop yields under salt stress.
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7.1 Introduction

Life exists over the whole range of salt concentrations encountered in natural
habitats: from freshwater environments to hypersaline lakes such as the Dead Sea,
and other places saturated with respect to sodium chloride i.e. salt affected soils.
Everything is everywhere but environment selects (Rutger and Bouvier 2006). In
many cases the soil properties are the most definitory of the limitations for the
ecosystem functioning and, quite always, the soil is the component of the ecosystem
more resilient to changes. The influence of the high salt concentrations masks other
soil forming processes or soil properties and environmental conditions, often altering
them. Microorganisms play an important role in the maintenance and sustainability
of any ecosystem as they are more capable of rapid adjustment towards environ-
mental changes and deterioration. Microorganisms are considered to be the first life
forms to have evolved; they are versatile and adaptive to various challenging
environmental conditions. Microorganisms are omnipresent and they impact the
entire biosphere. They play a major role in regulating biogeochemical cycles in the
extreme environmental conditions (Seigle-Murandi et al. 1996). Microorganisms are
responsible for carbon mineralization, nitrogen fixation, methane metabolism, and
sulphur metabolism, thus controlling the global biogeochemical cycling (Das et al.
2006). They produce diverse metabolic enzymes that can be employed for the safe
removal of contaminants, which can be achieved either by direct destruction of the
chemical or through transformation of the contaminants to a safer or lesser toxic
intermediate (Dash and Das 2012). Due to their versatility, microorganisms have
provided a useful platform to be used for an enhanced model of bioremediation.
There are many characteristics features of bacteria which make them suitable for
application in bioremediation practices.

7.2 Salt Affected Soils

The soil that contains excess salts which impairs its productivity is called salt-affected.
Salt accumulation in soil is characterized by saline soil, contains high amount of
soluble salts Ca2+, Mg2+, K+ & Na+ salt of Cl�, NO3

�, SO4
2� & CO3

3� etc.; Sodic
soil, dominated by Na+ salt & saline-sodic soil that have high salt of Ca2+, Mg2+ & K+

as well as Na+. Salt-affected soils occupy an estimated 952.2 million ha of land in the
world that constitutes to nearly 7% of the total land area and nearly 33% of the area of
potential arable land. In India, the salt affected soils account for 6.727 million ha
i.e. 2.1% of geographical area of the country. A build-up of soluble salts in the soil
may influence its behaviour for crop production through changes in the proportions of
exchangeable cations, soil reaction, physical properties and the effects of osmotic and
specific ion toxicity (Arora and Sharma 2017). A practical grouping of salt affected
soils can be done considering their biogeochemical behavior (Szabolcs 1989). Salt
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affected soils can be grouped into saline soils, alkali soils, magnesium salted soil,
gypsiferous soils, acid sulphate soils (Table 7.1). Due to sodium ions the saline soils
i.e. coastal soils occurred by having permanent contact with the sea water in most of
the lagoon ecosystems.

7.3 Halophilic Microorganisms

The existence of high osmotic pressure, ion toxicity, unfavourable soil physical
conditions and/or soil flooding, are serious constraints to many organisms and
therefore salt-affected ecosystems are specialised ecotones. The organisms found
over there have developed mechanisms to survive in such adverse media, and many
endemisms. The halophilic microorganisms or “salt-loving” microorganisms live in
environments with high salt concentration that would kill most other microbes.
Halotolerant and halophilic microorganisms can grow in hypersaline environments,
but only halophiles specifically require at least 0.2 M of salt for their growth.
Halotolerant microorganisms can only tolerate media containing less than 0.2 M
of salt. Distinctions between different kinds of halophilic microorganisms are made
on the basis of their level of salt requirement and salt tolerance.

According to Kushner (1993) classification, of microbes response to salt in which
they grow best, and they are grouped as non-halophilic (less than 0.2 M salt), slight
halophiles (0.2–0.5 M salt), moderate halophiles (0.5–2.5 M salt), borderline
extreme halophiles (1.5–4.0 M salt) and extreme halophiles (2.5–5.2 M salt). The
halotolerant microbes grow best in media containing <0.2 M (�1%) salt and also can

Table 7.1 Groups of salt affected soils

Group of
Salt affected
soils

Main electrolyte(s) causing
salinity, alkalinity or acidity

Usual
pH
range Natural origin

Saline soils Sodium chloride 5.5–8.5 Occurrence in most lagoon ecosystems
mainly in cases of permanent contact
with sea water.

Alkali or
sodic soils

Sodium ion capable of alka-
line hydrolysis Na2CO3,
NaHCO3, Na2SiO3

5.5–12 Developing in cases of stagnant water
jointly with reduction processes often
following desiccation

Magnesium
Salted soils

Magnesium ions 5–9 Concurrently with sodium chloride in
case of high amount of dissolved or
absorbed Mg ions

Gypsiferous
soils

Calcium ions (CaSO4) 4–8 Development from evaporitic rocks
containing gypsum

Acid sul-
phate soils

Ferric & aluminium ions
(mainly sulphates)

1.5–4.5 In heavy, sulphur containing sediments
as a result of their emerging to the
surface & oxidation
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tolerate high salt concentrations. This definition is widely referred to in many reports
(Arahal and Ventosa 2002; Ventosa et al. 1998; Yoon et al. 2003).

7.4 Microbial Ecology of Salt Affected Soils

Microbial community in the soil are not distributed at random. Factors such as soil
composition, organic matter, pH, water and oxygen availability, along with the host
plant, play major role in the selection of the natural flora (Ross et al. 2000). The soil
gains importance, especially in saline agricultural soils, where high salinity results
from irrigation practices and application of chemical fertilizer. This effect is always
more pronounced in the rhizosphere as a result of increased water uptake by the
plants due to transpiration. Hence, the rhizobacteria form a group of the best adapted
microorganisms (Tripathi et al. 1998).

Saline or hypersaline soils have yielded many Gram-positive species, and these
have been characterized taxonomically. The microbiota of hypersaline soils is more
similar to those of non-saline soils than to the microbiota from hypersaline waters.
This suggests that general features of the environments are more important in
determining the microbiota in a particular habitat than are individual factors such
as high salinity (Quesada et al. 1983).

Industrial biocatalysis has found in the halophilic micro-organisms a source of
enzymes with novel properties of high interest. Over the years, different enzymes of
halotolerant and halophilic micro-organisms isolated from saline soils have been
described and a number of new possibilities for industrial processes have emerged
due to their overall inherent stability at high salt concentrations. These enzymes
could be used in harsh industrial processes such as food processing, biosynthetic
processes, and washing (Ventosa et al. 2005). Halopholic enzymes are active and
stable at high salt concentrations, showing specific molecular properties that allow
them to cope with osmotic stress. Mevarech et al. (2000) showed that these enzymes
present an excess of acidic residues over basic residues and a low content of
hydrophobic residues at their surface.

Compatible solutes are low-molecular weight organic compounds such as
polyols, amino acids, sugars, and betaines that the halophilic and halotolerant
bacteria accumulate intracellularly to achieve osmotic balance (Brown 1976).
Also, halophilic bacteria tolerant to heavy metals could be used as bioassay indicator
organisms in saline-polluted environments. Several halotolerant and halophilic
bacteria isolated from hypersaline soils tolerate high concentrations of different
metals, such as Co, Ni, Cd, or Cr (Nieto et al. 1989; Rios et al. 1998).

Industrial processes such as the production of pesticides, herbicides, and phar-
maceutical products, in addition to paper mills and petrochemical industries generate
wastewaters containing toxic compounds and with different levels of salinities. In
the biological treatment, the micro-organisms conventionally used show only poor
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degradative efficacy due to the highly saline conditions. The potential of halophilic
organisms in effluent treatment offers the promise of innovative research. Other than
that halophilic also used to recover saline soil by directly supporting the growth of
vegetation, thus indirectly increasing crop yields in saline soil.

7.5 Diversity of Halophilic Microorganisms

The phylogenetic diversity of microorganisms living at high salt concentrations is
surprising. Halophiles are found in each of the three domains: Archaea, Bacteria, and
Eucarya. The metabolic diversity of halophiles is great as well: they include oxy-
genic and anoxygenic phototrophs, aerobic heterotrophs, fermenters, denitrifiers,
sulfate reducers, and methanogens. The diversity of metabolic types encountered
decreases with salinity. The upper salinity limit at which each dissimilatory process
takes place is correlated with the amount of energy generated and the energetic cost
of osmotic adaptation. The understanding of the biodiversity in salt-saturated envi-
ronments has increased greatly in recent years.

The soil is an important habitat for bacteria. Soil bacteria can be found as single
cells or as microcolonies, embedded in a matrix of polysaccharides. Bacteria
inhabiting soil play a role in conservation and restoration biology of higher organ-
isms. The domain Bacteria contains many types of halophilic and halotolerant
microorganisms, spread over a large number of phylogenetic groups (Ventosa
et al. 1998). The different branches of the Proteobacteria contain halophilic repre-
sentatives often having close relatives that are non-halophilic. Halophiles are also
found among the cyanobacteria, the Flavobacterium – Cytophaga branch, the Spi-
rochetes and the Actinomycetes (Oren 2002). Within the lineages of gram positive
bacteria (Firmicutes), halophiles are found both within the aerobic branches (Bacil-
lus and related organisms) as also within the anaerobic branches. It may be stated
that generally most halophiles within the domain bacteria are moderate rather than
extreme halophiles. However, there are a few types that resemble the Archaeal
halophiles of the family Halobacteriaceae in their salt requirements and tolerance.
Rodriguez-Valera (1988) stated that there was an abundance of halophilic bacteria in
saline soil and that the dominant types encountered in saline soil belong to genera of
Alcaligenes, Bacillus, Micrococcus, and Pseudomonas. Garabito et al. (1998) iso-
lated and studied 71 halotolerant Gram-positive endospore forming rods from saline
soils and sediments of salterns located in different areas of Spain. These isolates
were tentatively assigned to the genus Bacillus, and the majority of them were
classified as extremely halotolerent microorganisms, being able to grow in most
cases in up to 20 or 25% salts.
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7.5.1 Moderately Halophilic Bacteria

Several alkaliphilic Bacillus species have been isolated from soils and that showed
halophilic characteristics (Table 7.2). Bacillus krulwichiae, a facultatively anaerobic
was isolated in Tsukuba, Japan, as reported by Yumoto et al. (2003). These are
straight rod with peritrichous flagella that produces ellipsoidal spores, having ability
to utilize benzoate or m-hydroxybenzoate as the sole carbon source. Bacillus
patagoniensis (Olivera et al. 2005) was isolated from the rhizosphere of the peren-
nial shrub Atriplex lampa from north-eastern Patagonia. Another is Bacillus
oshimensis (Yumoto et al. 2005). It is a halophilic nonmotile, facultatively
alkaliphilic species. Another example is the genus Virgibacillus. This genus was
first proposed by Heyndrickx et al. (1998) based on polyphasic data and it was later
described by Heyrman et al. (2003). Members of the genus Virgibacillus produce
oval to ellipsoidal endospores, are Gram-positive motile rods (Heyrman et al. 2003).
This genus comprises eight species, two of which are moderately halophilic and
have been isolated from soil samples: Virgibacillus salexigens (Garabito et al. 1997;
Heyrman et al. 2003) and Virgibacillus koreensis (Lee et al. 2006).

Several other aerobic or facultatively anaerobic, moderately halophilic,
endospore-forming, Gram-positive bacteria have been classified within genera
related to Bacillus. Genera that include halophilic species isolated from soil samples
are Halobacillus, Filobacillus, Tenuibacillus, Lentibacillus, and Thalassobacillus.
Species from Filobacillus, Thalassobacillus & Tenuibacillus genera are borderline
halophile. The genus Halobacillus is clearly differentiated from other related genera
on the basis of its cell-wall peptidoglycan type as the members of this genus have
peptidoglycan (Spring et al. 1996; Schlesner et al. 2001). Within these genera, the
halophilic species isolated from soils are: Halobacillus halophilus (Spring et al.
1996), Halobacillus karajensis (Amoozegar et al. 2003).

With respect to the genus Lentibacillus, two halophilic soil species are identified.
A Lentibacillus salicampi isolated from a salt field in Korea (Yoon et al. 2002), and
A Lentibacillus salarius from a saline sediment in China (Jeon et al. 2005a). The
family Nocardiopsaceae contains three genera, namely Nocardiopsis (Meyer 1976),
Thermobifida (Zhang et al. 1998), and Streptomonospora (Cui et al. 2001). At
present, the genus Nocardiopsis comprises 19 validly published species names
(Li et al. 2003a, 2004; Al-Zarban et al. 2002). These species comprise aerobic,
Gram-positive, non-acid-fast, and nonmotile organisms. Originally, members of this
genus had been isolated from mildewed grain (Brocq-Rousseau 1904), but the
natural habitat of Nocardiopsis is soil. It has been reported to predominate in saline
or alkaline soils (Tang et al. 2003) and several recognized species have been isolated
from such sources (Al-Tai and Ruan 1994; Chun et al. 2000; Al-Zarban et al. 2002;
Li et al. 2003a, 2004). Some examples of moderately halophilic species of the genus
Nocardiopsis isolated from soil samples were: Nocardiopsis gilva, Nocardiopsis
rosea, Nocardiopsis rhodophaea, Nocardiopsis chromatogenes, and Nocardiopsis
baichengensis (Li et al. 2006). These all are isolated from saline sediment from
Xinjiang Province, China.
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Table 7.2 Moderate halophiles (3–15%)

Sr.
No Species

Gram
nature Isolation source References

1 Bacillus
krulwichiae

P Soil from Tsukuba, Ibaraki, Japan Yumoto et al.
(2003)

2 Bacillus
haloalkaliphilus

P Showa, Saitama Echigo et al.
(2005)

3 Bacillus
oshimensis

P Soil from Oshymanbe, Oshima, Hok-
kaido, Japan

Yumoto et al.
(2003)

4 Bacillus
patagoniensis

P Rhizosphere of the perennial shrub
Atriplex lampa in north-eastern Pata-
gonia, Argentina

Olivera et al.
(2005)

5 Gracilibacillus
halotolerans

P Shiki, Saitama Echigo et al.
(2005)

6 Halobacillus
halophilus

P Salt marsh and saline soils Spring et al.
(1996), Ventosa
et al. (1983)

7 Halobacillus
karajensis

P Saline soil of the Karaj region, Iran Amoozegar et al.
(2003)

8 Halomonas
anticariensis

N Soil from Fuente de Piedra. Málaga,
Spain

Martinez-
Canovas et al.
(2004a)

9 Halomonas
boliviensis

N Soil around the lake Laguna Colorada,
Bolivia

Quillaguaman
et al. (2004)

10 Halomonas maura N Soil from a solar saltern at Asilah,
Morocco

Bouchotroch
et al. (2001)

11 Halomonas
organivorans

N Saline soil from Isla Cristina, Huelva,
Spain

Garcia et al.
(2004)

12 Lentibacillus
salaries

P Saline sediment of Xinjiang Province,
China

Jeon et al.
(2005a)

13 Lentibacillus
salicampi

P Salt field in Korea Yoon et al.
(2002)

14 Marinobacter
excellens

N Sediment collected from Chazhman
Bay, Sea of Japan

Gorshkova et al.
(2003)

15 Marinobacter
koreensis

N Sea sand in Pohang, Korea Kim et al. (2006)

16 Marinobacter
lipolyiticus

N Saline soil from Cadiz, Spain Martin et al.
(2003)

17 Marinobacter
sediminum

N Marine coastal sediment from Peter the
Great Bay, Sea of Japan

Romanenko et al.
(2005)

18 Microbacterium
halotolerans

P Soil sediment of Qinghai Province,
China

Li et al. (2005a)

19 Natranobacterium
sp-1

N Salt pan of Kovalam Murugan et al.
(2011)

20 Nocardiopsis
baichengensis

P Saline sediment from Xinjiang Prov-
ince, China

Li et al. (2006)

21 Nocardiopsis
chromatogenes

P Saline sediment from Xinjiang Prov-
ince, China

Li et al. (2006)

(continued)
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From salt pans of Kovalam in Kanyakumari district of Kerala, India, gram
negative moderately halophilic bacteria like Natranobacterium sp-1. identified in
the study of the diversity over period of time (Murugan et al. 2011). Many Gram-
negative, moderately halophilic, or halotolerant species are currently included in the
family Halomonadaceae, which belongs to the Gammaproteobacteria (Arahal and
Ventosa 2005). This family includes three genera with halophilic species:
Halomonas, Chromohalobacter, and Cobetia, plus two genera of nonhalophilic
bacteria, Zymobacter and Carnimonas (Arahal et al. 2002; Dobson and Franzmann
1996; Garriga et al. 1998; Okamoto et al. 1993). Among the genera that comprise
this family, Halomonas covers the greatest number of species (more than 40)
showing heterogeneous features.

During an extensive search on different hypersaline habitats in Spain and Morocco
focused on the screening of new exopolysacharide (EPS)-producing bacteria, several
strains were isolated from saline soils and described as new species belonging to the
genus Halomonas: Halomonas maura (Bouchotroch et al. 2001) and Halomonas
anticariensis (Martinez-Canovas et al. 2004a). Other halophilic exopolysacharide
-producing species were also isolated in these studies: Salipiger mucosus, that was
the first moderately halophilic exopolysacharide -producing micro-organism belong-
ing to the Alphaproteobacteria (Martinez-Canovas et al. 2004b). The genus
Marinobacter, with the type species Marinobacter hydrocarbonoclasticus, was cre-
ated in 1992 to accommodate Gram-negative, moderately halophilic, aerobic
Gammaproteobacteria that utilize a variety of hydrocarbons as the sole source of
carbon and energy (Gauthier et al. 1992). It also accommodate moderately halophilic
Marinococcus halophilus andMarinococcus albus (Hao et al. 1984). Another species,

Table 7.2 (continued)

Sr.
No Species

Gram
nature Isolation source References

22 Nocardiopsis gilva P Saline sediment from Xinjiang Prov-
ince, China

Li et al. (2006)

23 Nocardiopsis
rhodophaea

P Saline sediment from Xinjiang Prov-
ince, China

Li et al. (2006)

24 Nocardiopsis
rosea

P Saline sediment from Xinjiang Prov-
ince, China

Li et al. (2006)

25 Palleronia
marisminoris

N Hypersaline soil bordering a solar
saltern in Murcia, Spain

Martinez-Checa
et al. (2005)

26 Salipiger mucosus N Hypersaline soil from a solar saltern in
Calblanche, Murcia, Spain

Martinez-
Canovas et al.
(2004b)

27 Virgibacillus
halodenitrificans

P Ranzan, Saitama Echigo et al.
(2005)

28 Virgibacillus
koreensis

P Salt field near Taean-Gun on the Yel-
low Sea in Korea

Lee et al. (2006)
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Marinococcus halotolerans that is extremely halophilic was also reported (Li et al.
2005a, b). It was motile cocci that grew over a wide range of salt concentrations up to
20% NaCl.

A phylogenetic and chemotaxonomic reanalysis of the genus Micrococcus
resulted in the proposal of the genus Nesterenkonia (Stackebrandt et al. 1995)
constituted by coccoid or short Gram-positive rods, non-spore-forming, chemo-
organotrophic with strictly respiratory metabolism. Species of this genus are aerobic,
catalase-positive, and moderately halophilic or halotolerant (Stackebrandt et al.
1995; Collins et al. 2002; Li et al. 2005b). Two species isolated from soil habitats
are Nesterenkonia halotolerans and Nesterenkonia xinjiangensis (Li et al. 2004).
The genus Marinobacter comprises 13 species, some of which being moderately
halophilic bacteria isolated from soil samples: Marinobacter lipolyticus, that shows
lipolytic activity with potential industrial applications (Martin et al. 2003),
Marinobacter excellens (Gorshkova et al. 2003), Marinobacter sediminum
(Romanenko et al. 2005), and the Marinobacter koreensis (Kim et al. 2006).

7.5.2 Borderline Halophiles

Some moderately halophilic, spore-forming, Gram-positive rods were originally
assigned to the genus Bacillus, but have been reclassified within new genera by
the application of molecular methods and improved phenotypic approaches
(Heyndrickx et al. 1998; Yoon et al. 2001, 2004) (Table 7.3). Indeed, 16S rRNA
sequence and chemotaxonomic analyses revealed the existence of several phyloge-
netically distinct lineages within the genus Bacillus (Ash et al. 1991; Nielsen et al.
1994). One example of such independent lineage is a group comprising the species
Alkalibacillus haloalkaliphilus (formerly Bacillus haloalkaliphilus; Fritze 1996;
Jeon et al. 2005b) isolated from alkaline, high saline mud from Wadi Natrun,
Egypt, and Alkalibacillus salilacus, isolated from soil sediment of a salt lake in
China (Jeon et al. 2005b).

The genera Tenuibacillus and Thalassobacillus are comprised of only one species,
Tenuibacillus multivorans isolated from a saline soil in Xin-Jiang, China (Ren and
Zhou 2005) and Thalassobacillus devorans, isolated from a saline soil in South Spain
(García et al. 2005). All these genera belong to the family Bacillaceae, included in the
phylogenetic group of the low GCGram-positive bacteria, and are closely related. The
genus Saccharomonospora (Nonomura and Ohara 1971) includes actinomycetes
producing predominantly single spores on aerial hyphae. The studies on halophilic
actinomycetes carried out by Jiang and coworkers in hypersaline soils of the Xinjiang
Province, China, led to the isolation of the novel species Saccharomonospora
paurometabolica (Li et al. 2003b). Cui et al. (2001) isolated the microorganisms
from the genus Streptomonospora, which is constituted by only two species, which
are Gram-positive, aerobic organisms with branching hyphae that grow optimally in
media with 15% NaCl: Streptomonospora alba and Streptomonospora salina, both of
them isolated from the same sampling site in China.
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Table 7.3 Borderline halophiles (9–23%)

Sr
No Species

Gram
nature Isolation source References

1 Actinopolyspora
iraqiensis

P Soil sample in Iraq Ruan et al.
(1994)

2 Actinopolyspora
mortivallis

P Soil sample obtained from Death
Valley, CA, USA

Yoshida et al.
(1991)

3 Alkalibacillus
haloalkaliphilus

P Alkaline, highly saline mud from
Wadi Natrun, Egypt

Jeon et al.
(2005b)

4 Alkalibacillus salilacus P Soil sediment from a salt lake in
Xinjiang Province, China

Jeon et al.
(2005b)

5 Bacillus megaterium P Kasukabe, Saitama Echigo et al.
(2005)

6 Filobacillus milosensis P Beach sediment from Palaeochori
Bay, Milos, Greece

Schlesner
et al. (2001)

7 Filobacillus milosensis P Okabe, Saitama Echigo et al.
(2005)

8 Halobacillus karajensis P Katsushika, Tokyo Echigo et al.
(2005)

9 Halobacillus litoralis P Okegawa, Saitama Echigo et al.
(2005)

10 Halobacillus salinus P Salt pan of Kovalam Murugan
et al. (2011)

11 Halobacillus tueperi P Omiya, Saitama Echigo et al.
(2005)

12 Halobacterium
salinarum

N Salt pan of Kovalam Murugan
et al. (2011)

13 Halococcus salifodinae N Salt pan of Kovalam Murugan
et al. (2011)

14 Lentibacillus salicampi P Iwatsuki, Saitama Echigo et al.
(2005)

15 Saccharomonospora
paurometabolica

P Saline sediment of Xinjiang Prov-
ince, China

Li et al.
(2003b)

16 Staphylococcus citreus P Salt pan of Kovalam Murugan
et al. (2011)

17 Staphylococcus
epidermidis

P Salt pan of Kovalam Murugan
et al. (2011)

18 Staphylococcus
intermedius

P Salt pan of Kovalam Murugan
et al. (2011)

19 Tenuibacillus
multivorans

P Soil from Xinjiang Province, China Ren and
Zhou (2005)

20 Thalassobacillus
devorans

P Saline soil in South Spain García et al.
(2005)

21 Vibrio fischeri N Salt pan of Kovalam Murugan
et al. (2011)
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From salt pans of Kovalam in Kanyakumari district of Kerala, India, gram
positive bacteria like Halobacillus salinus, Staphylococcus epidermidis, Staphy-
lococcus intermedius, Staphlococcus citreus obtained. While gram negative organ-
isms like Vibrio fischeri, Halobacterium salinarum, Halobacterium salifodinae
organisms identified in the study of the diversity over period of time (Murugan
et al. 2011).

7.5.3 Extremely Halophiles

A very low proportion of extremely halophilic archaea (1%) were reported to be
isolated from the soil (Table 7.4). They were isolated from salt pan or saline soils.
They assigned to the genus Halobacterium and their presence in soil suggested the
existence of local microsites with sufficiently high salt concentrations to allow the
growth of halophilic Archaea. The genus Marinobacter, with the type species
Marinobacter hydrocarbonoclasticus, was created in 1992 to accommodate Gram-
negative, moderately halophilic, aerobic Gammaproteobacteria that utilize a vari-
ety of hydrocarbons as the sole source of carbon and energy (Gauthier et al. 1992).
It also accommodates moderately halophilic Marinococcus halophilus and
Marinococcus albus (Hao et al. 1984). Li et al. (2005a, b) described a third species,
Marinococcus halotolerans that is extremely halophilic. They are motile cocci that
grow over a wide range of salt concentrations and up to 20% NaCl.

Obligately anaerobic bacteria that exist in extremely hypersaline lake ecosys-
tems are quite numerous, because in these environments oxygen availability is low
due to poor solubility, and organic carbon availability is high because substrate
from primary production is not degraded by secondary consumers (plants, ani-
mals). The anoxic sediments of hypersaline environments are often characterized
by a large number of halophilic anaerobic organisms belonging to the domain
Bacteria. Bacteria inhabiting soil produce potentially important biotechnology
products and are critically important sources of knowledge about the strategies
and limit of life.

Table 7.4 Extreme halophiles (15–32%)

Sr.
No Species

Gram
Nature Isolation source References

1 Bacillus subtilis P Salt pan of Kovalam Murugan et al. (2011)

2 Marinococcus
halophilus

P Saline soil from Alicante
and Cadiz, Spain

Hao et al. (1984),
Marquez et al. (1992)

3 Marinococcus
halotolerans

P Saline soil in Qinghai, north-
west China

Li et al. (2005a)
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7.6 Vesicular Arbuscular Mycorrhiza

Vesicular Arbuscular mycorrhizal fungi occur naturally in saline environment (Khan
1974; Khan and Belik 1994). Several researchers investigated the relationship
between soil salinity and occurrence of mycorrhizae on halophytes. They reported
that the number of Vesicular Arbuscular Mycorrhiza spores or infectivity of Vesic-
ular Arbuscular Mycorrhizal fungi changed with change in salt concentration (Juni-
per and Abbott 1993). The stresses due to saline soils effect the growth of plants,
fungus or both. Vesicular Arbuscular Mycorrhizal fungi most commonly observed
in saline soils are Glomus spp. this suggest that this may be adapted to grow in saline
conditions, but ecological specificity has not been demonstrated (Juniper and Abbott
1993). There is evidence that Vesicular Arbuscular Mycorrhiza species distribution
is markedly changed with increased salinity (Stahl and Williams 1986).

The most predominant species of arbuscular mycorrhizal fungi in the severely
saline soils of the Tabriz plains were Glomus intraradices, G. versiform and
G. etunicatum (Aliasgharzadeh et al. 2001). It was also found that the number of
Arbuscular Mycorrhizal Fungi spores did not significantly decrease with soil salinity
and reported a relatively high spore number (mean of 100/10 g soil). The higher
fungal spore density in saline soils may be due to the fact that sporulation is
stimulated under salt stress (Tressner and Hayes 1971) which means that Arbuscular
Mycorrhizal Fungi may produce spores at low root-colonization levels in severe
saline conditions (Aliasgharzadeh et al. 2001). It was reported that abundant occur-
rence of Arbuscular Mycorrhizal Fungi spores in extremely alkaline soils of pH
values up to 11, independently of the soil type and irrespective of NaCl, Na2CO3,
Na2SO4 or CaSO4 salt types, though the degree of colonization varied from one
individual to the next (Landwehr et al. 2002). In most of the earlier studies identi-
fication of the Arbuscular Mycorrhizal Fungi spores was based mainly on the
morphological criteria. Complementary to morphology based identification
methods, use of molecular techniques such as polymerase chain reaction and
restriction fragment length polymorphism for identification of Arbuscular Mycor-
rhizal Fungi has been on the rise. Many authors have employed molecular tech-
niques for identification of Arbuscular Mycorrhizal Fungi spores (Landwehr et al.
2002; Regvar et al. 2003; Wilde et al. 2009). The molecular identification techniques
can overcome some of the pitfalls in morphology based identification.

There are few studies indicating that mycorrhizal fungi can increase growth of
plants growing in saline habitats (Ojala et al. 1983; Pond et al. 1984). Vesicular
Arbuscular -mycorrhizal fungi may have the ability to protect plants from salt stress
(Hirrel and Gerdemann 1980; Rosendahl and Rosendahl 1991), but the mechanism
is not fully understood (Yadav et al. 2017). The few data available at present suggest
that fungi do have a potential to enhance plant growth by increasing the uptake of the
nutrients. To test the efficacy of three species of Arbuscular Mycorrhizal Fungi –
Glomus mosseae, G. intraradices and G. claroideum – to alleviate salt stress in olive
trees under nursery conditions, study was conduted by Porras-Soriano et al. (2009)
who observed that G. mosseae was the most efficient fungus in terms of olive tree
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performance and particularly in the protection offered against the detrimental effects
of salinity. These findings suggest that the capability of Arbuscular Mycorrhizal
Fungi in protecting plants from the detrimental effects of salt stress may depend on
the behaviour of each species.

7.7 Mechanisms for Halotolerance

Halotolerance is the adaptation of living organisms to conditions of high salinity.
High osmolarity in hypersaline conditions can be deleterious to cells since water is
lost to the external medium until osmotic equilibrium is achieved. Many microor-
ganisms respond to increase in osmolarity by accumulating osmotica in their cytosol,
which protects them from cytoplasmic dehydration (Yancey et al. 1982). As biolog-
ical membranes are permeable to water, all microorganisms have to keep their
cytoplasm at least isoosmotic with their environment to prevent water loss of cellular
water; when a turgor pressure is to be maintained, the cytoplasm should even be
slightly hyperosmotic. Adaptation to conditions of high salinity has an evolutionary
significance. The concentration of brines during prebiotic evolution suggests
haloadaptation at earliest evolutionary times (Dundas 1998). Osmophily is related
to the osmotic aspects of life at high salt concentrations, especially turgor pressure,
cellular dehydration and desiccation. Halophily refers to the ionic requirements for
life at high salt concentrations.

Halophilic microorganisms usually adopt either of the two strategies of survival
in saline environments: ‘compatible solute’ strategy and ‘salt-in’ strategy (Ventosa
et al. 1998). When an isoosmotic balance with the medium is achieved, cell volume
is maintained. Compatible solute strategy is employed by the majority of moderately
halophilic and halotolerant bacteria, some yeasts, algae and fungi. In this strategy
cells maintain low concentrations of salt in their cytoplasm by balancing osmotic
potential through the synthesis or uptake of organic compatible solutes and exclu-
sion of salts from cytoplasm as much as possible. The compatible solutes or
osmolytes, small organic molecules that are soluble in water to molar concentrations,
that accumulate in halophiles are available in great spectrum and used in all three
domains of life. These are assigned in two classes of chemicals i.e. (1) the amino
acids and their derivatives, such as glycine betaine, glutamine, glutamate, proline,
ectoine or N-acetyl-β-lysine and (2) polyols e.g. glycine betaine, ectoine, sucrose,
trehalose and glycerol, which do not disrupt metabolic processes and have no net
charge at physiological pH. The accumulation can be accomplished either by uptake
from the medium or by de novo synthesis (Shivanand and Mugeraya 2011).

The salt-in strategy is employed by true halophiles, including halophilic archaea
and extremely halophilic bacteria. These the microorganisms that are adapted to high
salt concentrations and cannot survive when the salinity of the medium is lowered.
They generally do not synthesize organic solutes to maintain the osmotic equilib-
rium. In this adaptation the intracellular K+ concentration is generally higher than
that of outside, the intracellular Na+ concentration is generally lower than that in the
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medium, the intracellular K+ concentration increases with increasing external NaCl
concentration in a non-linear pattern. All halophilic microorganisms contain potent
transport mechanisms, generally based on Na+/H+ antiporters (Oren 1999). The
electrical potential (Δψ) that drives the uptake of potassium ions in these organisms,
results from the concerted action of the membrane bound proton-pump bacteriorho-
dopsin and the “proton gradient-consuming” proteins ATP synthase and Na+/H+

antiporter (Wagner et al. 1978). Transport of Cl� is accomplished via the light driven
chloride pump halorhodopsin (Schobert and Lanyi 1982). Thus, ultimately it accu-
mulate KCl into the cytoplasm to counterbalance the external salinity.

All enzymes and structural cell components must be adapted to high salt concen-
trations for proper cell function. Proteins of halophilic microorganisms contain an
excess ratio of acidic to basic amino acids and are resistant to high salt concentration
than the non-halophilic microbes (Oren and Mana 2002). These proteins always
need a quite high intracellular salt concentration for correct protein folding and
activity. Surface negative charges prevent denaturation and precipitation of proteins
at high salt concentrations (DasSarma and Arora 2001).

Halobacillus is the first chloride-dependent bacterium reported, and several
cellular functions depend on Cl� for maximal activities, the most important being
the activation of solute accumulation. Halobacillus switches its osmolyte strategy
with the salinity in its environment by the production of different compatible solutes.
Glutamate and glutamine dominate at intermediate salinities, and proline and ectoine
dominate at high salinities. Chloride stimulates expression of the glutamine synthe-
tase and activates the enzyme. The product glutamate then turns on the biosynthesis
of proline by inducing the expression of the proline biosynthetic genes (Saum and
Muller 2008). Halobacillus dabanensis is used by Su-Sheng Yang and his col-
leagues (Beijing, China) as a model organism to study the genes involved in
halotolerance, including genes encoding Na+/H+ antiporters, enzymes involved in
osmotic solute metabolism, and stress proteins (Yang et al. 2006).

7.8 Applications of Halophilic Bacteria

Halophilic bacteria provide a high potential for biotechnological applications for at
least two reasons: (1) their activities in natural environments with regard to their
participation in biogeochemical processes of C, N, S, and P, the formation and
dissolution of carbonates, the immobilization of phosphate, and the production of
growth factors and nutrients (Rodriguez-Valera 1993); and (2) their nutritional
requirements are simple. The majority can use a large range of compounds as their
sole carbon and energy source. Most of them can grow at high salt concentrations,
minimizing the risk of contamination. Moreover, several genetic tools developed for
the nonhalophilic bacteria can be applied to the halophiles, and hence their genetic
manipulation seems feasible (Ventosa et al. 1998). The application of halophilic
bacteria in environmental biotechnology is possible for (1) the recovery of saline
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soil, (2) the decontamination of saline or alkaline industrial wastewater, and (3) the
degradation of toxic compounds in hypersaline environments.

The use of halophilic bacteria in the recovery of saline soils is covered by the
following hypotheses. The first hypothesis is that microbial activities in saline soil
may favor the growth of plants resistant to soil salinity. The second hypothesis is
based on the utilization of these bacteria as bio-indicators in saline wells. Indicator
microorganisms can be selected by their abilities to grow at different salt concen-
trations. Another hypothesis is the application of halophilic bacterium genes using a
genetic manipulation technique to assist wild type plants to adapt to grow in saline
soil by giving them the genes for crucial enzymes that are taken from halophiles. The
production of genetically modified plants has however been controversial.

7.9 Halophilic Bacteria for Bioremediation
and Agricultural Production

Both physical and chemical methods of their reclamation are not cost-effective and
also the availability of mineral gypsum or other chemical amendments is a problem.
The applications of halophilic bacteria include recovery of salt affected soils by
directly supporting the growth of vegetation thus indirectly increasing crop yields in
salt affected soils (Arora et al. 2016). All halophilic microorganisms contain potent
transport mechanisms, generally based on Na+/H+ antiporters, to expel sodium ions
from the interior of the cell (Oren 2002). Also, some halophiles express ACC
deaminase activity that removes stress, ethylene from the rhizosphere and some
produce auxins that promote root growth. Halophilic microbes are also found to
remove salt from saline soils (Bhuva et al. 2013). There are reports that potential salt
tolerant bacteria isolated from soil or plant tissues and having plant growth promo-
tion trait, helps to alleviate salt stress by promoting seedling growth and increased
biomass of crop plants grown under salinity stress (Chakraborty et al. 2011; Arora
et al. 2013; Arora et al. 2014b).

Although the salt shows negligible effects on seed germination and seedling
growth but salt sensitivity of many crops is well documented on plant dry weight
and biomass as the major energy of the plant is utilized to maintain the osmotic
balance under salt stress (Jamal et al. 2011; Saqib et al. 2012). Plant growth
promoting rhizobacteria -induced plants salt stress tolerance has been well studied
and is considered to be the cost-effective solution to the problem. PGPR isolated
from saline soils improve the plant growth at high salt (Mayak et al. 2004; Yildirim
and Taylor 2005; Barassi et al. 2006).

These halophilic plant growth promoting rhizobacteria tolerate wide range of salt
stress and enable plants to withstand salinity by hydraulic conductance, osmotic
accumulation, sequestering toxic Na+ ions, maintaining the higher osmotic conduc-
tance and photosynthetic activities (Dodd and Perez-Alfocea 2012). The inocluation
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with halophilic strains of plant growth promoting rhizobacteria will help to improve
the plants tolerance in stress environment especially salinity and promote their
growth particularly in food crops which is a essentially required to meet the food
demands of the country.

It was reported that aminocyclopropane-1-carboxylic acid (ACC)-deaminase
containing halotolerant strain SAL-15 (Planococcus sp.) which is also an indole acetic
acid (IAA) producing strain increased root and shoot growth and plant biomass under
salt stress in the presence of ACC. Inoculated plants showed 71% increase in plant
weight, 94% in root length and 183% in shoot length than uninoculated control plants.
In the presence of salt, bacteria showing IAA-activity without ACC-deaminase activ-
ity inhibit root growth rather than root elongation showing the importance of and
higher synthesis of ACC under stress (Cheng et al. 2007).

Plant growth promoting rhizobacteria assist in diminishing the accumulation of
ethylene levels and re-establish a healthy root system needed to cope with environ-
mental stress. The primary mechanism includes the destruction of ethylene via
enzyme ACC deaminase. There are number of publications (Ghosh et al. 2003;
Govindasamy et al. 2008; Duan et al. 2009) mentioning rhizosphere bacteria such as
Achromobacter, Azospirillum, Bacillus, Enterobacter, Pseudomonas and Rhizobium
with ACC deaminase activity. Most of the studies have demonstrated the production
of ACC deaminase gene in the plants treated with Plant growth promoting
rhizobacteria under environmental stress. Grichko and Glick (2001) inoculated
tomato seeds with Enterobacter cloacae and Pseudomonas putida expressing
ACC deaminase activity and registered an increase in plant resistance. Ghosh et al.
(2003) recorded ACC deaminase activity in three Bacillus species namely, Bacillus
circulans DUC1, Bacillus firmus DUC2 and Bacillus globisporus DUC3 that stim-
ulated root elongation in Brassica campestris. Mayak et al. (2004) observed tomato
plants inoculated with the bacterium Achromobacter piechaudii under water and
saline stress conditions and reported a significant increase in fresh and dry weight of
inoculated plants. Many rhizobia isolated from Acacia, such as Sinorhizobium
arboris, turned out to be moderately salt tolerant, capable of growing in 0.3–0.5 M
(2–3%) NaCl (Zahran et al. 1994). Various Plant growth promoting rhizobacteria
including Rhizobium, Pseudomonas, Acetobacter, Bacillus, and Flavobacterium
and several Azospirillum can maintain their plant growth promotion ability even at
high saline conditions. Halophilic bacteria strain (CSSRO2 Planococcus maritimus)
and CSSRY1 (Nesterenkonia alba) having plant growth promotion properties were
isolated from rhizosphere of dominant halophytes from coastal ecosystem (Arora
et al. 2012). Salt tolerant rhizobium species were isolated from coastal saline soils
(Trivedi and Arora 2013).

Researchers have demonstrated the feasibility of Azospirillum inoculation to
mitigate negative effects of NaCl on plant growth parameters. This beneficial effect
of Azospirillum inoculation was observed in wheat seeds, where a mitigating effect
of salt stress was also evident (Creus et al. 1997). Azospirillum inoculated wheat (T.
aestivum) seedlings subjected to osmotic stress developed significant higher cole-
optiles, with higher fresh weight and better water status than non-inoculated seed-
lings (Creus et al. 1998).
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The biotic approach ‘plant-microbe interaction’ to overcome salinity problems
has recently received considerable attention throughout the world. Plant-microbe
interactions are beneficial associations between plants and microorganisms and also
a more efficient method for reclamation of saline soils. Two promising halophilic
bacterial strains that showed positive for plant growth promotion were selected and
tested for salt removal efficiency. Halophilic bacteria strain (CSSRO2) was more
efficient in reducing sodium concentration from 1,12,230 ppm in supernatant to
1,00,190 ppm at 24 h while strain CSSRY1 reduced Na concentration to 92,730 ppm
at 48 h in halophilic broth with 15% NaCl. This shows that inoculation of strains in
liquid media resulted in removal of 12,040 and 19,500 ppm of Na by halophilic
bacterial strains CSSRO2 and CSSRY1 respectively (Fig. 7.1). The halophilic
bacteria strains CSSRY1 and CSSRO2 were also shown to have high potential for
removal of sodium ions from soil. CSSRY1 efficiently removed sodium at higher
(6%, 8%, 10% NaCl) salt concentration in comparison of CSSRO2 and association
of both organisms (CSSRY1 and CSSRO2) (Arora et al. 2012). This was also
confirmed by reduction of electrical conductivity or total dissolved salts (TDS). It
is hypothesized that once the sodium ion concentration is reduced in rhizosphere,
plants are able to resume nutrient and water uptake.

To confirm about the sodium removal efficacy of these halophilic bacterial
strains from soil, CSSRY1 and CSSRO2 were inoculated in sterile soil to test
their efficacy for sodium removal from the soil containing different concentrations
of NaCl (0–10% NaCl). It was observed that inoculation of strain CSSRY1
decreased soluble sodium content up to 31% at 4% NaCl concentration while at
10% NaCl concentration, it reduced only 19% sodium from soil. These selected
cultures were further studied in greenhouse pot experiments for plant growth
promotion. Results showed there was increase in plant growth parameters and
yield of wheat when halophilic bacteria were inoculated with seeds and saline
water irrigation was applied. It was observed that there was 10–12% increase in
yield attributes and yield of wheat at 6% NaCl as compared to 2% NaCl. In the 5%
NaCl treated soil, only the growth of the Zea mays was observed. Plants inoculated
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Fig. 7.1 Sodium removal by halophilic bacterial inoculates in saline soil
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with a consortium of halophilic bacteria also showed growth at 10% NaCl, whereas
inoculation with single isolates did not promote plant growth at this salt concen-
tration (Table 7.5). The maximum fresh weight, dry weight, shoot length and root
length of plant were found in the case of “Consortium 5% NaCl” treated pot,
194.5% increase in fresh weight, 98.97% increase in dry weight, 15.37 cm increase
in shoot length and 7.4 cm increase in root length as compared to the uninoculated
control plants (Arora et al. 2013). The results show that inoculation with these
bacterial isolates can promote the growth of plants in salt affected soils due to
production of hormone auxin and thus enhanced root growth. Another very likely
mechanism may be alleviation of salinity stress via plant growth promoting
rhizobacteria that express ACC deaminase activity. This enzyme removes stress
ethylene from the rhizosphere. Also, the halophilic/halotolerant bacteria remove
sodium from the surrounding soil and thus useful in plant growth promotion in salt
affected soils (Arora and Vanza 2017).

Halophilic microbes were found to have the ability to remediate the saline soil
and can be use for glycophytes/crop plants for optimum growth under saline
condition (Fig. 7.2).

Table 7.5 Plant growth promotion of halophilic bacteria on inoculation with maize

Halophilic
Culture

Treatment (Conc.
of NaCl)

Fresh weight
(g/pot)

Dry weight
(g/pot)

Shoot
length(cm)

Root
length (cm)

MB55 5% 1.945 0.660 14.50 12.00

MB66 5% 2.920 0.505 25.00 16.80

MB90 5% 2.900 0.665 18.36 17.16

MB94 5% 2.825 0.855 11.15 13.80

Consortium 5% 5.595 0.975 27.07 17.80

Consortium 10% 2.075 0.700 8.90 11.26

Control 5% 1.900 0.490 11.7 10.40
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Fig. 7.2 Wheat performance in salt stress with halophilic bacteria inoculation
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7.9.1 Halophilic Endophytes for Bioremediation

Endophytes are the microorganisms that thrive inside the plants. They face less
competition for nutrients and are more protected from adverse changes in the
environment than bacteria in the rhizosphere and phyllosphere as they interact
closely with host plant (Weyens et al. 2009). They can help in degradation of the
pollutants taken by the plants, thus lowering the phytotoxicity. From the leaves of
dominant halophyte plant species dominant in coastal ecosystem of west coast of
India, halophilic endophytic bacteria were isolated and assessed their plant growth
promotion (Arora et al. 2014a). Recent evidence indicates that endophytes can
contribute to phytoremediation of recalcitrant organic compounds and heavy
metals (Thijs et al. 2014). Endophytic bacteria can positively enhance plant growth
either: (1) directly through production of phytohormones (auxins and cytokinins)
or by increasing the amounts of available nutrients by number of biochemical
processes (e.g. N2-fixation, phosphate solubilisation, siderophore release increas-
ing Fe availability); or (2) indirectly through the suppression of ethylene produc-
tion by 1-aminocyclopropane-1-carboxylic acid deaminase (ACCD), through
chemical induction of plant defense mechanisms, or by the degradation of harmful
contaminants (Thijs et al. 2014; Weyens et al. 2009). These properties of endo-
phytic microorganisms make them suitable candidate for application in
phytoremediation in salt and drought stress as well as organic pollutants in soil
and enhancing the phyto-uptake of heavy metals.

7.10 Bioformulations of Halophilic Plant Growth
Promoting Rhizobacteria

Bioformulations are best defined as biologically active products containing one or
more beneficial microbial strains in easy to use and economical carrier materials.
Usually, the term bioformulation refers to preparations of microorganism(s) that may
be a partial or complete substitute for chemical fertilizers/pesticides (Arora et al.
2010). By the end of the nineteenth century, the practice of mixing “naturally
inoculated” soil with seeds became a recommended method of legume inoculation
in the USA (Smith 1992). The erratic performances of bioinoculants under field
conditions have raised concerns about the practical potential offered by microbial
releases into soil. Liquid bioformulations ‘Halo-Azo’, ‘Halo-PSB’, ‘Halo-Zinc’ and
‘Halo-Mix’ comprising of halophilic plant growth promoting bacteria isolated from
salt affected soils were developed for application. These bioformulations were tested
at research farm and farmers fields in salt affected areas and found to be effective. It
was observed that growth and yield of rice, wheat, mustard, spinach and fodder crops
enhanced under salt stress when the seeds were incoulated with bioinoculants (Arora
and Singh 2018).
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Although much is known about the survival of bacteria within the protective
environment of an inoculant carrier, little is known about the stresses that bacteria
must endure upon transfer to the competitive and often harsh soil environment
(Heijnen et al. 1992). Inoculants have to be designed to provide a dependable
source of beneficial bacteria that survive in the soil and become available to the
plant. Mixed bacterial inoculants surviving in stress condition have to be devel-
oped so that these formulations encapsulate the living cells, protect the microor-
ganisms against many environmental stresses, release them to the soil, and
ultimately enhance crop yield. Use of stress-tolerating strains of Plant growth
promoting rhizobacteria biopreparations either as aqueous suspensions or in
bioformulations of sawdust, rice husk, tea waste, and talc-based bioformulants
promoted growth in agricultural crops even under saline conditions (Ross et al.
2000). A successful plant growth promoting agent must be an aggressive colonizer
with better competence and storage conditions in its formulation and use. Encap-
sulation enables slow and controlled cell release from the immobilization matrix of
the alginate gel bead upon inoculation into soil, facilitates in establishing the stable
plant growth promoting rhizobacterial population, and minimizes the possibilities
of decline in population over time. The versatile nature of humic acid in the soil
environment also extends the prospects of this encapsulation technique to the
bioremediation of contaminated soil.

7.11 Conclusion

One of the recent focuses of research involves implication of Plant growth pro-
moting rhizobacteria to combat salt stress. The development of biological products
based on beneficial microorganisms can extend the range of options for
maintaining the healthy yield of crops in saline habitat. In recent years, a new
approach has been developed to alleviate salt stress in plants, by treating crop seeds
and seedlings with Plant growth promoting rhizobacteria. The great opportunity
for salt tolerance research now is its ability to be combined with halophilic Plant
growth promoting rhizobacteria. The bottom line of every inoculation technology
is its successful application under agricultural and industrial conditions. The
microbial formulation and application technology are crucial for the development
of commercial salt-tolerant bioformulation effective under salt stress conditions.
Bioformulations offer an environmentally sustainable approach to increase crop
production and health, contributing substantially in making the twenty-first cen-
tury the age of biotechnology. Apart from bioformulation, reclamation and
improving fertility of stressed sites is another aim to be focused on. The promising
approach toward tackling the problem of soil salinity utilizing beneficial microor-
ganism(s) including Plant growth promoting rhizobacteria will make the greatest
contribution to the agricultural economy, if inexpensive and easy to use stress-
tolerant strain formulation(s) could be developed.
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Chapter 8
Bioindicators of Degraded Soils

Debarati Bhaduri, Dibyendu Chatterjee, Koushik Chakraborty,
Sumanta Chatterjee, and Ajoy Saha

Abstract Bioindicators are used to identify and monitor soil quality. Degraded soils
refers to various altered properties such as physically-poor soils, C- and nutrient-
deficient soils, waterlogged soils, salt-affected soils, and soils polluted by heavy
metals and pesticides. Here we review degraded soils and bioindicators using plants,
microbes and other living cells.

Keywords Soil biological indicators · Soil ecology · Environmental remediation ·
Soil pollution · Restoring problem soils · Environmental engineering

8.1 Introduction

Soil is a living-dynamic, and non-renewable resource for human societies and
ecosystems. Due to the increasing pressure from agricultural production and urban
and industrial development the quality of soil is depredating day by day (Dick 1997;
Doran and Zeiss 2000). As soil is a non-renewable resource, it is our duty to ensure
its protection. To instigate, pursue, and guarantee suitable protecting actions and
management of soils, it is worthwhile to identify and define tools for efficient
decision making. The currently used tool based on physical and chemical properties
of soils are not able to appropriately address the whole effect of an environmental
stress and must be complemented by biological data as soil health integrates both
physico-chemical and biological properties. Monitoring biological indicators which
give information on living organisms in soil (Hodkinson and Jackson 2005) and
biomarker which gives information on measurable change in a biological organism
in soil at a molecular, biochemical, cellular, physiological or behavioral level
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(Kammenga et al. 2000) related to changes in management or environmental
variations in soil will definitely complement the physico-chemical tools available.

The use of bioindicators in soil is multi-faced. Thus it is one of the most
happening and emerging areas of soil and environmental researches. Moreover,
here basic soil researches meet with ecological perspectives creating interests
among many. This is one of the probable reasons to develop the topic as fascinating
as it could be. Scientists around the globe are in search of new bioindicators of soil
and their rapid yet precise estimation procedures. However, the purposes and
technological advancement may vary. Moreover, there are lots of hidden potentiality
among wild and naturally cultivated plants which can serve as suitable soil
bioindicators.

Restoration of degraded soils remained a burning research topic as well as
concern for the landholders. The degradation in soil intrudes in both ways, natural
and anthropogenic. Natural degradation occurs either by the major events like,
climatic factors, desertification, landslides, salt deposits, acidification, submergence
that creates havoc losses of nutrients and soil physical structure, whereas artificial or
man-made degradation existed at contaminated soil sites mostly by heavy metals and
radioactive elements accompanied by mining activities, deforestation, waste dis-
posal, and industrial and commercial activities. Another principal source of problem
soil is the intense agricultural practices like frequent tillage, mono-crop rotation,
improper use of agricultural chemicals and many more. Bioindicators are generally
considered as a good tool for monitoring both state of the soil environment, either
toxic or healthy. The application of bioindicators was initiated in 1960s accounting
the fact that bio-based indicators can solve the extent of difficulty to some extent;
hence their role in management of degraded soils can be vital. Basically, any living
organism can be an efficient bioindicator if that would enough sensitive to provide
information of soil (or any ecosystem) health. Additionally, indicator species must
respond well under presence or absence of other species as well as the presence of
heavy metals or any pollutants (Stankovic and Stankovic 2013). However, optimum
functioning of any bioindicator is regulated by number of environmental factors.

In this chapter, we will confine our discussion only for developmental research in
terms of identifying soil bioindicators/biomarkers pertaining to restore degraded
soils, based on the researches highlighted on this aspect so far. Undoubtedly there
are lots of technological advancement over the years which not only generated high
throughput analytical results, but also able to clear many ambiguities.

8.2 Definition of Degraded Soils

There is no definition of degraded soil available in the scientific literature. The
degraded soil may be understood as a soil which is not suitable for normal cultivation
of the dominant crops of that region in its natural states, but can be made suitable for
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cultivation after proper application of amendments and conditioners through a
suitable reclamation pathway. Typically all the soils in nature may have some
problem. For instance, a soil has good drainage capability may be unsuitable for
growing paddy. An acidic soil suitable for growing tea may be unsuitable for many
other crops. Our concept is the degraded soil should be considered as those soil in
which the majority of the vegetation of that region fails to grow. There are many
types of degraded soils available in nature (Fig. 8.1).

8.2.1 Saline Soils

Saline soils have an excess amount of neutral soluble salts (chlorides and sulphates
of sodium, calcium, and magnesium) which can adversely affect the root growth of
most of the crop plants due to exo-osmosis. In the viewpoint of soil scientists,
saline soils are defined as the soils which have an electrical conductivity of the
saturation extract (ECs) of more than 4 dS m�1 at 25 �C (Richards 1954). However,
the pH value of the saturated soil paste is less than 8.2 and exchangeable sodium
percentage (ESP) is less than 15 (Abrol et al. 1980). Sodium is the dominant cation
present in such type of soil.

Fig. 8.1 Types of degraded soils. Note that degraded soils are broadly classified into three groups.
Although polluted soils exert chemical hindrance to crop growth, it is originated due to anthropo-
genic activity, hence comes under the broad group of anthropogenic hindrance to crop growth
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8.2.2 Sodic Soils

Sodic soils contain a large amount of exchangeable sodium which can adversely
affect the plant growth. These soils have an exchangeable sodium percentage
(ESP) of more than 15. The ECs is mostly less than 4.0 dS m�1 at 25 �C and pH
of saturated soil pastes is 8.2 or more. Unlike saline soils, these soils contain
appreciable quantities of sodium carbonate which is capable of alkaline hydrolysis.
Because of high Na concentration, these soils are highly dispersed and have poor
soil structure. Due to high sodicity, the organic matter present in the soil get
dissolved and deposited on the soil surface, resulting in a black colour on the
soil surface.

8.2.3 Acid Soils and Acid Sulphate Soils

Acid soils have the pH less than 7 and hamper crop growth due to the high
concentration of H+ and Al3+. A total of 3950 million ha of arable land is affected
by soil acidity and it accounts 38% of Southeast Asia, 31% of Latin America, 20%
of East Asia, 56% of Sub-Saharan Africa and parts of North America (Hoekenga
et al. 2006). Soil pH adversely affects the availability of plant nutrients, increase
the solubility of toxic heavy metals, interrupt soil microbial activity, and cation
exchange capacity in soils, which lead to yield reduction (Merino-Gergichevich
et al. 2010; Samac and Tesfaye 2003; Rousk et al. 2009; Bian et al. 2013). Acid
sulphate soils contain iron sulphide, which upon oxidation produce sulphuric acid
and the pH dropped to below 4. Actually under such situation cultivation is
practically impossible except some acid tolerant cultivar of rice.

8.2.4 Calcareous Soils

These soils contain more than 15% free calcium carbonate in the surface layer. The
calcium carbonate may be present in several forms like nodules, crust, powdery etc.
These type of soils are mostly present in the arid and semiarid region of the earth.
The major problems in this soil are the absence of sufficient quantity of organic
matter, more loss of N in the form of ammonia volatilization due to its alkaline pH,
deficiency of Zn and Fe etc.
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8.2.5 Gypsiferous Soils

These soils contain a large quantity of calcium sulphate (anhydrite and gypsum) that
negatively interfere crop growth. Moreover, the fragile nature of calcium sulphate in
presence of water is problematic for engineering structures.

8.2.6 Rich Organic Matter Soils/Peat Soils/Bog Soils

These soils are excessively enriched with organic matter which is more than 20% by
weight, roughly equivalent to 30–35% by volume (Driessen et al. 2001; Kroetsch
et al. 2011). Commonly they are known as peat, muck or bog. In taxonomic
classification, they are coming under Histosol. The reason of such high accumulation
of organic materials is related to higher rate of input of plant remains than the rate of
decomposition (Richardson and Vepraskas 2001).

8.2.7 Physically Poor Soils

8.2.7.1 Sandy Soils

Due to the high porosity of these soil, they are poor in nutrient and water holding
capacity. These soils contain more than 65% sand and less than 18% clay.

8.2.7.2 Cracking Soils

These soils have high clay content, plasticity, and form crack of about 1 cm wide and
50 cm depth during the dry season. Any agricultural operation is very difficult in
such soils. Pedoturbation and formation of gilgai microrelief are common in these
soils.

8.2.7.3 Shallow Soils/Steep Soils

Due to steep slope (>30%) the soil depth is limited in the hilly region (around
50 cm), which cause improper plant stand. Generally, below the shallow surface
these soils have hard pan or rocks.
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8.2.7.4 Dry Soils

Mostly desert soil, remain dry for most of the time in a year.

8.2.8 Waterlogged Soils

Due to lower topographic position these soils remain waterlogged in some part of the
year. This situation arises when the infiltration of water from rainfall or flooding
surpasses the rate of subsurface drainage and evapotranspiration (Bramley et al.
2011). Oxygen diffusion under flooding or waterlogged soil is approximately 10,000
times slower in water than in air (Elzenga and Veen 2010). Due to this oxygen
demand from root and microbial respiration cannot be fulfilled in such soils and
deficiency of oxygen in rhizosphere affect plant growth by limiting root respiration
(Vartapetian and Jackson 1997).

8.2.9 Toxic/Polluted Soils

These soils are polluted with heavy metals, organic pollutants, radioactive material
etc. A large area of the world is affected by heavy metals. The sources of heavy metal
pollutants are waste disposal, metallurgical industries, metal mining, fossil fuel
combustion, mines, phosphatic and micronutrient fertilizers, pesticides, battery,
metal coating, sewage, sludge distillery, pharmaceutical, thermal power etc. Agri-
culture in proximity of such sources faces major problem due to transfer of heavy
metals from such sources to crops and subsequently into the food chain as a sink
(Yu et al. 2012).

The main concern about organic pollutants is persistent, toxic, highly stable,
biomagnified in food web and transported over long distances. Soil organic pollut-
ants include pesticides, polycyclic aromatic hydrocarbons (PAHs), dioxins and and
other minor organic pollutants like chlorophenols, BTEX (Benzene, toluene,
xylene,), phthalic acid esters etc. Many of these compounds are carcinogenic.

Radionuclides release α, β, γ rays which possess a potential risk for the living cell.
Gamma radiation emitted from naturally occurring radioisotopes, terrestrial back-
ground radiation, represents the main external source of irradiation of the human
body (Abdi et al. 2008).

Fertilizers supply macronutrients (N, P, K, Ca, Mg, and S) and micronutrients
(Fe, Mn, Zn, B, Mo, Cu, Cl, Ni) to soil. These micronutrients help plants to complete
their life cycle at lower concentration, but the same may act as a heavy metal
pollutant at higher concentration when applied in excess. Application of excess
N-fertilizers result in nitrate pollution in groundwater, eutrophication in surface
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water bodies and harmful greenhouse gas emission like nitrous oxide in atmosphere.
Application of some phosphatic fertilizer adds Cd and other potentially toxic
elements to the soil, including F, Hg, and Pb (Raven et al. 1998). Organic manures,
compost, vermicompost also contain heavy metal which could be released after its
decomposition in the soil. Recently increased application of industrial wastewater,
sewage-sludge and different effluents result in enrichment of carcinogenic materials
and toxic elements in soil.

8.3 Bioindicators

‘Bioindicator’ has been termed and defined in many ways. One group mentioned, a
bioindicator is a species or a group of species that reflects biotic and/or abiotic levels
of contamination of an environment (Hodkinson and Jackson 2005). Stankovic and
Stankovic (2013) described: a bioindicator is an organism or a part of an organism or
a community of organisms, which contains information on the quantitative aspects
of the quality of the environment; exposure of organisms can be measured by either
levels or effects. In real sense, bioindicators can be any viable biological substance,
either animal, plant, or microorganisms, by using that a valid conclusion can be
made about the present environment they are exposed of. The broad classification of
bioindicators with suitable explanation is given in Fig. 8.2.

A number of bioindicators were investigated and used indexing of soil quality for
long-term agro-ecosystem for judging the sustainability (Masto et al. 2007; Bhaduri
and Purakayastha 2014; Bhaduri et al. 2017a). There are several other instances
where soil quality has been well interpreted using soil bioindicators (biological and
biochemical) under altered management practices in agricultural soils (Koper and
Piotrowska 2003; Kang et al. 2005; Bhattacharjya et al. 2017), among many others
which has included bioindicators for indexing of soil quality. An explicit discussion
was made for all possible relations between soil quality and plant-microbe interac-
tions in the rhizosphere with a special mention of soil bioindicators (Bhaduri et al.
2015; Bhaduri et al. 2017b). However, a less attention was paid to bioindicators for
stressed or problem soils. Though that needs equal focus to indulge since soil
remediation or restoration has been a globally important issue.

These days, an extensive number of techniques are applied to estimate common
soil microbial parameters (bioindicators). These indicators can be either of these
types:

• Physiological, e.g. chloroform fumigation extraction for measuring microbial
biomass carbon (MBC), phosphorous (MBP) and nitrogen (MBN), and CO2

evolution by substrate induced respiration (Gonzalez-Quiñones et al. 2011)
• Metabolic, e.g. enzymatic activities (Izquierdo et al. 2005; Dimitriu et al. 2010),

more commonly dehydrogenase, phosphatases, urease, aryl sulfatase, fluorescein
diacetate hydrolyses
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• Functional, i.e. phospholipid fatty acid (PLFA), as a biogeochemical approach
that offers information on both microbial taxonomic and functional diversity
(Dimitriu et al. 2010)

• Molecular analysis of soil extracted nucleic acid sequences (DNA, RNA) (Ban-
ning et al. 2011)

Many of the above mentioned sensitive bioindicators have frequently been used
to assess the soil resilience and restoration capability especially under problem
(naturally degraded or contaminated) soil sites. To assess the soil degradation due
to intense agricultural practices, including crop density and the application of
organic fertilisers in different locations of Italy much emphasis has been given to
different soil bioindicators to establish three ‘alteration indices’ (enzyme activities)
(Puglisi et al. 2006). These three indices included altogether seven soil enzyme
activities i.e. arylshulphtase, β-glucosidase, phosphatase, urease, invertase, dehydro-
genase and phenoloxidase.

Both the metabolic (qCO2, determined as microbal respiration or CO2-C evolu-
tion per unit of MBC) and the microbial (Cmic: Corg, MBC to organic carbon ratio)
quotients suitably represent the energy optimization and more often used as the

Fig. 8.2 Broad classes of bioindicators for assessing soil quality
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bioindicators for ecosystems recovery (Anderson and Domsch 1990, 1993). They
have been efficiently used in a recently conducted study under restored soils in
degraded semiarid ecosystems of Western Australia. They also proposed a rapid and
low-cost technique, the 1-day CO2 test as another important bioindicator for mea-
suring soil microbial activity in turn assessing the soil quality and functionality in
restoration programmes (Muñoz Rojas et al. 2016). Bastida et al. (2006) established
a ‘Microbiological Degradation Index’ based on varied soil bioindicators for natural
soils in a semiarid climate in south-eastern Spain with a prominent influence of
climate that may turn to desertification and ill-effect on soil quality.

For a reclaimed mine soils, MBC and dehydrogenase activity were considered as
bioindicators along with total carbon (TC), labile C, and rhizosphere N as other
important indicators for carbon sequestration (Mukhopadhyay et al. 2016). Dawson
et al. (2007) proposed a ‘Biological Soil Quality Index’ using a number of soil
bioindicators to understand the the impact of hydrocarbon-polluted soils.

In some recent studies, the impact of residual pesticides’ contaminations on soil
ecology was evaluated through some well-defined soil bioindicators. Tebuconazole,
a fungicide, resulted in a short-lived and transitory toxic effect on soil microbial
properties and enzymatic activities at lower dose but persisted longer at increased
dose. Soil ergosterol content, dehydrogenase and nitrate reductase activity decreased
sharply under tebuconazole application and revealed as important soil health indi-
cators (Saha et al. 2016a). Two post-emergence herbicides (imazethapyr and
quizalofop-p-ethyl) exhibited transient harmful effects on most of the soil
bioindicators including microbial biomass C, fluorescein diacetate hydrolyzing
activity, dehydrogenase activity, acid and alkaline phosphatase activity (Saha et al.
2016b).

By far it is established that soil microbial parameters which provide information
on the biomass, activity or functionality and diversity of microbial communities
have been widely proposed as bioindicators of soil health (Gómez-Sagasti et al.
2012), play a substantial role together with common soil chemical indicators in
reclamation of soil health.

Biomarker, comparatively a newer concept of bioindicator, serves the same
function. Two key properties are underlying to understand the biomarkers: it should
be responsive only to the biologically active fraction of accumulated body burden
among one or more toxicants; hence biomarkers typically characterize the bioavail-
able fraction of any environmental chemical of interest; secondly, biomarkers
integrate the interactive effects of complex mixtures of chemicals faced by organ-
isms impacted by modern industrial and agricultural chemicals in ecosystems
(Ricketts et al. 2003). Thus biomarkers deal with single-chemical, single-species
laboratory toxicity bioassays for ecological risk assessment.

There are quite a few numbers of novel tools evolved for analysis of soil bio-
markers. PLFA profiles, a commonly used biomarker for identifying environmental
monitoring and assessment more specifically to soil stress, and gives a broad picture
of diversity of soil microbial community structure. Being a key component of cell
membrane of microbes, this bioassay provides phenotypic expression at both intra-
cellular and extracellular levels (Kaur et al. 2005). PLFAs are methylated to produce
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fatty acid methyl esters (FAMEs) that can be easily measured by gas chromatogra-
phy with a flame ionization detector (GC-FID) is another viable and frequently-used
option of soil biomarker (Dowling et al. 1986).

Molecular genetic biomarkers are also potentially used for monitoring of soil
pollution in terms of heavy metal toxicity. Real-time quantitative PCR was used to
measure gene transcription in earthworms (Lumbricus rubellus) for Cd and Cu
enriched soil and revealed both qualitative and quantitative differences in the
expression of two target genes in the responses to the two metal ions (Galay-
Burgos et al. 2003). The use of biomarkers in combination with stable isotope
analysis can also be another effective option to study organic matter sources utilised
by microorganisms in complex ecosystems and identify few specific groups of
microbes like methanotrophic bacteria (Boschker and Middelburg 2002). Combin-
ing PLFA with stable isotope analysis is another advanced biomarker soil microbial
functioning thus characterized by both GC and isotope-ratio mass spectrome-
try (IRMS) (Watzinger 2015). Another recent study at a mixed aged and polycyclic
aromatic hydrocarbons contaminated soil sites identified biomarkers and confirmed
the level of pollutant by using gas chromatography/mass spectrometry (GC/MS)
screening (Kao et al. 2015).

8.4 Plant Biomarkers

Plants can be conceptualized as important bioindicator for any ecosystem; similarly,
for the problem soils; they also readily change their metabolic and growth behaviour
under most of the abiotic/biotic stresses. Plant-tissue based biosensor/biomarker was
first developed as early as 1980s by immobilizing slices of yellow squash tissue as a
CO2 gas sensor (Kuriyama and Rechnitz 1981). Since then a variety of plant tissue or
field grown plants were started to be used as biomarkers for number of purposes.
Despite the structural and metabolic differences of plants, they can substantially play
the role as a bioindicator upon exposure to cytotoxic, genotoxic and mutagenic
hazardous compounds in soil. Moreover an easy maintenance and low cost of
cultivation made them demanding (Rodrigues et al. 1997). Exposure to an
unfavourable environment often leads to metabolic changes in plant tissues leading
to synthesis of key organic metabolites which can further be used as biomarkers.
Plant wax and lipids, lignins and phenols are the most commonly formed molecular
tracer for terrestrial plants (Drenzek et al. 2007; Ohkouchi and Eglinton 2008).

Although, the physiological processes, biochemical response and mechanisms of
adaptation or mortality could well be used to evaluate the quality of plant’s growing
condition, but despite of its crucial role in both aquatic and/or terrestrial ecosystems,
it has been underemployed as bioindicator for the diagnosis or prediction of the
negative consequences of external factors (Vangronsveld et al. 1998). Plants are
generally sensitive to environmental variations and react more rapidly to the pres-
ence of pollutants than other environmental hazards (Lovett Doust et al. 1994).
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Recently (about two decades back), researchers have cited several advantageous
features that plant biomarkers can cater (Grant 1994; Steinkellner et al. 1999). These
potential benefits can be suitably highlighted to understand the usefulness and
applicability of plant biomarkers (Fig. 8.3).

However, few limitations still exist while using plants as bioindicators, such as,
plants failed to show sensitivity towards certain classes of pro-mutagens such as
nitrosamines, heterocyclic amines, some classes of PAH (Majer et al. 2005) and
BTEX (Mazzeo et al. 2010), nitro aminobenzene particularly in onion (Allium cepa)
(Ventura 2009). Plants utilized as biomarkers and their specific features are shown
in (Table 8.1).

8.4.1 Identification and Quantification of Plant Biomarkers

Identification of biomarkers and its further quantification and analysis for plants has
been standardized pretty recently (Schudoma et al. 2012) in recognition for its appli-
cations to studies on growth (Bates et al. 2009), nutrient effects (Yang et al. 2011),
responses and tolerances to biotic and abiotic stressors (Garg et al. 2002; Wang et al.
2011) and for marker-assisted breeding (Deyanira et al. 2012). Still there are many
challenges and obstacles particularly with the integrated systems biology approaches
for the ‘Omics’, i.e. genomics, transcriptomics, proteomics, ionomics, metabolomics
and phenomics (Degenkolbe et al. 2013).

Initially, to establish utility of biomarkers as predictors, in future instances on
classifying individual samples, the application of detection theory is critically
required for biomarker quantification for numerous individual samples as universal
standard (Schudoma et al. 2012). Also there is severe limitation for computational

Fig. 8.3 Three dimensions of advantages for using plant biomarkers
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modelling of metabolic pathways simulation of individual organism specific models
for biomarker studies (Chen et al. 2013).

8.4.2 Measurable Responses of Plant Biomarkers

The measurable response of biomarkers can be achieved through monitoring of
changes in photosynthetic activities of plant, its chlorophyll fluorescence pattern,
changes in enzyme dependent nutritional processes in plants, production of reactive
oxygen species and oxidative stress status of the plants (Ferrat et al. 2003). Chloro-
phyll fluorescence measurement is a way to evaluate the biochemical and physio-
logical state of the plants. In recent times, chlorophyll content and chlorophyll
fluorescence are used to highlight stress due to a single environmental factor or
due to a combined stress effect of different environmental factors. But on the other
hand, they could also be used as potential biomarkers of anthropogenic and/or
environmental stresses (Vangronsveld et al. 1998).

Table 8.1 Plants utilized as biomarkers and their specific features

Plant
Advantageous features as
biomarker Reference

Onion (A. cepa) Rapid root growth Grant (1994)

Faster cell division

Easy detection of mitotic activity
and abnormality in meristematic
root cells

Fast and sensitive towards
genoxotic and mutagenic
substances

Leme and Marin-Morales (2009)

Tradescantia Detection of mutations induced by
contamination agents

Shima et al. (1997)

Analysis of micronuclei in the
mother cell of the pollen grain

Easy handling and relatively low
maintenance cost

Vicia faba Fit for radiobiological tests to
detect chromosomal aberrations
by ionizing radiation

Read (1959), Kihlman (1975),
Kihlman and Kronborg (1976),
Kihlman and Andersson (1984)

Meristematic cell bioassay

Genotoxicity studies

Cytological and physiological
studies

Kanaya et al. (1994)

Phytochelatins in maize
(Zea mays) and wheat
(Triticum aestivum)

Assessed the heavy metal stress
under combined effect of Cu and
Cd by using phytochelatins as
biomarkers

Keltjens and Van Beusichem
(1998)

242 D. Bhaduri et al.



Another measurable response is changes in photosynthetic pigment concentra-
tion (Ralph 2000). In many instances, under continuous exposure trace metals can
substitute for the magnesium ion in the chlorophyll molecule, leading to its
inability to catch photons and thus to a decrease in the photosynthetic activity.
Under different environmental stresses plants generally increase their carotenoid
concentration in order to impart better photo-protection against the formation of
free radicals. Thus, a net decrease in total chlorophyll concentration and in the of
ratio chlorophyll/carotenoids is often observed as an indicator for unfavourable
environment (Ferrat et al. 2003).

Nutrient use efficiency or the plant nutrient metabolism can also be influenced by
various biotic or abiotic stressors. So the activity of enzymes involved in the
assimilation of key plant nutrients get affected, which can be used as bioindicator
for certain kind of situations. For example, changes in the activities of glutamine
synthetase (GS) and nitrate reductase (NR), key enzymes involved in N-metabolism
can indicate N-status of the soil where the plant is growing (Schwalbe et al. 1999).
Similarly, phosphate metabolizing enzymes (alkaline phosphatase, an enzyme
hydrolysing organic phosphate monoesters to inorganic phosphate) can be an inter-
esting biomarker for their capacity to highlight a nutrient deficiency for plants under
stressing conditions (Invers et al. 1995).

The phenomenon of production of reactive oxygen species as a result of oxidative
burst had been studied widely in the case of the invasion of terrestrial plants by
pathogens and also few studies have been carried out on the mechanisms of defence
against pathogens in the marine environment (Potin et al. 1999). Lipid peroxidation
leading to formation of lipid degradation products especially from membranes serve
as important bioindicator for different stressors. Thiobarbituric acid reactive sub-
stances (TBARs) are used a bioindicator for metal induced oxidative stress (Vavilin
et al. 1998).

8.5 Biosensors: Concept and Applications

In recent times, this biosensor technology has been emerged as a powerful alterna-
tive over conventional analytical techniques, harnessing the specificity and sensitiv-
ity of biological systems in small size and cheaper devices. Biosensor can be defined
as a compact analytical device, incorporating a biological or biomimetic sensing
element, either closely connected to, or integrated within, a transducer system
(Velasco-Garcia and Mottram 2003).

Biosensing devices have more advanced technological base and thus more
advantageous over conventional analytical techniques. These kind of highly specific
devices are meant for real-time analysis in complex mixtures, without the need for
large volume of sample or sample pre-treatment. Overall the biosensors also offer
highly sensitive, rapid, reproducible and easy-to-operate analytical tools.

The underlying principle of this biosensor for detection is based on the specific
binding of the analyte to the complementary bio-recognition element immobilised
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on a support medium. Nevertheless, this specific binding or interaction brings few
changes in either one or more physico-chemical properties; pH change, electron
transfer, mass change, heat transfer, uptake or release of gases or specific ions, are
most common. These physio-chemical alterations are detected and mostly signalled
by the transducer. The biosensor technology uses the biological materials, like the
couples of (enzyme+substrate), (antibody+antigen) and (nucleic acids+complemen-
tary sequences). Moreover, whole plant cells or tissue slices, microorganisms,
animal are also embedded in the biosensing device.

Several published reports claimed that the biosensors has efficiently been
employed for detecting pesticide residues in soil, and also from the crops grown
over it, and thus established its role in environmental management. For identifying
the extent of hazards in problem soils, either toxic by heavy metals or pesticides, the
main principle acts here is the correlation between toxicity of a pesticide and a
decrease in the activity of a biomarker such as an enzyme. While, this activity can be
registered by using different transducers (amperometry, potentiometry, spectrome-
try, fluorimetry or thermometry) for real-time detection of different substrates or
products of enzymatic reaction (Velasco-Garcia and Mottram 2003).

There are few reports found where biosensors have successfully used as indica-
tors for heavy metal pollution in soils. Mostly the bioluminescence-based biosensors
are used for this purpose which provides an inexpensive and rapid technique to
evaluate the bioavailability of metals in soil. The response of this kind of biosensors
can be related to measurements of soil solution speciation, and thus gives an
expression of toxic thresholds in soils. A lux-based biosensor was applied to detect
availability of Zn; and it was found that bioluminescence response declined as the
free Zn2+ in soil solution increased (McGrath et al. 1999). While Rhizotox-C,
another biosensor was tested for both Zn and Cu (as total, soil solution and soil
solution free forms) in soils of long-term sewage sludge treated field experiment
(Chaudri et al. 2000). Both the studies established the potentiality of luminescence-
based biosensors for identifying and monitoring of the contaminated soil.

Much advanced analytical tools using biosensors for detection of pesticides
using molecular imprinted polymers based biomimetic sensors have also been
figured out. Using the similar techniques, herbicides such as atrazine (Sergeyera
et al. 1999) and 2,4-dichlorophenoxyacetic acid (Kroger et al. 1999) was detected.
This has been found as highly sensitive (detection limit 5 nM), rapid (response in
few minutes) and much more stable (>6 months). While some biosensors worked
on the reduction of intensity of certain natural processes such as photosynthesis
and bioluminescence property under influence of toxic compounds. This particular
biosensor detected traces of herbicide residues in soil measuring the inhibited
oxygen levels based on a chlorophyll–protein reaction center complex. The test
has been ultra-sensitive, with detection limits comparable to highly sensitive
enzyme-linked immunosorbent assay (ELISA) (Koblizek et al. 1998). Another
biosensor was developed for monitoring the level toxicity of polycylic aromatic
hydrocarbons contaminated soil which used an immobilized recombinant biolu-
minescent bacterium, GC2. This system using a biosurfactant is effective as an
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in-situ biosensor for detecting the hydrophobic contaminants in soils and deter-
mined the PAH degradation in soils (Gu and Chang 2001). Lui et al. (1997)
reported the biosensor (based on acetylcholinesterase immobilised onto magnetic
particles in a photometric flow injection system) and detected methamidophos in
lettuce and cabbage at 12 and 3.0 mg kg�1, respectively. Among other types of
biosensors, Chemiluminiscence-based technique was used for detecting
organophorus and carbamate pesticides (Roda et al. 1994), while the cellular and
immunological biosensors effectively quantified the toxicity and concentrations of
four popular herbicides (atrazine, diuron, mecoprop, paraquat) in soil extracts
(Strachan et al. 2002).

8.6 Role of Bioindicators in Stress Management

8.6.1 Managing Pollution Stress

Aquatic pollution can be measured using aquatic fauna like freshwater planarians
which is only present in unpolluted streams or lakes (Knakievicz 2014). Some more
commonly used bioindicators are mollusks bivalves, mollusks gastropods and fishes.
Some zooplanktons accumulate and metabolize pollutants and they may be used as
bioindicators of water quality (Zhoua et al. 2008).

Organisms belonging to Isopoda, Collembola, Oligochaeta and Diplopoda are
proposed as bioindicator organisms due to their close contact with soil (Fontanetti
et al. 2011). Moreover, higher plants such as Arabidopsis thaliana, A. cepa,
Hordeum vulgare, Tradescantia sp., Vicia faba and Zea mays are also used in the
assessment of soil toxicity (White and Claxton 2004).

8.6.2 Managing Stress of Soil Acidity and Alkalinity

Acidophilus species of collembolan (Tomocerus flavescens), mites (Hypochthonius
rufulus and Adoristes ovatus) and isopod (Oniscus asellus) groups are used as an
indicator for acid soils. While the alkalophilous species belonging to cllembola
(Isotoma notabilis, Entomobrya corticalis), mites (Pelops occultus, Platynothrus
peltifer) and isopod (Armadillidium vulgare) are used (van Straalen and Verhoef
1997).

8.6.3 Managing Stress of Soil Salinity

Ruprechtia triflora is a tree species in dry forests of Paraguay. It shows extreme
osmotic adaptability. In three greenhouse experiments with NaCl application,
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Ruprechtia triflora and Eucalyptus dunnii seedlings showed highly significant
responses to their soil salinities (Mitloehner and Koepp 2007).

8.6.4 Managing Stress of Water

In a long-term study (8–10 years), it was observed that the abundance of
enchytraeids, mesostigmatid mites and macroarthropod predators were lowest in
the drought plots. Drought decreased the abundance and diversity of Oribatida and
Collembola. Thus the soil microarthropods can be used as environmental indicators
for drought (Lindberg et al. 2002).

8.6.5 Managing Heavy Metals Stress

An organism can serve as a metal pollution bioindicators only if it meets certain
criteria: (i) the body must constantly accumulate and tolerate large amounts of toxic
metals, (ii) it must be tied to a single place to make it a true ‘representative’ for the
soil, air, and water environmental area, (iii) it must be available for collection,
identification, and handling, (iv) it must have sufficient tissue for chemical analysis
and a long life span to ensure sampling over a longer period of time (Stankovic et al.
2014).

Among many, the main anthropogenic sources of toxic metals are fertilizers,
pesticides, contaminated irrigation water, combustion of coal and oil, vehicular
emissions, incineration of urban and industrial wastes and, mining and smelting
(Tavares and Carvalho 1992).

More or less the common symptoms observed in the susceptible plants grown in
soils contaminated with heavy metals are- reduced root growth, reduced seed
sprouting, necrosis, and chlorosis (Park et al. 2011). Earthworms (Eisenia foetida)
has the capacity of toxic metals’ accumulation (Hg, Cd, Cu, Pb, and Zn), and hence
most exploited soil invertebrate bioindicators. Few researchers showed a significant
positive correlation between metal concentrations in the earthworm and in the soil
(Hirano and Tamae 2010; Olayinka et al. 2011). Even in aquatic ecosystems,
earthworms can be served as equally suitable bioindicator. Aquatic and marine

Table 8.2 Normal natural
concentration intervals for
toxic metals in terrestrial
plants (Yildiz et al. 2010)

Metals Concentration intervals (μg/g)
Cadmium (Cd) 0.2–2.4

Zinc (Zn) 20–400

Iron (Fe) 70–700

Nickel (Ni) 1–5

Lead (Pb) 1–13

Manganese (Mn) 20–700
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gastropods and terrestrial gastropods (snails) are also recognized as adequate
bioindicators for toxic metals like Pb, Zn, Cu, and Cd (Madoz-Escande and Simon
2006) (Table 8.2).

8.6.6 Managing Pesticide Load

Due to intense agricultural production, soil has been heavily loaded with pesticides.
Even after its action, pesticide residues remain in the soil in significantly fatal
quantity. To detect the potential hamper out of it, bioindicators may prove helpful.

Among plant indicators, onion (A. cepa) has been successfully used for deter-
mining the mutagenic and genotoxic potential of trifluralin, a known herbicide
(Fernandes et al. 2007, 2009). However in presence of certain pesticides, the
terrestrial invertebrates showed some common symptoms of alterations in the
biomass, reproduction, behaviour, survival and tissular/cellular lesions (Fontanetti
et al. 2011).

8.7 Bioindicators for Climate Change

Soil biota considered as ‘the biological engine of the earth’ drives many fundamental
nutrient cycling processes, soil structural dynamics, degradation of toxic pollutants,
etc. and maintains the ecosystem sustainability and microorganisms are main players
in these services. Hence, it is logical that biological health of soil ecosystem has great
potential as indicator of ecosystem health, which can be of use in environmental
analysis. The indicators used for monitoring the state of the environment should be
able to reflect the structure and function of ecosystem processes sensitive to varia-
tions in management and climate, reproducible, easily measurable and widely
applicable from local to national scale (Neher 2001). Bioindicators may be used as
an indirect measure of soil function, helping to measure soil quality or health and its
course of change with time, by involving functional relationships among measurable
traits and monitoring for sustainable land management which also include ecological
and climatic effects (Dalal et al. 2003a, b; Doran 2002; Doran and Zeiss 2000).

Soil microbial properties react much quicker to environmental and climatic
disturbances and perturbations, and these changes need to be reckoned for mainte-
nance of an ecosystem. Climate change impacts such as higher CO2 concentration,
elevated temperature, atmospheric N deposition and changes in seasonal and total
distribution of rainfall and extreme weather events such as droughts and floods will
effect soil microbial community (IPCC 2007), C and N cycling, and therefore, on
soil structure and erosion occasions, availability of nutrients and plant diseases, and
hence on and agricultural productivity and ecosystem functionality.
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Due to global warming and climate change the average temperature of the globe
has been increasing. Soil microbes of single species could adapt this change by
physiological means (Malcolm et al. 2008) or by shifting of species within microbial
community. With temperature the respiration rate of soil microbe increases so does
the organic matter decomposition rate too.

There is proof that due to warming the decomposer physiology changes poten-
tially and therefore, the CO2 efflux from soil (Allison et al. 2010; Bárcenas-Moreno
et al. 2009; Balser and Wixon 2009; Bradford et al. 2008). So soil microbial
respiration study could be a great tool to quantify the impacts of global warming
and climate change and specific bioindicators could be of immense use in this regard.

In an attempt to simulate anticipated global warming (1–5 �C) a large number of
field and laboratory experiments have been carried out worldwide and some general
patterns were recorded. Almost in all the studies it was observed that soil microbial
biomass did not increase by warming (Feng and Simpson 2009; Biasi et al. 2008;
Rinnan et al. 2007, 2008, 2009; Vanhala et al. 2011; Zhang et al. 2005). Results
showed that the microbial biomass either remained at steady levels or reduced
depending on the length of the warming treatment, however, the picture was more
complex regarding the composition of microbial community. Some changes in
composition of microbial community were reported by scientists globally such as
increased as well as decreased in abundance of fungal community and some Gram-
positive bacteria, decreased abundance of Gram-negative bacteria, or no change in
abundance of these soil microbial communities at all (Castro et al. 2010; Karhu et al.
2010; Feng and Simpson 2009; Frey et al. 2008; Rinnan et al. 2007, 2008, 2009;
Vanhala et al. 2011; Biasi et al. 2005).

There are some other studies where biomarker levels for microbial stress were
observed significantly higher in plots where warming treatments were done. Positive
correlation between microbial stress biomarker during soil warming and microbial
metabolic activity was also observed (Schindlbacher et al. 2011). Environmental
stress such as warming stress enhances microbial maintenance demand (respiration
per unit biomass), therefore, microbial stress biomarker levels were observed higher
in warmed soil (Anderson and Domsch 2010).

PLFA biomarkers specific to certain soil microorganisms could be helpful to assess
soil microbial population under climate changed conditions. The sum of PLFA
biomarker concentrations (ΣPLFA) in soil is sometimes used to estimate differences
in the size of the soil microbial community (mainly fungi and bacteria) under different
climatic treatment such as elevated CO2 and increased temperature. It was observed
that warming treatments reduces Σ PLFA biomarker in general and the effect found to
be alike for fungi and different bacterial groups (Andresen et al. 2014).

Under climate changed condition, biological indicators play an important role in
soil health assessment, since they include intricate adaptive systems (i.e. the biota)
by integrating important soil processes (Ritz et al. 2009). Latest studies suggest that
climatic changes, such as global warming, will have an intense impact on the
rhizosphere, heterotrophic community structure of soil and other soil processes
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such as soil respiration, mineralisation of N and ecosystem functioning of carbon
(Bardgett et al. 2008; Briones et al. 2009). Altering climatic factors is also a matter of
concern due to possible evolutionary changes, which countenance the spread of
many virulence factors and genes that aid in environmental existence (French et al.
2009). Understanding the impacts of climate change on soil health especially for
problem soils is promising through the use of bioindicators which relate soil
physico-chemical and biological properties to ecological functions and which can
be examined in the context of changing climatic scenario.

8.8 Conclusion

Soil contamination is unavoidable. It affects soil health and quality and disbalance
the whole ecosystem. More emphasis has been given to restoration of problem soils
or uncultivated soil or less productive soils (in agriculture point of view), consider-
ing the fact that our land resources are limited and sufficiency of food production
is yet to be achieved. Hunger is still inevitable and population pressure is alarming at
many parts of the world.

As an important strategy to characterize the soil contamination, the role of
bioindicators and biomarkers are vital. Several biological materials like different
plant, animals, microbes in parts or whole and their cellular, physiological and
molecular functions forms the basis of applying bioindicators and biomarkers. In
various parts of the world, researchers are engaged in identifying suitable
bioindicators/biomarkers and also devising the biosensor with major focus to prob-
lem/contaminated soils.

Though studying the soil contamination is vast, researchers should confine
their goals and concentrate on the locally or regionally relevant soil problems.
Moreover, many bio-materials are plenty in diversified nature, the focus should
not be diverted to select the ideal bioindicator(s) in line with the research or applied
purposes. Secondly, standardization of analytical techniques for evaluating a specific
soil bioindicator should be another major research theme, since it will provide more
accuracy in estimation. Thirdly, a balanced comparison should be made for assessing
the performance of bioindicators for problem soils would be another researchable
issue. More often, the problem soils are co-contaminated with two or more toxic
metals, so there should be constant search for such bioindicators for detecting
multiple ion toxicity. Once the approach of bioindicators is efficiently executed for
identifying a specific problem then it would promisingly facilitate to follow the
remediation or revegetation strategies for any problem soils.
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Chapter 9
Groundwater Irrigated Agriculture
Evolution in Central Punjab, Pakistan

Muhammad Usman, Rudolf Liedl, Fan Zhang, and Muhammad Zaman

Abstract Irrigation water for agriculture in Pakistan is an issue due to a significant
difference between rainfall and crop water needs. Irrigation water is either coming
from snowmelt and rainfall in the northern mountains, or being pumped from
groundwater. Canal water is limited, and water distribution using the warabandi
system, a fixed canal water rotation system among water users on a particular
irrigation channel, is not adequate and flexible. The result is overdependence on
groundwater, which has impaired crop growth, notably in regions of bad ground-
water quality.

The history of groundwater use is not very old in Punjab, Pakistan. By the end of
1990s, canal irrigation was dominant, which was then surpassed by groundwater at
the start of 1991s. Since then the groundwater development has expanded exponen-
tially, and recently the groundwater share in irrigated agriculture of the country is
about 50%. By the end of 2013, more than one million tubewells are operational in
the country and most of them are located in the Punjab province. The consequence is
a drop of groundwater level in majority canal commands including the lower Chenab
canal irrigation system. Evapotranspiration is the major outflow from the water
balance in the region. Cultivation of high delta crops during kharif seasons including
rice, cotton and sugarcane are responsible, which is triggered by elevated tempera-
tures. During rabi seasons, wheat is the single major crop all over the lower Chenab
canal with its coverage on more than 50% area. The overall recharge results showed
that rainfall is the major inflow during kharif seasons, while during rabi canal
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seepage dominates all other recharge sources. During kharif, the other major sources
of recharge are field percolations, canal seepage, watercourse losses and distributary
losses. Rainfall recharge, field percolation, watercourse losses and distributary losses
are considered major recharge sources during rabi seasons.

Keywords Groundwater · Recharge · Remote sensing · Modelling · Kharif · Rabi ·
Climate change · Punjab · Pakistan

9.1 Introduction

9.1.1 Groundwater for Agriculture Worldwide

Irrigated agriculture is the largest consumer of groundwater resource accounting for
about 70% of the global fresh water abstraction and 90% of consumptive water use
(FAO 2010; Döll 2009). According to Llamas and Martinez-Santos (2005), during
the last 20–30 years, there is a boom in the utilization of groundwater resources for
irrigation in areas subject to extended dry seasons and/or regular droughts. Globally,
an area of about 300 million ha (Mha) is under irrigation and 38% of this land are
equipped for irrigation with groundwater amounting to 545 km3/year (Siebert et al.
2010). Extended groundwater use is not only restricted to semi-arid regions, but also
occurs in many humid areas (Fig. 9.1). It is envisaged that groundwater use for
irrigated agriculture will continue to expand due to many possible reasons including:

Fig. 9.1 Water withdrawal by sector in different world regions (2005). Agricultural water use is
highest in South Asia, nearly 90%, followed by least developed world countries
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(a) it is usually found close to point of use, (b) it can be developed quickly by
individual private investment at low capital cost, (c) it is available directly for crop
needs, (d) it is suited to pressurized irrigation and, (e) it has permitted irrigated
agriculture outside of canal command regions (Shah et al. 2007).

Groundwater use has been the crux of the green revolution in agriculture across
many Asian nations. Currently, the nations with highest groundwater use are India
(39 Mha), China (19 Mha) and USA (17 Mha) (Siebert et al. 2010; Madramootoo
2012). Groundwater use in developing countries is likely to continue and the
pressure on groundwater resources over next 25 years in Asia will come from
demographic increase, agriculture and increasing water demand per capita, industrial
activity and energy demand. It is predicted that the world population will increase
from 6.9 billion in 2010 to 8.3 billion in 2030 and to 9.1 billion in 2050, most of
which will occur in Asia (Christmann et al. 2009; UNDESA 2009). This increase in
population will expand food demand by 50% in 2030 and by 70% in 2050.
Nevertheless, Ayars et al. (2006) reported that future scenarios predict a worldwide
fresh irrigation water scarcity which is even higher in arid and semi-arid regions.
This fact emphasizes that the role of water should be properly regarded as socio-
economic and life sustaining commodity demanding management procedures and be
implemented through water conservation and resource assessment and reuse
(UNCED 2002). Otherwise, poor management of groundwater resources will nullify
the social gains made so far (Mukherji and Shah 2005).

9.1.2 Development of Groundwater Use in Pakistan

The Indus Basin Irrigation System (IBIS) of Pakistan was designed about a century
ago and is one of the largest contiguous irrigation systems in the world. Its design
objectives were to prevent crop failure, avoid famine and expand settlement oppor-
tunities (Jurriens and Mollinga 1996) by constructing reservoirs, barrages and main
canals which are now serving an area of 16 Mha with some 172 billion m3 of river
water flow per year (Aslam and Prathapar 2006). The IBIS is supported by the basin
of the Indus river and its tributaries including the Kabul, Jehlum, Chenab, Ravi and
Satluj rivers. The irrigation system is comprised of three major storage reservoirs,
19 barrages, 12 link canals, 45 major irrigation canal commands and over 120,000
field water channels. The total canal length is about 60,000 km, with additional 1.8
million km comprising of watercourses, farm channels and field ditches (COMSATS
2003). The rivers of IBIS have glaciated headwaters and snowfields that provide
about 50–80% of surface water flow out of the total volume of 137 � 109 m3. The
remaining volume is due to monsoon runoff. It is estimated that effective rainfall
contributes about 200–300 mm in total crop water availability in the north of the
country and some 50 mm in the south (Qureshi et al. 2010).

The IBIS was designed for an annual cropping intensity (ratio of effective crop
area harvested to the physical area) of about 75% with the intention of spreading the
irrigation water over large areas to expand settlement opportunities (Qureshi et al.
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2010), and has grown up to 200% (Kazmi et al. 2012) because more than one crop
cycle per year has become possible. Also many canals have lost their design capacity
over time due to siltation and erosion of their banks (Badruddin 1996). The result is
further limitation of canal water availability per unit of irrigated land (Sarwar 2000).

Huge crop yield losses, land degradation and social instability were observed
during the 1970s due to inadequacy, inequity and unreliability of surface water
supplies, which resulted in large scale migration of populations from rural areas to
cities (Postel 2003). Nevertheless, large farming communities also came forward to
rescue themselves against this situation and huge investment is made to extract
groundwater by installing agricultural wells for crops. The government also helped
farmers by subsidizing the power supply after realizing the benefits of groundwater
irrigation for expansion of irrigated areas and to maintain higher crop production
levels. In the early days, open wells, Persian wheels, karezes, hand pumps and
reciprocating pumps were used for groundwater abstraction. Introduction of indig-
enous small diesel engines and subsidized energy supply caused a dramatic increase
in the number of private tubewells (i.e. individual farmer owned) in the country. By
the end of the 1990s, canal irrigation dominated the irrigated agriculture in the
country, but in the early 1990s, groundwater irrigation had surpassed canal irrigation
(Van der Velde and Kijne 1992). According to Chaudhary et al. (2002), more than
50% of irrigated lands in the country are irrigated by groundwater wells. More than
70% of the farmers in the Punjab province depend directly or indirectly on ground-
water for agriculture (Qureshi et al. 2003). About 80% of total tubewells in the
country are private owned. According to some estimates, the investment in the
private tubewells is of the order of Rs. 25 billion (US$ 400 million) whereas, the
annual benefits are of the order of Rs. 150 billion (US$ 2.3 billion) in the form of
agricultural production (Shah 2003; Qureshi et al. 2010). According to Government
of Pakistan, on average, every fourth farming family owns a tubewell and a large
proportion of farmers without tubewell ownership purchase water through local
groundwater markets (Government of Pakistan (GOP) 2000). Figure 9.2 depicts
the development and distribution of tubewells in each province of Pakistan.

Fig. 9.2 Number of tubewells in Pakistan (a) Qureshi et al. (2010), (b) Agricultural Statistics of
Pakistan (2008–2009). The data show that over the years, the growth of tubewells have been
exponential in Pakistan particularly in the province of Punjab
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9.1.3 Study Site

Lower Chenab canal irrigation system, Punjab, Pakistan has been chosen as the
study region (Fig. 9.3). The lower Chenab canal irrigation system originates at the
Khanki headworks which distribute water to its eastern and western parts through
seven branch canals. This irrigation system was designed in 1892–1898 and its
command area lies in Rechna Doab which comprises of the land mass between rivers
Ravi and Chenab.

The location of the area is between latitude 30� 360 and 32� 090 N and longitude
72� 140 and 77� 440 E. The present study mainly focuses on the eastern part of lower
Chenab canal irrigation system. Two link canals namely Qadirabad-Balloki and
Trimu-Sidhnai flow from north to south and fall into river Ravi. Major part of
lower Chenab canal irrigation system (east) lies in the districts of Faisalabad and
Toba Tek Singh. Administratively, the entire study area is split into ten irrigation
subdivisions: Sagar, Chuharkana, Paccadala, Mohlan, Buchiana, Tandlianwala,
Kanya, Tarkhani, Bhagat and Sultanpur. Irrigation subdivision is considered as the
smallest management unit of the irrigation system. The structuring of these irrigation
subdivisions ensures the equitable distribution of canal water among different
consumers.

9.1.3.1 History of Groundwater Use in Lower Chenab Canal Irrigation
System

Punjab province of Pakistan is called ‘the land of five rivers’ and covers an area of
about 127,000 km2. These rivers include Indus, Jhelum, Chenab, Ravi and Sutlej
from west to east. The land between any two rivers is known as ‘doab’. These doabs
include Thal (between rivers Indus and Jhelum), Chaj (between rivers Chenab and
Jhelum), Rechna (between rivers Chenab and Ravi) and Bari (between rivers Ravi

Fig. 9.3 Location of lower Chenab canal irrigation system in Rechna Doab, Punjab, Pakistan.
Lower Chenab canal irrigation system is subdivided into ten irrigation subdivisions, a smallest
administrative unit for better irrigation management
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and Sutlej) and the plains of these doabs have been formed by alluvial deposits and
are very fertile. During the 1900s, during the rule of British over the subcontinent, an
extensive network of irrigation canal was constructed in order to develop the barren
land and to utilize the water of these five rivers. These practices paid off the
investment of millions of rupees for construction of canals and headworks within a
few years as the area converted into lush green fields (Hassan and Bhutta 1996). The
period of prosperity proved very short as intensive irrigation application coupled
with poor subsurface drainage resulted in a gradual increase of groundwater. By the
late 1930s and early 1940s, several million acres of land had been affected by
waterlogging and salinization, both of which were spreading alarmingly every
year (Malmberg 1975). In some areas the groundwater rise was about 24.4 m with
an average rate of rise of 0.46 m/year (Hassan and Bhutta 1996). According to
Soomro (1975), waterlogging was first identified in the upper parts of Rechna doab
within few years of opening of the Lower Chenab Canal.

A comprehensive study of the geology and hydrology of the Indus Plain was
carried out in 1954 by the Government of Pakistan in cooperation with the
U.S. International Cooperation Administration to assess the groundwater potential
of the Northern Plain in order to formulate reclamation measures that would solve
the problems of waterlogging and salinity and restore the productive capacity of the
land (Malmberg 1975). The results of these studies provided the basis for the
reclamation projects utilizing deep tubewells to lower the groundwater level and
supplement the canal water supply. The launch of the first project phase took place in
1960 with the first salinity control and reclamation project. The interfluvial area
between the Ravi and Chenab rivers was selected for construction of first salinity
control and reclamation project. This project was the first of 18 planned reclamation
projects that ultimately included about 21 million acres and more than 28,000
production and drainage wells (Malmberg 1975).

Large scale groundwater extraction for irrigated agriculture in Rechna started by
the launching of salinity control and reclamation project. Thousands of large capac-
ity tubewells were installed under this program. In the initial phase more than 10,000
public tubewells (supplying an area of 2.6 Mha) with an average discharge capacity
of 80 l/s were installed (Bhutta and Smedema 2007; Kazmi et al. 2012). The project
resulted not only in the lowering of the water table but also in supplemented
irrigation. This also encouraged farmers to own their individual tubewells and led
to a proliferation with a typical tubewell discharge capacity of 28 l/s (i.e. 0.03 m3s�1)
or less. The results of first salinity control and reclamation project indicated that it
managed to lower the groundwater level below 1.5 m over an area of 2 Mha and
below 3 m over 4 Mha, thereby overcoming the problem of waterlogging signifi-
cantly. It also reclaimed salt affected area from 4.5 to 7.0 Mha (Qureshi et al. 2010).
Moreover, the additional groundwater abstraction by salinity control and reclama-
tion project tubewells increased cropping intensities from 80 to 120% in most of the
salinity control and reclamation project areas (IWASRI 1998).
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9.1.3.2 Current Status of Tubewells and Groundwater Use

Currently, groundwater is exploited at a huge quantity in the whole country. The
total irrigated agricultural area is about 16Mha and about 9 Mha is located in Punjab,
and total share of groundwater pumping in agricultural water use is about 50%
(Usman et al. 2015a). According to Punjab Development Statistics Report (2015),
there were 1,049,000 tubewells installed in the whole country and alone Punjab is
having 867,369 tubewells functional by the end of 2013. As LCC-east is mainly
located in the districts of Faisalabad and Toba Tek Singh and 51,157 tubewells were
installed in these two districts by the end of 2013. This figure reflects the higher
dependence of farmers on groundwater use in the region. The distribution of
tubewells in different districts of Faisalabad division can be seen from Fig. 9.4.

The result is drop of groundwater levels in majority parts of the lower Chenab
canal irrigation system as can be read from Hassan and Bhuttah (1996) and Usman
et al. (2015a), which threatens the sustainability of this resource. To apprehend this
phenomenon, there is a dire need to assess the water resources in detail where
comprehensive estimation and evaluation of irrigation system components, that
contribute to recharge and discharge from the aquifer need to be performed.

The following two case studies were performed in the lower Chenab canal
irrigation system. In the first study, a comprehensive assessment of recharge was
made, while in the second one, effects of climate change were performed.

Faisalabad, 
31506, 28%

Chiniot, 
15235, 13%Jhang, 47407, 

42%

T T Singh, 
19651, 17%

Faisalabad Chiniot Jhang T T Singh

Fig. 9.4 Number of tubewells installed in different districts of Faisalabad division including
Faisalabad, Toba Tek Singh, Chiniot and Jhang. The area mainly consist of agricultural lands
with mixed cropping system. Major crops grown in the division include rice, cotton, sugarcane,
fodder and wheat with higher dependence on groundwater use. (Source: Figure based on own
research)
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9.2 Case Study – I: Estimating Net Groundwater Recharge
in Lower Chenab Canal Irrigation System

Sustainability of groundwater is highly dependent on the amount of water that
replenishes aquifers, known as recharge. Estimating groundwater recharge is crucial
in assessment of water resource availability (Scanlon et al. 2002).

Estimation of recharge may be performed using different methods including
direct measurement by lysimeters, tracer techniques, and stream gauging (Lerner
et al. 1990). Groundwater modeling approach is another way of estimating recharge
if various input components are known with fair accuracy. However, as hydraulic
parameters are rarely known and therefore recharge is inaccurately estimated as a
lumped parameter. In the current study, groundwater recharge estimation is done by
employing water balance approach and different inflow and outflow parameters of
water balance equation are worked out separately. The brief description of recharge
estimation methodology is presented as follows; however, detailed description of
different water balance approaches and its comparison with water table fluctuation
method may be seen from Usman et al. (2015a).

9.2.1 Water Balance Approach

Water balance approaches have been widely used for estimating groundwater
recharge (Sarwar and Eggers 2006; Maréchal et al. 2006). The water budget for
irrigated agricultural regions can be written by the equation (9.1) devised by Singh
(2011) and Schicht and Walton (1961).

Iþ Rþ Gin � Gout � ET� RO� Gp � Gs ¼ dS ð9:1Þ

where I and R are total water from canal supply and rainfall, respectively, Gin and
Gout are lateral groundwater inflow and outflow along a boundary; ET is loss due to
evapotranspiration; RO is runoff at surface; Gp is groundwater abstraction by
pumping; Gs is groundwater discharge to stream; and dS is the change in ground-
water storage. The units of all components are mm per time period.

The simplified version of the above equation may be written if we ignore the
surface runoff and groundwater outflow to stream considering the local hydrological
conditions in the lower Chenab Canal irrigation system. The above general water
budget equation now reads as below:

Iþ Rþ Gin � Gout � ET� Gp ¼ dS ð9:2Þ

The above equation describes the water budget by incorporating all surface and
subsurface parameters for estimation of recharge ignoring detail of each parameter.
According to Scanlon et al. (2002), water balance can also be written for saturated
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zone (below groundwater). The description of saturated groundwater storage by this
principle can be written as below.

Ls þ Gin � Gout þ IRþ RR� Gp ¼ dS ð9:3Þ

where Ls is seepage water loss from irrigation canal network, IR is return flow of
irrigation from agricultural field and RR is rainfall recharge. The units of all
components are mm per time period.

Both equations (9.2) and (9.3) are identical except they offer utilizing of different
input data types. For the present study, equation (9.3) was used and remote sensing
data and different spatial techniques was applied for input data.

9.2.2 Estimation of Different Recharge Input/Output
Parameters

For irrigated agricultural regions, various data types are required including crop, soil,
weather, water flow, geology, shape files and piezometric observations. Following is
the brief description of recharge estimation from various recharge sources.

9.2.2.1 Canal Geometry and Flow Data

The canal flow and geometry data of different irrigation streams are collected from
Irrigation Department, Punjab, Pakistan. Daily data are converted to monthly and
then seasonal after integrated for each canal tributary. The irrigation system of lower
Chenab canal is designed in a way that separate canals provide irrigation to each
irrigation subdivision and hence apartheid of data is easy. Other data include shape
geometries of different canals and information about lining/un-lining canal sections.

9.2.2.2 Crop Inventory

Land us land cover mapping at spatial resolution of 250 m for both rabi and kharif
cropping seasons were performed using MODIS normalized difference vegetation
index spatial data. A number of normalized difference vegetation index composite
images were retrieved from both terra and aqua sensors, and after preprocessing of
these images, unsupervised classification using ISODATA algorithm was performed
(Usman et al. 2015b). The temporal profiles of normalized difference vegetation
index trends were utilized to identify different major crops in the region. The results
of land use land cover classification were validated by constructing error matrixes.
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9.2.2.3 Actual Evapotranspiration

Actual evapotranspiration was calculated using soil energy balance algorithm
devised by Bastiaanssen et al. (1998) which used different satellite data products
for estimation of different variables. The detail of these products can be seen in
Table 9.1.

The detailed methodology of soil energy balance algorithm adopted for the
current study can be found in Usman et al. (2014, 2015c). The soil energy balance
algorithm give daily values of actual evapotranspiration, and from these daily
information about actual evapotranspiration, monthly and seasonal maps of con-
sumptive water use were prepared for both rabi and kharif cropping seasons.

9.2.2.4 Net Recharge Components for Water Balance Approach

Different water inflow and outflow components for WBA were worked out at
seasonal temporal scales for estimation of net recharge. The detailed description of
which is presented as under:

(a) Rainfall

Raster based monthly rainfall data were retrieved from Tropical Rainfall Mea-
surement Mission (TRMM). Spatial data with a resolution of 25 km were
downloaded, which were downscaled to 1 km for further use. Local calibration of
this data was performed with data from three weather stations located at different
places of lower Chenab canal irrigation system. This monthly rainfall data summed
up to get seasonal rainfall for all kharif and rabi seasons. Mean, maximum, and
minimum rainfalls were calculated in different irrigation subdivision of lower
Chenab canal irrigation system along with the standard deviations and coefficients
of variation for each season. Lastly, the effective rainfall was estimated by following
the United States Department of Agriculture, Soil Conservation Services method.
Recharge from rainfall estimated by following guidelines proposed by many differ-
ent researchers. For instance, Maasland (1968) as reported in Ahmed and Chaudhry
(1988) has considered about 20% of total rainfall as recharge. Ahmad and Chaudhry
(1988) have reported about 17% to 22% of total annual rainfall as recharge in lower
Chenab canal irrigation system. Ashraf and Ahmad (2008) have used 17.9% of total
rainfall as groundwater recharge in nearby Chaj Doab, Punjab, Pakistan. All the

Table 9.1 Summary of MODIS remote sensing data used for soil energy balance algorithm

Data layer
Spatial
resolution

Temporal
resolution Purpose

Surface reflectance, band (1–7) 500 m 8 days Surface albedo, Vegetation index,
Land surface water index

Land surface temperature &
Emissivity, band (31–32)

1000 m daily Land surface temperature,
Emissivity
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proposed guidelines can only yield rough estimates, therefore, in the current study;
rainfall recharge is estimated by subtracting monthly effective rainfall plus 5% of
total rainfall as unseen losses from total monthly rainfall (Usman et al. 2015a).

(b) Main canal seepage

Estimation of seepage from main irrigation canals was done using two different
empirical models developed by the Punjab Private Sector Groundwater Develop-
ment Project Consultants (1998) and Irrigation Department (2008). These models
utilize data of discharge, canal length, wetted perimeter, number of canal operational
days in a season and seepage factor. They can be written as:

S ¼ 0:052 Qð Þ0:658 ð9:4Þ

and

RC ¼ 86400:LC:WP:N:SF ð9:5Þ

where S is seepage loss or recharge (ft3/s/mile), Q is canal discharge (ft3/s), RC is
recharge due to canal seepage (m3), LC is length of canal (m), WP is canal wetted
perimeter during its run (m), N is canal running time in a season (d), and SF is
seepage factor with recommended values of 0.62–0.75 and 2.5–3.0 m3/s/106 m2 of
wetted area for lined and unlined canal sections, respectively.

(c) Recharge from distributaries and watercourses

Equation (9.4) can also be used for recharge estimation from distributaries.
However, for the current study, a fixed percent of head water diversion was consid-
ered as recharge as reported in different studies conducted in the study region
(Kennedy 1890; Benton 1904; Blench 1941–1942 and Khangar 1946 (cited in
Ahmed and Chaudhry 1988)). Maasland (1968) as cited in Ahmed and Chaudhry
(1988) estimated watercourse losses and recommended that about 10–20% of total
delivery head is a seepage loss. A value of 10% is considered for the current study.

(d) Recharge from field percolations

Considerable part of irrigation water returns to groundwater through infiltration.
A number of researchers has devised different fixed percent values of applied water
as recharge. For instance, about 15% of irrigation water is recharge regardless of
crop type, according to Maasland (1968). Similarly, Ashraf and Ahmad (2008)
assumed 25% of irrigation water as recharge. According to other researchers includ-
ing Jalota and Arora (2002), Tyagi et al. (2000a, b) and Maréchal et al. (2006)
recharge is variable according to crop type and hence they have proposed different
coefficients of irrigation return flow for different crops. For the current study, later
approach was employed and satellite images were processed to differentiate different
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crop areas and assignment of different coefficients of irrigation return flows were
done. Following relationship was used for estimation of recharge:

IR ¼ TI:Fc ð9:6Þ

where IR is recharge from field percolation (mm), TI is the total irrigation water
applied at farm gate both from canal and groundwater sources (mm), and Fc is the
fraction of water contributing to recharge.

The information about Fc (i.e field application efficiency) for different crops can
be taken from Jalota and Arora (2002), and Tyagi et al. (2000a, b). Field percolation
loss is about 50% for rice, while it is about 5.6%, 31.2%, 15%, 20% for wheat, kharif
fodder, cotton and, rabi fodder and sugarcane crops, respectively.

(e) Estimation of total irrigation water at farm

Total irrigation is equal to estimated actual evapotranspiration under the ideal
conditions, where all water supplied at farms is available for the crop utilization;
nevertheless, in reality applied water at farm is always greater than actual evapo-
transpiration due to limited application efficiencies and conveyance efficiencies that
are never 100%. Thus, total irrigation may be calculated from the following
equation:

TI ¼ ET� ERð Þx 100
AE

� �
þ ROþ US ð9:7Þ

where AE, ER, RO and UWS are irrigation application efficiency, effective rainfall,
runoff and unsaturated water storage, respectively. Effective rainfall is excluded
from actual evapotranspiration because total irrigation is total water available at
farms from only canal and groundwater sources. Runoff and unsaturated water
storage are ignored in equation (6) as very little runoff occur due to bunds on
irrigated fields and, for long time periods steady state conditions prevails and the
soil water content is constant and, hence, changes can be ignored (Usman et al.
2015a; Yin et al. 2011).

(f) Groundwater pumping

Groundwater pumping was estimated using the following relationship:

Gp ¼ TI� CI ð9:8Þ

where CI is the net water availability from canal irrigation after incorporating
conveyance losses.

(g) Lateral inflow and outflow of groundwater

Inverse modeling using FEFLOW 6.1 groundwater software and PEST was used
for estimation of later groundwater inflow and outflow. The modeling results were
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verified with Darcy’s law (Darcy 1856). For Darcy’s law inflow and outflow cross
sections were identified by plotting piezometric data and borelog information in
Voxler geo-statistical software from Golden software’s. The cross sectional flow
areas for each irrigation subdivision were estimated as suggested by Baalousha
(2005). Groundwater contour maps were prepared using Surfer 8.0. The flow area
of each sub section contributing to inflow and outflow was estimated to be the area
below the intersection of the regional potentiometric surface.

9.2.3 Results of Case Study – I

9.2.3.1 Land Use Land Cover Mapping

Error matrixes were constructed for different land use land cover types by incorpo-
rating 250 control points and polygons. From Table 9.2, it can be observed that
overall accuracy for rabi seasons fluctuated between 79.5% and 87.4%. During
kharif seasons, the efficiency varied from 76.2% to 80.08%. The overall average
accuracies for rabi and kharif were found to be 82.8% and 78.2%, respectively. The
results are in concurrence with some other studies of this kind (Thi et al. 2012;
Wardlow et al. 2007). Bastiaanssen et al. (1998) reported that overall accuracy
generally ranges between 49% and 96% depending upon the spatial data coverage
and the field size under study. According to Giri and Clinton (2005), the overall
efficiency gives a crude measure of accuracy as its measurement by error matrix is
dependent on sampling size. Small sampling size may lead to assign the correct class
by chance (Foody 2002), and therefore the kappa coefficient is necessary to measure
(Congalton 1996). The value of kappa coefficient results the agreement after remov-
ing the errors come by chance by incorporating the off diagonal elements of the error
matrices (Yuan et al. 2005). The values of kappa coefficient for each individual
season were calculated and shown in Table 9.2. The average kappa coefficient value
for rabi seasons was 0.73 with minimum and maximum values of 0.66 and 0.77. For

Table 9.2 Average classification accuracies and kappa coefficient for different land use classes
during rabi (i.e. November to April) and kharif (May to October) cropping seasons

No Year

Rabi Kharif

Overall accuracy K Overally accuracy K

1 2005–2006 87.4 0.77

2 2006–2007 79.5 0.66 76.2 0.69

3 2007–2008 83.6 0.74 79.3 0.73

4 2008–2009 81.9 0.71 78.1 0.71

5 2009–2010 81.2 0.71 77.0 0.70

6 2010–2011 83.8 0.75 78.6 0.72

7 2011–2012 82.5 0.74 80.1 0.74

Average 82.8 0.73 78.2 0.71
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kharif, the average value was 0.71 with a minimum value of 0.69 and a maximum
value of 0.74. The findings are in agreement with the results of Altman (1991).

Table 9.3 depicts the distribution of different land use land cover classes from
2005 to 2012 for rabi and kharif seasons. Wheat was found to be major crop during
rabi seasons with overall average area of more than 50%. The other dominant crops
were rabi fodder and sugarcane with percent areas of 32.3% in 2010–2011, and

Table 9.3 Coverage of major land use land cover types during rabi (i.e. November to April) and
kharif (May to October) cropping seasons

Rabi season Kharif season

Year Class Area (hectares) Year Class Area (hectares)

2005–2006 Fodder 227,020 2006 Rice 336,947

Sugarcane 128,257 Fodder 319,260

Wheat 548,635 Sugarcane 99,519

Fallow/Barren 22,160 Cotton 136,191

Fallow/Barren 34,156

2006–2007 Fodder 230,029 2007 Rice 253,017

Sugarcane 124,575 Fodder 375,766

Wheat 551,216 Sugarcane 198,080

Fallow/Barren 20,251 Cotton 76,758

Fallow/Barren 22,451

2007–2008 Fodder 281,160 2008 Rice 251,654

Sugarcane 126,627 Fodder 414,699

Wheat 497,546 Sugarcane 106,228

Fallow/Barren 20,738 Cotton 131,034

Fallow/Barren 22,457

2008–2009 Fodder 289,135 2009 Rice 362,218

Sugarcane 105,722 Fodder 323,286

Wheat 512,320 Sugarcane 87,172

Fallow/Barren 18,895 Cotton 116,974

Fallow/Barren 36,422

2009–2010 Fodder 213,847 2010 Rice 349,121

Sugarcane 97,907 Fodder 231,065

Wheat 598,403 Sugarcane 137,540

Fallow/Barren 15,915 Cotton 179,155

Fallow/Barren 29,190

2010–2011 Fodder 299,478 2011 Rice 342,038

Sugarcane 78,435 Fodder 169,562

Wheat 534,474 Sugarcane 137,791

Fallow/Barren 13,685 Cotton 259,529

Fallow/Barren 17,152

2011–2012 Fodder 248,550

Sugarcane 113,555

Wheat 545,132

Fallow/Barren 18,836
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13.8% in 2005–2006, respectively. During kharif seasons, rice was found to be
highest grown crops with minimum volatility in its command area for different
seasons. Sugarcane had a maximum percent area of about 21.4% for 2007 with
minimum value of 9.4% for 2009. The minimum and maximum percent values for
kharif fodder were 18.3% for 2011 and 44.8% for 2008. In case of cotton, the
minimum and maximum values were 8.3% in 2007 and 28% in 2011, respectively.

9.2.3.2 Validation of Soil Energy Balance Algorithm Based Actual
Evapotranspiration

ET results using SEBAL are mandatory to validate prior to its use for hydrological
studies. The results were validated with ET from advection-aridity approach
(Brutsaert and Stricker 1979), as results from lysimeters, Bowen ration energy
balance (Bowen 1926), and the eddy covariance (Wilson et al. 2002) were
unavailable. The advection-aridity equation used was formulated as:

ET ¼ 2/e � 1ð Þ Δ

Δþ γ
Qne �

γ
Δþ γ

Ea ð9:9Þ

where ET is the actual evapotranspiration (mm d�1), Δ is the slope of temperature
versus vapour pressure (kPa oC�1), Qne is the ratio between Rn and λ, Rn is net
radiation, γ is the psychometric constant (kPa oC�1) and Ea is the drying power of
the air (Brutsaert and Stricker 1979; Brutsaert 2005). The effects of advection were
scaled by the aerodynamic vapor transfer term Ea:

Ea ¼ f �
Ur

� �
es � eað Þ ð9:10Þ

where f �
Ur

� �
is the wind function, es and ea are the saturation and actual vapor

pressures in mmHg (Brutsaert and Stricker 1979). The wind function was a stelling-
type standard equation written as devised by Brutsaert (2005):

f �
Ur

� �
¼ 0:26 1þ 0:54f�U2

� �
ð9:11Þ

Where f�U2
is the mean wind speed at 2 m height (ms�1).

The validity results can be visualized in Fig. 9.5, which indicates satisfactory
results for both rabi and kharif cropping seasons. Nevertheless, it is noted that higher
Nash Sutcliffe efficiency and relatively low bias values were found during winter
seasons (rabi) as compared to summer seasons (kharif). Advection-aridity method
performs better under low temperatures as compared to hotter and arid environmen-
tal conditions (Hobbins and Ramirez 2001; Liu et al. 2010). Similar types of results
were reported for the current study where quite high Nash Sutcliffe efficiency
(i.e. 0.92), and relatively low bias (�13.32) were found for rabi seasons. However,
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for kharif, the values of Nash Sutcliffe efficiency and bias were found to be 0.71 and
�24.89, respectively (Usman et al. 2014).

The actual evapotranspiration during kharif seasons (546.2 mm� 47.50 mm) was
observed to be about two times higher than in rabi seasons (274 mm � 20 mm). The
main reason for this was high crop water requirements of rice, cotton, and sugarcane
which were triggered by high temperatures during these seasons. Wheat was culti-
vated at larger areas along with fodder during rabi season, as opposed to this. There
was an abrupt change in the trends of actual evapotranspiration for kharif from mid
July to September because of higher availability of irrigation water due to monsoon
rainfalls, which resulted in better vegetative growth for crops. A relatively steep rise
in trend was observed from end of February to end of March, when temperature
raised and sufficient soil moisture became available to crops after winter rainfall
during the rabi seasons.

9.2.3.3 Rainfall Recharge

Table 9.4 shows the distribution of average rainfall in different irrigation subdivi-
sions of lower Chenab canal irrigation system for both rabi and kharif seasons. It is
visible that rainfall decreases from upper parts of lower Chenab canal irrigation

Fig. 9.5 Validation of soil energy balance algorithm based actual evapotranspiration with
advection-aridity approach. During rabi seasons (November to April) results are better correlated
as compared to kharif seasons (May to October). NSE Nash Sutcliffe efficiency, %BIAS percentage
bias error, SEBAL soil energy balance algorithm, ET actual evapotranspiration. (Source: figure
based on own research)
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system to lower parts. The rainfall was higher during the kharif seasons mainly due
to monsoon rainfalls from mid-July to mid-September, which accounted for about
65% of total annual average rainfall. Similarly, the average effective rainfall can be
seen for each individual irrigation subdivision, however, the individual average
effective rainfall values for each cropping year vary due to variability in cropping,
rainfall intensity and consumptive water requirements (Patwardhan et al. 1990).

The recharge results for different seasons and irrigation subdivisions indicate that
generally higher recharge was found in the upper lower Chenab irrigation system
regions as compared to lower ones. The highest recharge was estimated for Sagar
with an average value of 127.5 mm� 26.9 mm followed by Chuharkana, Paccadala,
Buchiana, Mohlan, Tandlianwala, Bhagat, Kanya, Sultanpur and Tarkhani with
average values of 120.3 mm � 26.1 mm, 106.6 mm � 22.9 mm,
103.7 mm � 23.5 mm, 100.8 mm � 27.3 mm, 100 mm � 24.4 mm,
95.5 mm � 28.6 mm, 86.8 mm � 23.5 mm, 84.8 mm � 13.2 mm, and
77.5 mm � 24.8 mm, respectively, during the kharif seasons. Bhagat subdivisions
showed relatively higher recharge in the lower reaches with more variability, which
was mainly associated to higher rice cultivation in the area. For rabi seasons, the
variability in recharge for different subdivisions was found low as compared to
kharif seasons.

9.2.3.4 Recharge from Other Sources

Table 9.5 shows the detailed results of recharge from different components of
irrigation system for each irrigation subdivision during both rabi and kharif seasons.
During kharif seasons, after rainfall (i.e. 1003.5 mm), field percolation (809.2 mm)
was considered to be major recharge sources in lower Chenab canal irrigation system
during the study duration, however, its value was variable for individual irrigation
subdivision. The other major sources of recharge were canal seepage (352.7 mm),
watercourse losses (258 mm) and distributary losses (226 mm), respectively. The
share of field percolation in recharge in comparison to other recharge sources, except
rainfall, was almost equal. The lowest contribution was coming from lateral ground-
water inflow and outflow (91 mm). For rabi, rainfall (207.1 mm) and field percola-
tion (277.1 mm) were no more major recharge sources, but canal seepage was the
dominant source (318.2 mm) followed by watercourse losses (174.2 mm), distribu-
tary losses (160.5 mm) and lateral groundwater inflow and outflow (91 mm). It was
also to be noted that during the rabi season, rainfall recharge was less due to absent of
monsoon rainfalls. The detailed information of different recharge components for
each irrigation subdivisions can be found from the following Table 9.5, both for
kharif and rabi seasons.
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9.2.3.5 Groundwater Pumping and Net Recharge

Groundwater pumping was higher during kharif seasons as compared to rabi seasons
at lower Chenab canal irrigation system scale. The detailed analysis of groundwater
pumping data showed that highest groundwater pumping was found at two lower
and one upper irrigation subdivisions including Bhagat, Sultanpur and Chuharkana
with average values of 264.7 mm and 229 mm and 226 mm, respectively (Table 9.6).
While, least pumping was found in Tarkhani with an average value of 108 mm,
during different kharif seasons. The results of net recharge showed that it was
generally positive for all the irrigation subdivisions during kharif seasons excluding
two lower irrigation subdivisions including Bhagat and Sultanpur. For rabi seasons,
groundwater pumping was observed to be highest in most of the upper irrigation
subdivisions of lower Chenab canal irrigation system, which was mainly due to
decreased canal flow in spite of less water requirements by the crops, particularly in
the Sagar irrigation subdivision, where the net recharge is negative for the whole
study period. It was also negative for Bhagat and Sultanpur irrigation subdivisions at
the lower locations of lower Chenab canal irrigation system. For rest of the locations,
the net recharge was variable from season to season.

The results of net recharge from the current study are comparable to previous
studies including Hassan and Bhutta (1996), according to which annual recharge
was found to be 60 mm for the Rechna Doab. They also concluded positive recharge
for kharif seasons, whereas it was generally negative for rabi seasons. Similarly,
Boonstra and Bhutta (1996) conducted a recharge study in the whole Rechna Doab
and concluded that positive recharge (i.e. 73 mm) is observed annually. The other
studies include Habib (2004) and Bhuttah and Alam (2005), according to which
annual groundwater recharge is positive for majority parts of Indus plain.

Table 9.6 Groundwater pumping and net recharge (mm) in different irrigation subdivisions of
lower Chenab canal irrigation system during rabi (November to April) and kharif (May to October)
cropping seasons

Irrigation sub-division

Groundwater Pumping Net recharge

Kharif Rabi Kharif Rabi

Sagar 193.8 � 31.5 192.4 � 32.6 95.2 � 37.7 �121.9 � 40.8

Chuharkana 225.3 � 47.6 142.5 � 24.0 96.9 � 54.1 �19.6 � 37.3

Paccadala 145.0 � 48.6 83.2 � 33.3 123.0 � 59.5 27.9 � 37.5

Mohlan 157.7 � 41.4 83.5 � 32.4 176.7 � 50.1 53.7 � 40.7

Buchiana 177.9 � 47.8 116.7 � 25.0 146.2 � 50.6 78.0 � 33.7

Tandilianwala 173.3 � 29.8 90.5 � 31.2 61.2 � 46.1 10.0 � 39.2

Tarkhani 108.1 � 25.1 41.9 � 19.0 138.6 � 30.5 91.3 � 31.7

Kanya 169.1 � 24.0 85.3 � 29.3 79.7 � 38.8 40.2 � 32.3

Bhagat 264.8 � 33.1 158.7 � 28.7 �26.1 � 31.9 �53.8 � 36.0

Sultanpur 228.7 � 16.6 134.1 � 44.1 5.8 � 30.9 �6.4 � 51.9
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9.3 Case Study – II: Recharge Under Changing Climate
in Lower Chenab Canal Irrigation System

Climate change is important to study as it can induce changes in natural ecosystems
(IPCC 2007). Particularly, groundwater has attained least attention in the past under
climate change from scientific and other concerned communities (Taylor et al.
2012). According to IPCC (2008), there has been very limited research on the effects
of climate change on groundwater although its contribution in world’s water use is
considerable. The effects of climate change on natural systems are quite complex, for
instance, one may question that annual recharge is considerably affected by annual
rainfall only (Crosbie et al. 2009), but recharge can also be affected by rainfall
seasonality, intensity, humidity, air temperature, and actual evapotranspiration. In
arid and semi-arid regions, increased variability in rainfall may increase groundwater
recharge due to more frequent rainfalls. But at the same time, actual evapotranspi-
ration can be higher due to elevated temperatures and hence, there is less net
recharge (Hetze et al. 2008) and vice versa.

For irrigated regions such as lower Chenab canal irrigation system, the potential
parameters of interest may be rainfall and evapotranspiration as both of these can
behave differently for recharge due to climate change. Apart from many different
water inflow and outflow fluxes, crop consumptive waiter use and rainfall are very
important variables which control recharge rates particularly in the semi-arid and
arid regions (Scanlon et al. 2002). Therefore, in the current study groundwater
recharge was estimated under the influence of changing patterns of rainfall and
actual evapotranspiration.

9.3.1 Downscaling Climatic Data

The outputs of global circulation models cannot be used directly to investigate the
impact of climate change in environmental studies on local/regional scale, as their
outputs are based on a large grid scale (250–600 km) (Wilby et al. 2000). The most
decent strategy is to build a bridge between global circulation model scales (a coarse
scale) and local scale (0–50 km) by downscaling (Wetterhall et al. 2006; Xu 1999).

Many downscaling methods, including dynamic and statistical downscaling, have
been developed and implemented by utilizing the outputs of global circulation
models to downscale climate variables at local/regional scales (Huth 2002; Hay
and Clark 2003; Diaz-Nieto and Wilby 2005; Salzmann et al. 2007; Akhtar et al.
2008; Elshamy et al. 2009; Yang et al. 2010; Sunyer et al. 2011; Huang et al. 2011).
Statistical downscaling approaches establish statistical links among the local scale
and large scale variables and are computationally inexpensive and fast (Wilby et al.
2000). Such approaches are applied for a wide range of climate applications apart
from its utility for numerical weather predictions. According to Giorgi et al. (2001),
statistical downscaling approach provides local scale information for climate change
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impact assessment studies, although its main disadvantage is requirement of long
term historical meteorological data.

Many statistical downscaling software tools have been developed to date and
statistical downscaling model is one of them. It is widely used throughout the world
to downscale important climatic variables like precipitation, temperature and actual
evapotranspiration etc. (Chu et al. 2010). This tool is a hybrid of multiple linear
regression and stochastic weather generator (Wilby et al. 2000; Wilby and Harris
2006). Multiple linear regression establishes a statistical relationship between
gridded predictors (such as mean sea level pressure) and single site predictands
(such as rainfall), and produces some calibration parameters. These parameters are
then used by the stochastic weather generator to simulate up to one hundred daily
time series to create a better correlation with the observed data (Wilby et al. 2000).

9.3.2 Data Requirements of Statistical Downscaling Model

Two types of daily time series, namely daily historic weather station data and large
scale variables (National Center for Environmental Prediction (NCEP) daily pre-
dictors), were used to develop statistical downscaling model. There are four weather
stations located in or near to the study area including Faisalabad, Toba Tek Singh,
Lahore and Pindi Bhattian. Daily based long period weather data are required for
statistical downscaling model, which were only available for Lahore and Faisalabad
stations. From these two stations, daily data regarding maximum temperature,
minimum temperature, relative humidity, sunshine hours, wind speed and rainfall
were collected from 1960 to 2014. The daily data for Toba Tek Singh were available
only from 2009 to 2014, while data were available from 2005 to 2014 for Pindi
Bhattian. All such data were collected from Pakistan metrological department.

Statistical downscaling model produces output daily time series by forcing the
NCEP or HadCM3 predictors (Mahmood and Babel 2013; Huang et al. 2011), the
data of which were obtained cost free from http://www.cics.uvic.ca/scenarios/index.
cgi?Scenarios, for the period of 1961–2010 and 1996–2050, respectively. H3A2 is
the IPCC emission scenarios A2 of HadCM3. HadCM3 was selected for statistical
downscaling model because it showed better agreement during evaluation of various
global circulation models (Mahmood and Babel 2013; Akhtar et al. 2008; Huang
et al. 2011).

9.3.3 Calibration, Validation and Bias Correction

Statistical downscaling models were developed by utilizing NCEP predictors
screened for different variables at different locations. Daily data of rainfall and ET
were used for calibration of statistical downscaling model from 1961 to 1995.
Annual sub-models were developed individually for each predictand. Unconditional
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sub-models with fourth root transformation and conditional sub-models without
transformation were used for rainfall and actual evapotranspiration, respectively.
The calibrated models were used for simulation of the predictands from 1996 to
2010 using NCEP and H3A2 predictors by generating 20 ensembles and the means
of these ensembles are used. Different statistical indicators are used for comparison
of downscaling results with the observed data including coefficient of determination
(R2), root mean square error (RMSE), mean (M), and relative error in mean (RE_M)
for the periods of calibration and validation.

Bias correction was applied to compensate for any tendency to over- or under-
estimate the mean of conditional processes by statistical downscaling model (Wilby
and Dawson 2013). For this purpose, the mean monthly bias factors for different
variables were obtained from the calibration period of 1961–1995. Then, these
biases are adjusted to downscaled data for the validated period from 1996 to 2010.
The statistical comparison is performed between un-biased statistical downscaling
model downscaled data of rainfall and actual evapotranspiration, and observed data.
Following successful validation, adjusted bias factors are utilized to rectify the
current and future downscaled data obtained from HadCM3 predictors to achieve a
more realistic picture of future climate (Mahmood and Babel 2013). It is to be noted
that the application of these bias corrections for rainfall are only valid to its intensity
and also to remove any systematic error occurred by statistical downscaling model
downscaling. However, it is assumed that rainfall frequency is accurately simulated
by statistical downscaling model (Mahmood and Babel 2013).

9.3.4 Baselines and Utilization of Scenarios for Groundwater
Modeling

Since specific change is always relative to some baseline time or period, therefore, a
baseline is selected for climate change scenarios, which is from 2002 to 2012 for
future periods 2016–2025, 2026–2035 and 2036–2045 by using the following
relationship:

%change ¼ x� y
y

� �
:100 ð9:12Þ

where x is the mean for the future period e.g., 2016–2025, and y is the mean for the
baseline period of 2002–2012.

For the current study, future climate change data was dealt by considering a
constant change because the objective is not to track the changes in groundwater
recharge yearly; rather the general situation at the end of a particular time period was
to be investigated.
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9.3.5 Results of Case Study – II

9.3.5.1 Screening of Predictors

Temperature at 2 m height (temp) was observed to be super-predictor for actual
evapotranspiration at Lahore and Faisalabad stations. For both stations, the other
predictors included mean sea level pressure (mslp) and super-specific humidity
(shum). Super-specific humidity was also a super-predictor for both Lahore and
Faisalabad stations in case of rainfall along with zonal velocity at 500 hPa and
vorticity at 500 hPa, respectively. The results were consistent with Mahmood and
Babel (2013), according to which shum was one of the major super-predictors for the
majority of precipitation stations. Similarly, temp was found to be the main predictor
for maximum and minimum temperatures. Along with wind velocity, temperature
has a high effect on actual evapotranspiration and this behaviour was also witnessed
for the current study. The predictors selected for the current study were almost
similar to those selected for some other studies with similar predictands (Mahmood
and Babel 2013; Hashmi et al. 2011; Huang et al. 2011).

9.3.5.2 Calibration of Statistical Downscaling Model

The calibration period was 35 years from 1961 to 1995. The daily rainfall and actual
evapotranspiration data were simulated by statistical downscaling using NCEP
variables. The model performed reasonably well in the case of actual evapotranspi-
ration, which can be seen from the results in Table 9.7. The mean simulated values of
actual evapotranspiration for both stations were comparable to observed data.
However, the results for rainfall are relatively weak. For both stations, the difference
between modelled and observed mean rainfall was large. Relative errors of mean
were much greater for rainfall than evapotranspiration. Different researchers have
evaluated statistical downscaling mode for different variables including rainfall

Table 9.7 Statistics of observed and downscaled mean monthly actual evapotranspiration and
rainfall for calibration period at Lahore and Faisalabad meteorological stations

Predictand Station Model R2 RMSE (mm) M (mm) RE_M (%)

Evapotranspiration Lahore Observed 128.5

NCEP 0.94 14.2 128.1 �0.3

Rainfall Observed 38.9

NCEP 0.88 24.1 21.5 �44.8

Evapotranspiration Faisalabad Observed 132.7

NCEP 0.92 15.3 135.2 1.9

Rainfall Observed 26.9

NCEP 0.84 18.1 18.5 �31.3

R2 coefficient of determination, RMSE root mean square error, M mean, RE_M relative error in
mean
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using different models and reported similar types of results. For example, Huang
et al. (2011) developed different models for rainfall downscaling and their results
vary from weak to medium values for different performance indicators
(e.g. coefficient of determination ranges from 0.11 to 0.97). Whereas, Mahmood
and Babel (2013) investigated statistical downscaling model for two models,
monthly and annual, and according to them the monthly model performed better
(coefficient of determination¼ 0.99) as compared to the annual model (coefficient of
determination ¼ 0.69). Overall, there is a consensus among different studies that
temperature and actual evapotranspiration performed better than rainfall (Mahmood
and Babel 2013; Dibike and Coulibaly 2005). The possible reason was the hetero-
geneous nature of the precipitation occurrence/amounts, which is therefore difficult
to simulate accurately (Wilby et al. 2000). Moreover, the calibration process of
rainfall could be biased by the large number of zero values entered in the multiple
regressions (Huang et al. 2011).

Figure 9.6 indicates the graphical comparison between observed data and
monthly mean output of statistical downscaling model. In case of actual evapotrans-
piration, statistical downscaling model underestimated the results from March to
May for Lahore and from March to June for Faisalabad. However, it overestimated
the results for November, December, January and February for both stations. It also

Fig. 9.6 Calibration results of statistical downscaling model. The model respond better for actual
evapotranspiration as compared to rainfall due to its more variability in lower Chenab canal
irrigation system. NCEP national centre for environmental protection. (Source: figure based on
own research)
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overestimated results during July to October, which was more prominent for Faisa-
labad in comparison to Lahore. With regard to rainfall, observed data were
underestimated by statistical downscaling model in the majority of months espe-
cially in rainy months (July to August). There was only a small overestimation by
statistical downscaling model results during October and November in comparison
to observed rainfall.

9.3.5.3 Validation of Statistical Downscaling Model with Bias
Correction

The calibration of statistical downscaling model results indicated large biases,
especially for rainfall, which should be removed for validation results. The current
study has adopted the bias correction approach proposed by Mahmood and Babel
(2013) and Salzmann et al. (2007). Different statistical downscaling model models
for actual evapotranspiration and rainfall were corrected for biases and the detailed
results are presented in Table 9.8.

Bias corrected downscaled mean results were also compared graphically with
observed data as shown in Fig. 9.7. From all the statistical indicators, it is obvious
that both evapotranspiration and rainfall results improved. Especially, the rainfall
results improved significantly as coefficient of determination increased from
0.80–0.84% to 0.98–0.99%, root mean square values decreased from
26.52–28.08 mm to 4.04–7.30 mm and relative errors in mean 58.42–64.19% to
10.01–22.47%, for Lahore. Similarly, the results for rainfall at Faisalabad also
indicated significant improvement as coefficient of determination increased from
0.76–0.80% to 0.98–0.99%, root mean square error decreased from
17.72–17.91 mm to 6.18–10.72 mm, and relative errors in mean were decreased

Table 9.8 Statistics of observed and downscaled mean monthly actual evapotranspiration and
rainfall during validation (bias corrected) period for Lahore and Faisalabad meteorological stations

Predictand Station Model R2 RMSE (mm) M (mm) RE_M (%)

Evapotranspiration Lahore Observed 127.4

NCEP 0.98 7.3 124.2 �2.8

H3A2 0.99 4.0 127.2 �0.2

Rainfall Observed 29.2

NCEP 0.99 11.2 32.7 10.0

H3A2 0.99 15.0 34.4 20.1

Evapotranspiration Faisalabad Observed 133.4

NCEP 0.99 8.4 128.1 �2.9

H3A2 0.99 6.5 131.4 �1.5

Rainfall Observed 25.1

NCEP 0.99 6.2 28.3 6.7

H3A2 0.98 9.8 29.7 11.1

R2 coefficient of determination, RMSE root mean square error, M mean, RE_M relative error in
mean
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from 28.34–32.59% to 6.67–13.34%. The results from all variables including NCEP
and H3A2 were satisfactory and indicate strong applicability of SDSM to downscale
actual evapotranspiration and rainfall under H3A2 emission scenario.

9.3.5.4 Downscaling Results

Table 9.9 presents the projected results for different time durations (i.e. 2016–2025,
2026–2035 and 2036–2045) with reference to the base line period under emission
scenario H3A2. According to this, the change in actual evapotranspiration is +2.23%
in 2016–2025, +6.18% in 2026–2035 and +5.87% in 2036–2045 at Faisalabad for
rabi seasons. The change during kharif seasons is +2.22% at Faisalabad whereas at
Lahore the change is +1.36%. The detailed results for other periods can be seen from
Table 9.9.

With regard to rainfall, the future positive change during rabi seasons is +1.68%
in 2016–2025 at Faisalabad, +4.67% and+ 5.79% at Lahore in 2016–2025 and
2036–2045, respectively. Conversely, there is a decrease of �7.31% and �0.18%
in 2026–2035 and 2036–2045 at Faisalabad. In case of kharif seasons, the change is
positive for all future periods at Lahore.

The selection of Lahore and Faisalabad for downscaling of climatic data was done
because long time series were available only for these two stations. The other two
stations located inside the study region are Pindi Bhattian (upstream location) and
Toba Tek Singh (downstream location). There was a need to investigate whether any

Fig. 9.7 Validation of bias corrected statistical downscaling model results. The results for both
actual evapotranspiration and rainfall were improved after removing bias error. NCEP national
centre for environmental protection. (Source: figure based on own research)
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significant relationship exists between different stations (i.e. between Lahore and
Pindi Bhattian, and between Faisalabad and Toba Tek Singh). Owing to time series
data, autocorrelations were worked out to see if there was any current time or lag
time relationship between different stations. This analysis was based on the daily
rainfall data from 2005 to 2012 for Pindi Bhattian and from 2009 to 2012 for Toba
Tek Singh. The highest correlation (0.72) was found between Lahore and Pindi
Bhattian, followed by 0.50 for Faisalabad and Toba Tek Singh. The correlations
between other stations were not very strong, for example, correlations of 0.321, 0.30,
0.421, and 0.305 were found between Faisalabad and Lahore, Toba Tek Singh and
Lahore, Faisalabad and Pindi Bhattian, and Pindi Bhattian and Toba Tek Singh,
respectively. Generally, the lag time correlation relationship does not depict any
strong relationship for any case.

The autocorrelation results show that better correlation is found between Lahore
and Pindi Bhattian and between Faisalabad and Toba Tek Singh. Also, Pindi
Bhattian and Toba Tek Singh are located at the central locations of upper and
lower irrigation subdivisions, respectively. Therefore, it was decided to utilize
climate change results of Lahore for upper irrigation subdivisions including Sagar,
Chuharkana, Paccadala, Buchiana and Mohlan and results of Faisalabad for lower
irrigation subdivisions including Tandlianwala, Tarkhani, Bhagat, Kanya and
Sultanpur. Actual evapotranspiration is used directly for estimation of modified
recharge while rainfall was first processed for effective rainfall before their utiliza-
tion for estimation of recharge.

9.3.5.5 Projected Recharge Results

The projected results of recharge, in Fig. 9.8, show an expected increase during
2016–2025 for the kharif seasons. The maximum increase is up to an average value
of 139.76 mm for Lahore and upper LCC regions. The increase of 43.51 mm is
expected for Faisalabad and for lower LCC regions. Major groundwater recharge in
lower Chenab canal irrigation system takes place during kharif seasons due to
intensive monsoon rainfalls. The results of current study confirm the findings of
Awan and Ismaeel (2015), according to which increase in recharge is expected due
to more rainfall from 2012 to 2020 under changing climate conditions. For Lahore
and upper regions, the recharge is expected to be stable or increasing for all time
durations, whereas for Faisalabad and lower parts of lower Chenab canal irrigation
system, the recharge is most likely to decrease during 2026–2045. During rabi
seasons, the recharge is expected to be decreasing for all the time periods both for
Lahore and Faisalabad regions, however, its quantum is variable and can be seen
from the Fig. 9.8. The rate of decrease in recharge is higher during the later decades
as compared to 2016–2025 period.
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9.4 Conclusion

Groundwater is an integral part of irrigation for successful agriculture in Pakistan.
Present book chapter explores the historical and present trends of groundwater use in
the country and particularly for the Punjab province. Moreover, results of two case
studies are presented. Estimation of recharge in the lower Chenab canal irrigation
system, Punjab, its important sources, and future trends are explored under changing
climatic conditions. Following main conclusions are drawn and presented as below:

1. Waterlogging and salinity had been a major issue in Pakistan by late 1930s and
early 1940s, due to construction of major canal network in the country and poor
drainage network.

2. Launching of different salinity control and reclamation projects after 1960s
helped to get rid of water logging and salinity issue in major parts of the country
by installing many tubewells.

3. Canal water had been major contributor in irrigated agriculture by the end of 1990s,
which was surpassed by groundwater afterwards due to promotion of private diesel
operated small tubewells in the country overall, and particularly for Punjab.

4. By the end of 2013, the total number of functional tubewells were 1,049,000 in
the country, 867,000 in Punjab and 51,157 in lower Chenab canal irrigation
system, which shows the importance of groundwater use for agriculture.

5. Analysis of recharge in lower Chenab irrigation system shows that rainfall was
the major source of recharge during kharif (May to October) seasons followed by

Fig. 9.8 Projected seasonal average recharge (mm) for Lahore and Faisalabad during 2016–2045.
During kharif seasons (May to October), the recharge is expected to increase in the upper regions
and decreasing in the lower ones contrast to rabi seasons (November to April) where recharge is
expected to decrease throughout the lower Chenab canal irrigation system. (Source: figure based on
own research)
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field percolation, canal seepage, watercourse losses and distributary losses. For
rabi (November to April), canal seepage surpasses rainfall followed by field
percolation, watercourse losses, distributary losses and later groundwater inflow
and outflow.

6. Groundwater pumping was found higher during kharif seasons as compared to
rabi seasons, However, net groundwater recharge found positive for kharif
seasons whereas it was found negative during rabi seasons.

7. The daily rainfall and evapotranspiration data were simulated by statistical down-
scaling model using National Centers for Environmental Prediction (NCEP) vari-
ables. The calibration of statistical downscaling model showed reasonable results at
both Lahore and Faisalabad weather stations in case of evapotranspiration, however
for rainfall, the variation between observed and simulated values were higher which
were removed by applying the bias corrections.

8. The projected recharge results showed that overall there will be increase in
recharge during kharif seasons for lower Chenab canal irrigation system during
2016–2025 with the major contribution from monsoon rainfalls. For upper parts
of lower Chenab canal irrigation system, recharge is expected to be increasing in
future, whereas for lower regions of lower Chenab canal irrigation system, it is
most likely decreasing during 2026–2045. During rabi seasons, the recharge is
expected to be decreasing both for upper and lower regions of lower Chenab
canal irrigation system.
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Chapter 10
Closed and Semi-closed Systems
in Agriculture

Ebrahim Hadavi and Noushin Ghazijahani

Abstract Agriculture is the endeavor that served for thousands of years as a cradle
for human civilizations. However, it may also act as a brake. Indeed, climate change
is increasingly constraining the available pool of land and water resources. The
current agriculture has become highly dependent on a flow of chemical input from
pesticide and insecticide industry, itself remaining as a source of a problem both for
human and global health. Protected agriculture is among the answers to the looming
crisis in water and climate change.

We reviewed the current systems of protected agriculture as they migrate from
‘open’ to ‘semi-closed’ and ‘fully-closed’ systems of plant production from the
sustainability point of view. Not a long time ago, the problems related to the soil-
borne diseases acted as a trigger for a remarkable shift to use of simpler growth
media. Now the plant factories and similar approaches are applying the state of the
art techniques of fertilization and lighting to deliver a clean product; but still they
remain dependent on a large flow of external inputs, as well as an intensive
monitoring and management platform. On the other side are the emerging agro-
ecological perspectives that are in support of a concept of disease management based
on higher biodiversity in the plant culture media and the surrounding environment.
Such systems try to address the pest and disease issue by use of a much more
complex media, and a high biodiversity in the production environment that could
reduce the management intensity and thus reduce the cost. As these systems are more
self-sufficient, they have the ability to create more ‘closed’ systems of production.
However, there is no a consensus in the scientific society in this regard, therefore a
clear dilemma between a selection of simple or complex growing media exists,
which determines the technologies to be developed and used. The same problem
persists in the studies of bio-regenerative life support system where sophisticated
designs for plant production units destined for potential use in outer space are
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attempted. This review tries to shed light on the future image of both approaches
from the sustainability outlook based on the degree of inherent self-sufficiency or
recyclability of inputs, which could be further interpreted as the level of ‘closed-
ness’ of the systems.

Keywords Food security · Agroecology · Soil rehabilitation · Livestock ·
Innovation systems · Transitions

10.1 Introduction

Ignoring the small amounts of matter that enter or leave the earth, our planet is a
system that is closed to matter, but open to energy. The vast quantities of radiant
energy, mostly from the Sun, drive dynamic processes in the earth’s atmosphere,
hydrosphere, biosphere e.g. photosynthesis, and even lithosphere. Most of this
energy is eventually emitted back into space as thermal radiation while a fraction
is stored as chemical-bond energy in coal, oil, and natural gas (Salisbury et al. 1997).
While in fact we are living in the biosphere of a gigantic closed terrarium, but our
ordinary agriculture systems are considered ‘open’ because of inputs we have from
the outside of our field ecosystems. The greenhouse production systems might be
considered the most notable examples of semi-closed systems of agricultural pro-
duction, even though still a large amount of natural or synthetic inputs are needed to
sustain their production.

However, the importance of answer to the ‘closed-ness’ of a production system
remains questioned itself; the technology and commercial sectors don’t consider it
an important feature while from the sustainability point of view and results of space
experiments it appears to be crucial. As we realize that we are running out of some
key plant nutrients in future, as well as the environmental consequences of our
conventional high-input production systems, we find out that the input-intensive
system of agricultural production is marching forward in a dead-end. Thus, we may
seek ways to make our production/consumption cycles more closed and thus more
efficient and environmentally friendly.

In the current review, we will cover the contemporary semi-closed and closed
systems of agricultural production and later we discuss their sustainability issues and
future use.

10.2 The Background

A definition is provided for closed and semi-closed plant production systems, which
included the plant parts and organs as well as the plant culture systems (Goto et al.
2013). By confining that definition to plant production, we can define the ‘Closed
and semi-closed agricultural systems’ as any type of environment (closed or semi-
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closed) in which plants are cultured and/or maintained in a restricted space, where
free exchange of mass and/or energy between the system’s interior and exterior are
restricted. Examples are Controlled Ecological Life Support Systems, space farming,
greenhouses, plastic tunnels and factory-style plant production systems.

10.2.1 Evolution and the Research Trend

The beginning of greenhouse growing structures dates back to more than 2000 years
ago (Jiang et al. 2004a). The food production in greenhouses often termed ‘con-
trolled environment agriculture’ (CEA); it was started by the growing of off-season
fruit crops and later for vegetable production (Dalrymple 1973; Jensen 1997b).
However, the glass structures remained somehow luxury until the introduction of
polyethylene in 1948 (Jensen 1997a).

While initially, the greenhouses served as plant protector, nowadays, they can
best be seen as plant or vegetable factories. The automation level is increasing
rapidly using computers and once a system is totally enclosed and an artificial
light source is used, the setup is called a ‘phytotron’ in an experimental scale or a
‘plant factory’ in a commercial scale (Jensen 1997a).

Several distinctive driving forces are propelling the research on the closed and
semi-closed agricultural systems. The first is the most important upcoming challenge
of food security, which is the ever-limiting nature of available water resources for
agricultural production in areas with a large availability of land and sunlight.
Elaboration of sophisticated closed and semi-closed production systems in such
areas could enable us to make the best use of our available water resources (Kozai
et al. 1997; van Kooten et al. 2006). The second is the year-round market demand for
many horticultural products that turn the off-season production to a profitable
endeavor (Castilla and Hernandez 2006). The use of a greenhouse, if the energy
issues are considered (passive greenhouses) would be a reasonable way to increase
global food production with lower inputs including water. The third is the increasing
need for transplants as another driving force of extension of such systems. The last
but maybe the most sophisticated research is aimed to the creation of closed
agricultural production systems for use in outer space or even other planets (Blüm
et al. 1994; MacElroy et al. 1989; Mitchell 1994; Tibbits and Alford 1982).

The consumption of fossil fuel and water and the emission of waste are reduced
considerably in closed systems of agriculture production (Kozai and Fujiwara 2016).
The studies on controlled ecological life support systems have acted as the driving
engine of studies on closed and semi-closed agricultural systems since late years of
the earlier century. While missions in which the robotic technology is used for
probing outer space and planets don’t need such arrangements; in a case considering
long-term missions of humankind, then there would be a need for functioning and
sustainable closed systems of crop production. In fact, possessing of such a system is
the only way that could realize such missions in the future.
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“However, to develop a closed plant production system as a sustainable plant
production system, electricity consumption for lighting must also be decreased
significantly, for example, with intelligent lighting. Such systems will require
innovative methodology incorporating advanced global technologies under an
appropriate clear vision, mission, goals, and concepts leading to sustainability”
(Kozai and Fujiwara 2016). The advances in covering and lighting material could
increase its popularity in the future (Kozai et al. 1997). If it could be kept running at a
low input level, the system could be more environmentally friendly and could benefit
many aspects of urban life as discussed earlier by Eigenbrod and Gruda (2015) as
being complementary to rural agriculture.

10.2.2 The Question of Growing Media and Fertilization
Strategy Selection

Choice of the growing media and fertilization technique remains as the key in
determining the ‘closed-ness’ of the systems. In the field production, the growing
process is not only naturally interrupted between seasons, but also a crop rotation is
practiced. On the other side is the continuous plant growing, which is usually the
case in greenhouse production that can lead to an excessive buildup of soil patho-
gens. Thus, a soil replacement becomes a required routine practice in soil based
greenhouses. In addition, the soil still needs ample fertilization in greenhouse
production systems (Jensen 1997a; Reddy 2016). Therefore, to address these issues,
research turned to nutrient solution culture or soilless culture systems (Withrow and
Withrow 1948). Soilless culture is defined by FAO as “any method of growing
plants without the use of soil as a rooting medium, in which the inorganic nutrients
absorbed by the roots are supplied via the irrigation water” (FAO 2013).

By banning of methyl bromide which was used as the only popular soil fumigant
before the 1990s, the soilless methods were appreciated more than before (Ristaino
and Thomas 1997). This caused for an increased interest in soilless culture methods
in the current century, while the high capital requirement and inherent technical
complications remain as burdens for the popularity of hydroponic systems (Jiang
and Yu 2006). However, the shift toward soilless methods usually means more
dependence on imported inputs and thus the system becomes more ‘open’ materi-
ally. To address this, the starting years of current century has been also characterized
by a shift from ‘open’ to ‘closed-cycle’ cultivation systems by reuse of drainage
solution. While on one hand, the cultivation of greenhouse crops in closed hydro-
ponic systems can greatly reduce the pollution of water resources, on the other hand,
closed cultivation systems have more inherent complications like an accumulation of
salt ions in the recycled nutrient solution (FAO 2013). Furthermore, the increased
risk of disease spread via the recycled leachate demands the installation of a solution
disinfection system (Wohanka 2002). A much-sophisticated instrumentation like
the systems needed for control of individual ions, is another constraint created by
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switching to closed systems of soilless culture (Van Os et al. 2008). The recycling of
nutrient solution has been shown to reduce the use of potable water by 33% and
considerable amounts of N, P and K are saved from being released to the environ-
ment (Grewal et al. 2011). Integration of aquaculture and hydroponic vegetable
production systems as ‘Aquaponics’, has proved as an effective way for more
closure of the production cycle, yielding both large reduction in water use and
operation costs (Diver 2000; Enduta et al. 2011; Klinger and Naylor 2012; Li and
Li 2009).

However, there is a documented history suggesting that soil-based systems have
operated for virtually unlimited periods if they are replenished with compost or
organic nutrients, on the contrary, there is no evidence for the indefinite operation of
hydroponic systems (Nelson et al. 2008). On the other side, there is evidence that the
chemical hydroponic is at risk of an end. In fact, phosphate rock is a finite resource
that cannot be manufactured, therefore any measure that increases the pressure on
earth phosphorus reserves will just reduce the time to the eruption of the loomed
potential phosphate crisis (Cordell et al. 2009; Neset and Cordell 2012; Vaccari
2009; Vance 2001). The same question is valid for N as well. The other problem is
that the maintenance of chemical hydroponics system in which the water and
nutrient supply are supposed to be equal to the uptake by the crop, demands a
water of very high quality that is of limited availability worldwide (Voogt and
Sonneveld 1997). While the soil-borne diseases caused a remarkable shift to simpler
media that offer an easier maintenance and management in technical terms, but these
remain highly dependent on external inputs. By contrary, the more complex media
remain simpler in management and production and if their disease management is
addressed, they could find their popularity again due to the less reliance on external
chemical inputs.

10.3 Variation in Semi-closed to Closed Production Systems

All agricultural production systems are essentially ‘artificial ecosystems’. However,
the ‘protected’ production systems that are used mainly for horticultural crops are
considered as better descriptions for the artificial ecosystems. Though, they largely
rely on material input and so are categorized as ‘open’. However, it is a loose
description and practically there is a large variation among protected production
systems in term of the degree of reliance on the external inputs. Closed artificial
ecosystems are closed ecosystems designed and controlled by humans ranging from
agricultural systems, bio-regenerative life support systems to microcosms, and
aquaria, which may be widely useful in practical or research applications (Sun
et al. 2016). In practice, these artificial experimental ecosystems have different
degrees of material closure and are of great value for theoretical and applied ecology
development as simplified but representative models of natural biosystems
(Pechurkin and Shirobokova 2001). While both agriculture ecosystems as well as
plant factories are ‘artificial ecosystems’ in essence but ‘closed artificial ecosystems’
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and ‘bio-regenerative life support systems’ are distinguished from them by the
characteristic of ‘closed-ness’. This closed-ness in the matter is usually partial and
a total closedness is less common. However, some waste products may not be
recycled easily and even an artificial biosphere needs energy input from the envi-
ronment. So the basics of bio-regenerative life support systems research are more or
less the same as the closed artificial ecosystems (Blüm et al. 1994). In current
review, we made a categorization mainly based on the technology and growing
media complexity of the production systems. First, we will cover the systems which
are developed for conventional agriculture production, and later the systems that are
used to study the production of food in outer space are covered.

10.3.1 Conventional Protected Agriculture

10.3.1.1 Plant Factory

The term “plant factory” first was used in the literature by Tsuruka et al., for a
factory-like artificial lighting system (Tsuruoka et al. 1984). However, the concept of
phytotrons and producing plants with artificial lighting was established years before
(Hashimoto 1991). Later, many studies have been done on lighting, air conditioning,
growth management, nutrient solution control, mechanization, and automation.
Plant factories are promising systems for plant production in buildings, under-
ground, and in outer space. They are samples of technology-intensive closed plant
production systems in which an artificial lighting system is used for growing plants
instead of the sunlight. The environmental conditions, such as light, air temperature,
humidity, and CO2 concentration, can be controlled for optimum growing condi-
tions, vegetable production in such systems is not affected by weather conditions
(Yoshida et al. 2016). The technologies which have been developed for use in plant
factories are expected to be introduced into plant production systems in controlled
ecological life support systems (Goto 1997). However, the basic concept of plant
factories is usually based on chemical hydroponic, which is far from a closed
agricultural system, even though its concepts and technology may help to elaborate
more refined closed systems.

10.3.1.2 The Eco–organic Soilless Culture System

This system of culture is a widespread practice in China. They invented the system to
bypass the high capital investment and technical complications of classic soilless
culture. Even though, the system is named ‘soilless’ but this naming may be
controversial as the nutritive media consisting a mix of locally available substrates
(coal cinder, peat moss, vermiculite, coir, sawdust, sand, rice husks, sunflower
stems, maize stems, and mushroom waste) bears the nutrition task and fresh water
is used to irrigate the trough via flow pipe. In addition, solid manure is used for
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fertilization (Jiang and Yu 2006). However, this culture system is a great way to
cultivate crops with both a low cost and environmental impact (Jiang et al. 2004b).
As the fertilizer input is limited, the system would be more closed when compared to
true soilless systems.

10.3.1.3 Organoponic

An organoponic system, consists of a mix of soil and organic matter in raised
beds that can be constructed on almost any plot of land, which is a common urban
cultivation practice in Cuba (Lovell 2010). This system shares the basic idea of
raised beds and use of organic fertilizers with the prevalent eco-organic soilless
culture system of China, which is mentioned before. However, in this system, the use
of soil in beds is practiced as the difference with the previous method.

Organic farming practices often lead to more closed agricultural systems. The
system is characterized with high utilization of local resources and extremely limited
external input aiming to improve the efficiency of resources (Muktamar et al. 2016).
The concept and ‘closedness’ of this system makes it similar to that of the
eco-organic soilless culture system.

10.3.1.4 Organic Hydroponic

While “organic hydroponics” appears to be an oxymoron at first sight (Atkin and
Nichols 2003), but there are studies showing that it could be a reality in near future.
“The coupling of plant growth and waste recycling systems is an important step
toward the development of bio-regenerative life support systems”; This is what was
aimed by Garland et al., whom after a series of studies on the recycling methods of
organic residues as the source of nutrients for hydroponic production concluded that
‘the direct use of organic fertilizer is deleterious to plant growth’ (1997). As a
solution, an anaerobic decomposition process was proposed and developed for
inclusion in controlled ecological life support systems (Schwartzkopf et al. 1993).
The feasibility for utilization of anaerobic degradative processes for mineral
recycling and secondary food production from crop residues in such a system was
investigated subsequently by Schwingel and Sager (1996). Later, Strayer et al.
(1997) integrated the anaerobic bioreactor of Schwingel and Sager (1996) with
two other aerobic components, one further converting the residues into an edible
yeast biomass followed by another aerobic nitrification component that also func-
tioned to remove biodegradable soluble organic compounds which are remained in
the liquid output from the yeast production stage. They concluded the array to be a
sustainable recycling system for crop residues in controlled ecological life support
systems (Strayer et al. 1997). The relatively low efficiency of generating nitrate from
organic nitrogen in the organic fertilizer (less than 30%) in the earlier studies is
reported to be enhanced substantially to 97.6% by regulating the amounts of organic
fertilizer and inoculum, with moderate aeration (Shinohara et al. 2011). Later works
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on the system revealed that in contrary to the conventional hydroponic system based
on inorganic fertilizers, the cultivated plants have unique rhizosphere characteristics
including the formation of a biofilm in the rhizosphere, and development of root
hairs leading even to better disease control (Fujiwara et al. 2012). Another method is
introduced in which the soil leachates remained as the main source of nutrients and
the nitrogen is supplied by a bioreactor containing nitrogen-fixing bacteria
(Farajollahzadeh et al. 2013). This method is considered as a variation of soil culture
in which the plant and soil are connected by a cycling liquid system. They believed
that, by use of organic soil as the source of nutrients, it could be considered within
the set definitions of ‘organic agriculture’. Such systems, which both utilize hydro-
ponic methods and meet the organic standards are being further developed so as to
allow the use of the certified “organic” label on hydroponically grown produce
(Brentlinger 2005). In the ‘organic hydroponic’, complete recycling of water, nutri-
ent and media are needed in order to become eligible to receive the “certified
hydroponic” label (Brooke 2000). Interestingly, these are the same concepts which
are followed in controlled ecological life support systems research, in which a more
sophisticated closed system of culture is aimed.

10.3.2 Food Production Systems for Outer Space

In the 1950s, Folsome sealed aquatic ecosystems consisting of algae, brine shrimp,
and other organisms in closed 1–5 l glass flasks. It was shown that these mini-
communities, if contain sufficient metabolic diversity at the time of closure and are
provided with an adequate energy flow, will remain viable for prolonged periods
(Nelson et al. 1993). Controlled Ecological Life Support System is a variation of
bio-regenerative life-support system which is dedicated to the production of food for
astronauts based on the controlled growth of higher plants (Blüm et al. 1994;
MacElroy et al. 1989). The concept of using biological systems for life support in
space has been studied as early as the 1950s (Wheeler and Sager 2006). Later, an
integrated regenerative life support systems concept was introduced in which the
by-products of one system become a useful material for another (Jones 1975).
However, the system was not considered to be closed because of the need for
elimination or disposition of the waste products.

These systems are designed for the maximum potential of recycling and sustain-
ability in mind. As mentioned before, these are developed to enable long-run space
missions by mankind. Human exploration of the solar system will include missions
lasting years at a time. Longer duration missions will require regenerable human life
support systems with a maximized degree of self-sufficiency (Barta and Henninger
1994). Space agencies are considering long-term space journeys for upcoming
decades. That is why they are pioneering the research on closed agricultural systems.

Materially closed micro-biospheres, including humans, were created by ecolo-
gists which included both sealed microcosms, as well as open, but boundary-defined,
microcosms to study ecosystem processes. On the other hand, the experimental life-
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support systems were designed for use in spacecrafts and as prototypes for space
habitations (Salisbury et al. 1997).

Early closed ecological system facilities developed for space application focused
on providing human life support and included green algae. In former USSR a series
of projects on controlled ecological life support systems were carried out starting
from Bios-1, then Bios-2 and Bios-3. In Bios-1 which was constructed in 1965, the
atmosphere for one human was regenerated in a sealed 12 m3 chamber connected
through air ducts with an 18 L algal cultivator containing Chlorella vulgaris
(Salisbury et al. 1997). Despite the fact that the ‘continuous production algal
systems’ use growing space efficiently, produce oxygen, are rich in protein, may
be used as food supplements, and are also efficient in processing metabolic wastes,
but on the other side, the productive algal systems have been difficult to maintain for
long periods, do not provide a balanced tasty diet and require intensive maintenance
and harvesting. (Tibbits and Alford 1982). Even though, these research efforts
enabled the first human to breath one day in a bio-regenerative life-support system
that supplied all of his required air. However, later studies revealed that relying on
only one companion species to support humans life is impossible apparently because
Chlorella was not palatable as a human food (Nelson et al. 1993; Salisbury et al.
1997). That’s why higher plants were a candidate for food production for large scale
or long duration closed facilities (Tibbits and Alford 1982). In 1968, a chamber of
higher plants was attached to Bios-1 sealed chambers and renamed to ‘Bios-2’.
Wheat and a set of vegetables (e.g., beetroots, carrots, cucumbers, and dill) were
cultured in phytotron and air purification was provided by both higher plants
(approximately 25%) and algae (approximately 75%). This three-component system
demonstrated the feasibility of direct gas exchange between humans and higher
plants (Salisbury et al. 1997). In the next stage, Bios-3 was a completely under-
ground structure constructed of welded stainless steel plates to provide a hermetic
seal (Salisbury et al. 1997). “The test facility had a volume of more than 300 cubic
meters divided among a chamber for algae tanks, a hydroponic cropping area, and a
human living area that included food processing, medical, and control rooms,
kitchen and dining areas, and separate apartments for the three crew members”
(Nelson et al. 1993). As the food production didn’t sustain the crew of three, later
a phytotron was substituted with the algal cultivators (Salisbury et al. 1997). wheat,
chufa (sedge nuts), and vegetable crops including lettuce, potatoes, radishes, and
beets were grown hydroponically to provide approximately half the nutrition for
crews (Nelson et al. 1993; Salisbury et al. 1997). “Experiments lasted as long as
6 months and almost all air was regenerated, although catalytic burners were used to
oxidize trace gas buildups. More than 90% of water was recycled, the main mech-
anism being purification by plant transpiration and then condensation to provide
drinking and irrigation water. Human wastes, aside from a portion of the urine, were
not processed inside the facility, but were exported; some food, including dried meat
for needed protein, was imported. Overall, the health of the crew of Bios-3 was good,
although some simplification of their intestinal microbiota occurred” (Nelson et al.
1993). These line of studies later came to effect in a space greenhouse, that realized
the growth of the first “space” vegetables (radish and Chinese cabbage) onboard the
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orbital Mir complex since June 1990 which used up human waste (Ivanova et al.
1993). Apparently, while these simple semi-closed ecosystems could be kept in an
affordable size, but the limited diversity didn’t allow to reach a fully closed ecosys-
tem that is needed for longer outer space journeys and possible settlement on other
planets. That is possibly the reason encouraging the US scientists to start the
Biosphere 2 facility, which covered 1.2 ha of the desert in Oracle, Arizona, which
stands “in stark contrast to these relatively simple systems” as described by Nelson
(Nelson et al. 1993). Seven so-called biomes (ocean, freshwater and saltwater
marshes, tropical rain forest, savanna, desert, intensive agriculture, and human
habitat) were included to mimic the biomes of Earth, or Biosphere 1. More than
3000 species of plants and animals lived inside Biosphere 2, in which eight
“biospherians” were sealed for 2 years (Andre and Chagvardieff 1997; Salisbury
et al. 1997). This arrangement was the first successful experience of a fully closed
life system which maintained a high diversity of participants including human. This
diversity mimicked that of the earth biosphere which keeps working by holding the
equilibrium by means of interactions among the present ecosystems and food webs.
Perhaps the most interesting observation was the unexpected decrease in oxygen
concentration, much of which occurred as oxygen was used in respiration and in the
decay of organic matter sealed in the structure. This decay used much oxygen and
produced much carbon dioxide. Some of the carbon dioxide reacted with structural
concrete inside the structure, and the result was a net loss of oxygen without an
equivalent buildup of carbon dioxide (Andre and Chagvardieff 1997; Salisbury et al.
1997). Nelson reports on this first experiment in which human was part of the
experiment; “On September 26, 1991 a crew of eight people passed through the
airlock beginning the experimental habitation of Biosphere 2, a closed ecological
system built in the Arizona desert north of Tucson. Two years later they emerged –

somewhat thinner but against considerable odds in overall good health and with a
viable life support system” (1995).

Tibbitts and Henninger conclude that to support a single human in space, an area
of 25–40 m2 is needed. This Area can provide significantly more food and clean
water that is needed by one person (1997). Showing that some plants like wheat
could produce mass effectively in irradiance level that is triple of that of sun together
with higher planting densities (5X) and increased light periods, an average produc-
tion of 60 g m�2 day�1 through a year has been realized which could reduce the area
required to feed a person from 178 m2 in real world to 12 m2 (Andre and
Chagvardieff 1997). These type of studies continue with the state of the art manner
(Graham and Bamsey 2016), and the reader is referred to a recent comprehensive
review by Wheeler (2017).

The concept of ‘artificial ecosystems’ even thought was developed for space
projects, now it is more and more taken into account by the scientific community as a
new tool to study basic and applied problems related to evolution and the functioning
of natural ecosystems. In fact, it serves as a complementary to open field studies.
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10.3.2.1 The Selection of Culture Media

The ultimate goal of controlled ecological life support systems is to attain the highest
practical level of mass recycle and deliver self-sufficiency and safety. (Bubenheim
and Wydeven 1994). In the existing controlled ecological life support system
models, both hydroponics, as well as soil culture, are tested. While the hydroponics
systems are easier to be automated, it is difficult to elaborate self-regenerating as
there is a constant demand for fresh nutrients while in the case of the soil-based
culture of higher plants, a complicated waste processing, and recycling system is
needed (Blüm et al. 1994). Some have tried adding an aquatic compartment to the
hydroponic system in which fish could live sustainably by use of algal products
(Blüm 1992).

From a stability point of view, using the soil as culture medium is considered
intermediate between intensive agroecosystems and soilless controlled ecological
life support systems and so is more stable (Thiéry 1994). Based on a review of the
literature, Haeuplik-Meusburger concludes that in outer space missions, many
researchers favor a soil-based system because of its capability to use in situ resources
on other planets and the possibilities of recycling waste products (2014). Trace gases
and other compounds could build up in a tightly sealed environment; however, a
multitude and diversity of microbes in a soil medium create a metabolic safety net
which could metabolize most compounds of potential toxic effect. During the
3 years that Biosphere 2 functioned as a materially closed ecological system from
1991 to 1994, it was demonstrated that the soil bed reactor approach was quite
effective at controlling trace gases such as methane, ethylene, ethane, and propane.
Facilitation of waste recycling and the return of nutrients to the soil is considered the
other benefit of soil as the medium (Nelson et al. 2008). By use of soil medium, in
addition to the reduction in inputs and consumables such as nutrient solutions for
hydroponics, Nelson states that “Composting of inedible crop wastes is a simple and
effective method of building soil; this can be combined with worm-beds which
might provide food for fish if aquaculture is part of the agriculture system, and
starting and stopping compost operations offer a method of manipulating carbon
dioxide generation. Soil-based agriculture also offers the easy integration of
constructed wetlands as a low-energy method of treating and recycling human
sewage, growing edible crops in the wetland and sending remaining nutrients in
output water back into the irrigation supply. Thus many resources can be readily
utilized and recycled without high-energy or complex technological requirements”
(2008). Use of soil as the medium means an “increased utilization of low-energy,
natural mechanisms which have successfully operated over geologic time frames in
Earth’s biosphere rather than energy-expensive, high technology protocols” as
Nelson quotes Schwartzkopf (1990). The other benefits are “Increased buffering
capacities and improved system stability” (Glenn and Frye 1990). For instance, we
learned from the Biosphere 2 that “a soil ecosystem containing a vigorous consor-
tium of microfauna and flora is less likely to succumb to rapid colonization by a
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pathogenic species, as the invasive species of microbiota are generally kept in check
by competition and predation” (Andre and Chagvardieff 1997).

10.4 Conclusion

While the earth is materially a closed system, our ordinary agriculture systems are
considered ‘open’ because of the inputs we have from the outside of our field
ecosystems. However, there are other artificial agricultural ecosystems that are
more ‘closed’ like the greenhouse production systems, plant factories and so
on. The importance of answer to the ‘closed-ness’ of a production system could
predict its sustainability. Thus, making our production/consumption cycles more
‘closed’, makes them more efficient, sustainable and environmentally friendly.

There is a dilemma for future studies: on the one hand is a technology-intensive
soilless culture approach with chemical nutrient, and on the other hand is a
technology-assisted approach with emphasis on organic materials. In the first
approach, we try to control all the playing factors by use of hi-tech devices while
in the second approach we try to find out a design which could reach to an optimum
internal equilibrium or homeostasis in ecological and biological cycles. Up to now,
however, the available inputs have been determining, in western countries with a lot
of companies available for technological assistance to the grower a mutual relation-
ship between the two has been in benefit of the both. On the other hand in other
places like China, relying on foreign companies contributes to a huge financial
burden both for startup and maintenance phases so the research on organic ways
of nutrition has created an affordable type of soilless culture as eco-organic type
soilless culture system. The other driving knowledge comes from a constructive
two-way interaction between controlled ecological life support systems studies for
space applications and the science of terrestrial closed and semi-closed agricultural
systems. New knowledge and techniques from either side could find an application in
the other.

On the other side, more self-sufficient production systems, which depend less on
foreign input, fall in contrast with the current business model of agroforestry-related
companies as they will continue to push for more input-dependent models of
production to guaranty their income. Therefore, maybe we need to address this
paradox by rethinking around the future model of a sustainable agri-business
model which could support a migration toward sustainability in agricultural produc-
tion systems. In fact, “The striking increase in the use of nitrogen (N) and phospho-
rus (P) fertilizers between 1960 and 2000 by intensive agricultural practices have led
to degradation of air and water quality” (Vance 2001). The future conversion of our
agriculture practices toward semi-closed and closed systems will help to avoid the
looming crisis for our planet. In the other word, we may describe the sustainability of
a given production system by the maximum of attainable closed-ness to matter that it
can realize during the long-term run.
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10.4.1 The Prospect

High input concepts like “vertical farming” will remain as a matter of controversy.
While they try to give the cities a ‘green’ color but mostly remain as energy and
fertilizer intensive approaches and thus open in nature. A similar critical approach
may be applied to current organic agriculture that characterizes it as more driven by
attitude or creed rather than the science. There is a need for a scientific solution that
could convince both sides. The current review suggests that the closed-ness of
agricultural production systems could create a common scientific platform which
could yield to a third definition of sustainable agriculture or ‘recyclable agriculture’,
which could satisfy the reasonable concerns of both parties. In fact, the knowledge of
controlled ecological life support systems, which is collected with a fully practical
point of view could be applied here as an agreed platform for prediction of sustain-
ability in our earth ecosystems based on their anticipated self-sufficiency in outer
space. This would let us keep more of our precious inputs for the generations
to come.

If the human is going to colonize the outer space he/she should accumulate the
necessary knowledge and approach, which could be used to realize the “space
villages” concept. In fact, the same knowledge could pave the way for us if we
plan to reside in our big shared spaceship, the planet earth, for a long future. Moving
toward the development of agricultural systems which are more ‘closed-compatible’
and not essentially titled ‘organic’ or ‘industrial’ could provide us a better decision-
making criteria for further studies and policies and related technology development
that will yield us a sustainability not only in regional or national but also in a global
level.
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Chapter 11
Bioenergy and Sustainable Agriculture

Hossein Zahedi

Abstract Intensive use of non renewable fossil fuels hampers the development of
the human society. Energy plays a central role in the global economy. Changes in
energy costs have significant effects on economic growth. Bioenergy is an alterna-
tive energy source able to supply liquid transportation fuels. Sustainable develop-
ment requires energy source stability and environmental maintenance. Biomass is
the principal supporter of renewable energy, accounting for 59.2% of total renewable
sources in 2015 in the European Union (EU). This chapter reviews renewable energy
aspects focusing on bioenergy production, crops residues and algae to produce
biofuel.

Keywords Biofuel · Algae · Crops residual · Sustainable development

11.1 Introduction

Progresses in the examination and utilization of energy sources over the past century
have undeniably changed global lifestyle. Energy plays a significant role to the
attainment of economic dominance and independence on the international scene and
approach to adequate and sustainable energy is necessary for industrialization (Bailis
2011). Today, fossil fuel involving oil, natural gas, and coal supply 32.6%, 23.7%
and 30% of the total world energy consuming (BP 2015) and are the main sources of
the worldwide energy supply. Despite the extensive utilization and application of
fossil resources, these are non-renewable and will not last eternally. Oil, natural gas
and coal supplies will be consumed in about 45, 60, and 120 years, respectively (IEA
2013). Reliance on imported oil and shortage of fossil reserves can make political
and economic dangers to stability. Most depend on gains from exports of fossil fuel
for countries like Iran cause a monopoly and a one product economy.

Environmental issues and social costs of carbon are other great harms of fossil
fuel (Mitchell 2002). Investment and attempts to utilize other energy sources were
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made after the oil crisis in the 1970s (Oliveira et al. 2010). Global consideration of
renewable energy sources has raised their percentage of consuming to about 19% of
worldwide energy consumption in 2012. It is estimated that the renewable energy
contribution of the European Union will raise 55–75% by 2050 (Scarlat et al. 2015a).
Biomass is the principal supporter of renewable energy, accounting for 59.2% of
sum up renewable sources in 2015 in the EU (Scarlat et al. 2015a). It is the fourth-
largest energy source in back of oil, coal, and natural gas in the global (Onwudili
2014). The energy supplied annually for internationally produced biomass is about
8-times higher than the global total energy necessity (Akay et al. 2005) and it is
appraised to supply about 10–20% by 2050 (Onwudili 2014). It is necessary to
advance sustainable bioenergy production from biomass. First-generation biofuels
can be generated from edible crude materials such as corn and soybeans, meaning
that the production of like biofuel contests with the food stock. This has made
second-generation biofuel acquired from non-edible sources such as agricultural
residue of raising significance.

The annual worldwide production of agricultural biomass is about 11 billion
tonnes (Scarlat et al. 2015b). The universal agricultural residue and waste from corn,
barley, oats, rice, wheat, sorghum, and sugarcane can possibly produce 491 gallons
of bioethanol each year (Kim and Dale 2004). North American countries, conducted
by the US, are the chief biofuel manufacturers with a 44.1% portion of total
production in 2014. The renewable fuels standard program in the US (EPA 2010),
forecasts that about 44.5% of the 36 billion gallons of renewable fuel will be
manufactured with cellulosic biofuels, that nearly 56.9% will be produced from
agricultural residue by 2022. The staying shares belong to South and Central
America, involving Brazil (28.7%), Europe and Eurasia, including the Netherlands
(16.5%) and the Asia Pacific, including China (10.6%) (BP 2015).

The major technologies used to transform bioenergy stored in biomass are either
biochemical or thermochemical. In biochemical alternation (e.g., fermentation and
anaerobic digestion), enzymes and microorganisms are used to convert lignocellu-
losic matters into a particular biofuel. In thermochemical changing (e.g., pyrolysis
and gasification), long chain biopolymers in the biomass are made hot in the absence
of oxygen to produce a combination of short chain hydrocarbons, gaseous products
such as hydrogen, methane, and solids (Basu 2013; Mohamed et al. 2014). Despite
the fact that biochemical methods are very slower than thermochemical methods,
they enable highly selective break down of biomass into products such as bioethanol.
Moreover, biochemical methods are managed under mild situations and need less
energy to produce biofuel (Chundawat et al. 2011). An influential possible restric-
tion for biofuel development in global is the continuous discussion on criterion for
sustainable production, energy stabilities and greenhouse gasses redeeming of
biofuels, which could become protectionist obstacles distinguishing versus supplier
countries. In addition, if carbon emissions from land use alternation are accounted
for and high carbon compactness lands are cleared for biofuel production, most crop-
derived biofuels will not qualify to be sold in Europe (Boerrigter 2006a).
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The transportation sector accounts for 21% of common worldwide fossil fuel CO2

emissions to the atmosphere, second only to emissions from power production.
Universal economic growth supposed to average 3.2% per year to 2030, growth in
energy and demand for transport is predicted to expand at an average annual rate of
2.1% over the same period. Transport sector contribution to the total anthropogenic
greenhouse gas emissions is planned to rise to 23% in 2030 (Kheshgi et al. 2004).
Bioenergy has been identified as an important component in many future’s energy
scenarios. Replacement of fossil fuels by biofuel seems to be an efficient strategy to
meet not only the future world energy requires but also the necessity for diminishing
carbon emissions from fossil fuels. Although there is an intensifying demand for
fossil energy due to rising economic activities in the emerging markets, particularly
China and India, rising oil prices have supported major consumers globally to
sharply increase their use of “green” biofuel (Metzger and Huttermann 2008; IEA
2008).

11.2 Role of Land in Biofuel Source

In order to attain coming biofuel demands, forest lands can be either clarified to plant
biofuel crops, or maintained as productive forests and harvested for sustainable
wood-for-energy production. Leaving sustainability considerations separately, both
alternatives are in a technical manner viable. Anyway, it is not yet obvious which
one will be more beneficial in the emerging biofuels market. The oil crisis of the
early 1970s initiated interest in the adoption of the land based agriculture-drawn
from fuels known as biofuel in a bid to enhance the supply of fossils. Although, it
was thought that the mass cultivation of these first generation biofuel resources such
as sugarcane, corn, soybean, rapeseed, oil palm trees could solve both problems of
edible oil and fuel at the same time, it became clear with time, that the expanding
worldwide demand for fuel could not be met sustainably by these fuel sources
(Schenk et al. 2008).

11.2.1 First Generation Biofuel

First-generation fuels hint to the biofuel a product of sugar, starch, vegetable oil, or
animal fats applying routine technology (Boerrigter 2006b). These fluid biofuels
comprise the approachable fuels such as pure plant oil from oil producing crops,
biodiesel from esterification of pure plant oil or waste vegetable oils, bio-ethanol
from sugar or starch crop maturation, and ethanol derived. The most well-common
first generation, transport biofuel is recorded below.
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11.2.1.1 Vegetable Oil

Vegetable oil can be used for either food or fuel. The possible to run engines on
immediately run vegetable oils dates back to the nineteenth century, remarkably to
try by the well-known German inventor, Rudolph Diesel directs to the fruitful
development of his engine in 1895 (EPA 2002). In greatest cases, vegetable oil is
used to produce biodiesel, which is good to most diesel motors when blended with
unoriginal diesel fuel.

11.2.1.2 Biodiesel

Biodiesel states to a diversity of ester based fuels (fatty esters) normally defined as
the mono alkyl esters prepared from several types of vegetable oils, such as soybean,
canola or hemp oil, or occasionally from animal fats through a simple
transesterification procedure. When oils are mixed with methanol and sodium
hydroxide in the outcome biodiesel and glycerol are manufactured by the chemical
response. One portion of glycerol is made for every ten portions biodiesel. Biodiesel
can be effectively used in any diesel engine when it is synthesized with mineral
diesel in an immaculate composition.

11.2.1.3 Bioalcohol

Ethanol, propanol and butanol are generally biologically formed alcohols that are
created by the action of microcosm and enzymes through sugar stretches or cellu-
lose. It is frequently requested that biodiesel offers a straight replacement for
gasoline as it could be used openly in a gasoline engine Acetone–butanol–ethanol
fermentation and testing changes form butane with the process presented in which
butanol is the sole liquid product. It is probably that butanol is able to produce
enough energy to be burnt “conventional” in the existing gasoline engines since it is
less corrosive and water soluble than that of ethanol which could be dispersed
through the existing system.

Ethanol Fuel

Ethanol is the most common biofuel global, chiefly in Brazil and USA, where it has
been used in mixes with ethanol (gasohol) for nearly three decades. Ethanol fuels
that are made by sugar fermentation taken from wheat, corn, sugar beet, sugarcane,
molasses and any substance that alcohol beverages could be prepared from. The
ethanol production procedures used are enzyme ingestion. The process needs note-
worthy energy contribution for heat. Ethanol has a superior octane rating than petrol
which can be composited with fossil fuel to any rate and consumed as a part of
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gasoline engines as a replacement for petrol (Girard and Fallot 2006). Nevertheless,
this quality of the fuel could be misused if the engines density ratio is adjusted
consequently. Thus that existing vehicle engine can run on mixtures of up to 15%
bioethanol plus fuel gasoline. Ethanol oxygen content more leads to higher efficacy
causing a clear ignition process at low temperature. Plastics or metals are well known
suitability difficulties between ethanol and components of the engine. Car producers
are lately inclining to produce more flexible fuel automobiles, which could run on
any mixture of both bioethanol and petrol equal to 100%.

Methanol Fuel

Methanol might be produced from biomass as biomethanol but it is formed from
natural gases. At the instant ethanol economy is a notable substitute to the hydrogen
economy. If it is put in evaluation with today’s hydrogen production from natural gas
improbable hydrogen production and state-of-the-art clean solar thermal energy
process.

11.2.2 Second Generation Biofuel

The second generation biofuel technologies have been established to overwhelm
some important restrictions of the first generation biofuel, particularly their use as
food. High agriculture inputs in the form of fertilizers are manufactured by the first
generation to limit the greenhouse gas production which could be simply accom-
plished. They are neither cost competitive nor risky to the environment. A great deal
of attention is felt to use tree biomass for the second generation. Also, it is
sustainable source of supply whose producers are advanced to break down the
plant material. Trees are said to comprise more carbohydrate and the raw material
for biofuel than that of food crops. There is an inconceivable deal of interest in using
tree biomass for second generation biofuel. Also to be an obvious wellspring of
sustainable supply when techniques are produced for breaking down the plant
substance economically and efficiently trees likewise comprise further carbohydrates
and the raw matter for biofuel than food crops.

11.2.2.1 Cellulosic Ethanol

It is taken from nonfood crops or uneatable misuse products that have less impact on
food such as switch gases, sawdust, rice hulls, paper pulp, and wood chips. Ligno-
celluloses are the “woody” structural substance of plants. This feedstock is plentiful
and miscellaneous in some cases (similar to citrus peels or sawdust) which cause a
considerable industry-specific disposal trouble. A complicated and additional pace is
to make ethanol from cellulose and a technical problem to resolve. Domestic animals
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live on grass and consumes slow enzymatic digestive process to break into glucose.
Lignocellulosic ethanol is made when sugar molecules are freed from cellulose by
enzymes. Cellulose and lignin are complex carbohydrate molecules based on sugar,
which are established in every plant. The sugar can be fermented to set up ethanol in
a similar manner to the first generation bioethanol production. Lignocellulosic
ethanol can reduce greenhouse gas emissions by approximately 90% when it is
compared with fossil fuel (Demain et al. 2005).

11.3 Third Generation Biofuel

The rising demand for biofuels global increases the defy of originating from great
areas of land for the production of feedstock. This is particularly the case where
developing countries are seeking to utilize trade and investment occasions that may
place significantly more pressure on finite land resources than if energy security was
the only policy goal. In order to improve the difficulties often allied with land based
biofuel feedstock, there have been calls for the acceptation of the third generation
biofuel sources, which demand much less land and can be applied for diminishing
CO2 emissions into the ambiance. Specially the biofuel that is derived from Aquatic
Microbial Oxygenic Photoautotroph (AMOPS), more usually indicated as
cyanobacteria, algae and diatom (Dismukes et al. 2008) Has been promoted use
more sustainable resource that could refer the worldwide fuel demands in the
absence of influencing food provide in the developing countries. Of these, biofuel
from algae shows to have greater forecasts being the only renewable energy source
that could meet international require for fuel transport while addressing the carbon
makeup and worldwide warming issues at the same time. This has created extraor-
dinary interest in agriculture for the making of transportation biofuel.

11.3.1 Algae Biomass

As a possible resource for bioenergy industry. Algae is the fastest growing organism
in the globe. Algae is very significant as a biomass source. Algae will sometime be
competitive as a source for biofuel. Different species of algae may be better fitted for
dissimilar types of fuel. Algae can be grown nearly anywhere, even on sewage or salt
water, and do not need rich land or food crops, and processing needs less energy than
the algae supply. Algae can be a substitution for oil-based fuels, one that is more
useful and has no difficulties.

Algae are growing fast, and about 50% of their weight is oil. This lipid oil can be
used as substitute oil for industry, mostly in the transportation sector (Cornell 2009).
Lately, algae have become the latest possible source being aimed for biofuel
production since they reveal numerous attractive features (Pandey 2017; Sialve
et al. 2009). Studies demonstrate that they can make up to 60% of their biomass in
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the form of oil or carbohydrates, from which the biofuel and lots of other industrially
significant products can be acquired. Most notably, algae require CO2 to grow,
which hints they can be used for biofixation and bioremediation. As it grows, the
oil is reaped for fuel while the remaining green mass by-product can be utilized in
fish and oyster farms. In fact, algae could produce up to 10,000 gallons per acre
(about 94, 000 l per ha) of biofuel per year though corn would only do 60 gallons per
acre (about 560 l per ha) yearly. The potential use of algae for CO2 sequestration is
depicted in Fig.11.1 (Benemann 2003). In evaluation with other renewable energy
sources like wind, solar, geothermal, tidal energy, algae derived energy is more
restricted and stable compared to land based biomass agriculture has the possible to
produce larger amounts of biofuel with no productive land or good water use. In
spite of the fact of all these, the most important hindrance militating versus the
prevalent utilization of algae for biofuel production remnants its high cost of
cultivation (Dismukes et al. 2008; Belay 2007).

The process of growing, harvesting and altering algae into fuel and other signif-
icant products in an economically competitive approach is still being perfected; the
following rewards are often qualified to argue: (1) Algae can be grown nearly
anywhere, even on sewage or saltwater which does not need fertile land or food
crops. (2) Algae is very competent and can be made cost efficient with more attempt.
(3) It is very energy and oil dense with a very high yield per acre and sequester CO2

enduringly while growing. (4) It only needs sunlight and water, which are neither
valued for farm use nor drinkable. (5) Algae only takes hours to reproduce, since
they have high photon alteration efficiency. (6) Algae is very Eco friendly being
non-poisonous, which do not have sulfur, and are extremely biodegradable.
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Fig. 11.1 CO2 sequestration using algae
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For more than three decades, researchers in the US Aquatic Species Program
(ASP) studied the use of algae for the making of energy. Initially, the group focused
its attention on the production of hydrogen, but later through the year 1982, their
primary research modified to study the oil production (Benemann 2008). The
10 years attempt, included over 20 private companies and few government, research
institutions, in similar efforts in order to expand closed photobioreactor technologies
for the creation of high value products using power plant flue gas for CO2. The
program focused on the development of optical fiber photobioreactors that use
concentrating mirrors to collect light that is installed into a director by method of
light helps of different plans, despite the fact that other closed photobioreactors were
also discovered. However, these researches and development attempts were not
prolonged, partly due to the very critical economic projections for such advances,
research beside similar lines continues currently somewhere else (Kremer et al.
2006; Nakamura and Senior 2005).

Latest commercial developments in microalgae biotechnology have been the
mass growing of some original algal species, particularly Haematococcus Pluvialis,
a source of the carotenoid astaxanthin, used in salmon aquaculture and also in food
complements. Although all large-scale algal production systems utilize open ponds,
a number of small-scale commercial production systems using closed
photobioreactors have been started. A diagram of the microalgal biodiesel value
chain is available as shown in Fig. 11.2; it begins with determination of the most
proper species, depending upon local ecological conditions, and on the configuration
proposed for cultivation; then it experiences gathering of biomass and extraction of
oil accordingly and finishes with the biodiesel processing unit. Then, repercussions
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Fig. 11.2 Schematic presentation of various steps of algal biodiesel
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created may be reused or utilized for energy production related with each of these
steps as displayed and discoursed in the following subsections (Delucchi 1997).

11.4 Agricultural Residues as a Source of Bioenergy

Agricultural residue is mainly composed of cellulose and hemicellulose carbohy-
drates and lignin as the glue that binds plant fibers. Biochemical alteration of
lignified tissue needs appropriate pretreatment and hydrolysis. Pretreating lignocel-
lulosic substances interrupts the lignin and diminishes cellulose crystallinity.
Through hydrolysis, the pretreated remains is transformed into sugar, including
hexose and pentose. Microorganisms are capable to utilize the sugar to produce
biofuel (Limayem and Ricke 2012). Crop waste and residue are cheap and plentiful
and, more outstandingly, are not considered to be part of the human food supply.
Fewer life cycle greenhouse gas (GHG) emissions are released from second-
generation biofuel (Sims et al. 2010). A diversity of bioprocessing techniques,
pretreatment methods, and microbial strain variations has been developed to com-
mercialize progressed biofuel biorefineries through the past decade.

Corn ethanol production has raised gradually up to 57 gallons and will stay
constant up to 2022, whereas cellulosic ethanol manufacture will increase to about
60.6 gallons with at least lessen by 60% in GHG emissions relative to the 2005 fuel
baseline (EPA 2010). Data presented by the IEA Bioenergy Task 39 (2015), shows
that 87 projects have been planned to produce second-generation biofuel during the
biochemical pathway, with 40 biorefineries placed in North America. Corn residue
gives the most share (51.28%) of internationally-distributed corn, wheat, rice, barley,
and sugarcane residue for usage as the feedstock of these plants. A number of
research efforts have surveyed cellulosic bioenergy feedstocks such as switchgrass,
miscanthus, energy cane, energy sorghum, willow, hybrid poplar, forest residues,
and agricultural rests, and the alteration technologies that can use these feedstocks
(Kumar and Gayen 2011; Suntana et al. 2009).

Of these feedstocks, the resource with the maximum close term potential
(1–5 years) for attaining national targets is agricultural residues (U.S. Department
of Energy 2011). Recognizing a sustainable and trustworthy agricultural rest
resource base has been a significant challenge for the developing cellulosic biofuels
industry (Wilhelm et al. 2010). Agricultural residue elimination must be managed
cautiously to be sustainable, and spatial and temporal changeability (soil, climate,
and managing practices) influence the dependability of the supply. Residues play a
number of serious roles in an agronomic system comprising direct and indirect
effects on physical, chemical, and biological processes within the soil (Wilhelm
et al. 2007, 2010). Unnecessary residue elimination can degrade the long period
productive capacity of soil resources (Sheehan et al. 2003; Mann et al. 2002).
Wilhelm et al. (2010) performed an extensive review of sustainability pointers for
agricultural remains removal. The result of this study was the documentation of six
environmental factors that potentially bound agricultural residue removal soil
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erosion from wind and water; soil organic carbon; plant nutrient balances; soil,
water, and temperature dynamics; soil compaction; and off-site environmental
impacts.

11.5 Sustainable Agricultural Crops and Residues

In this section, major agricultural crops for production of second-generation biofuels
are resolved based on the accessibility and production rate.

11.5.1 Wheat

The use of cereal residue for making of biofuel has been enhanced both academically
and industrially. Cereal establishes nearly 21% of the world’s total agricultural
biomass (Scarlat et al. 2015b). Each year, the large quantity of wheat straw made
on farms is a potential sustainable lignocellulosic biomass for biofuel production
(Novy et al. 2015). In the EU, approximately 18.8% of the total feedstock used for
bioethanol production is provided by wheat and the European Council has resolved
to rise residue utilization instead of the grain exploitation by 2020 (Scarlat et al.
2015b). On average, 1.3 kg of straw is produced per kg of wheat grain (Schnitzer
et al. 2013).

11.5.2 Barley

Barley causes about 2.2% of worldwide manufacture and 14.7% of Asian production
(FAOSTAT 2013). About 0.4 million tonnes of barley are adopted to produce
bioethanol in the EU, involving 1.8% of the total feedstock (Scarlat et al. 2015b).

11.5.3 Rice

Its remains are suitable potential crude substance for second-generation biofuel
production. Almost 90.6% of the glob’s rice is produced in Asia (FAOSTAT
2013); therefore, efforts have been prepared to generate energy in the form of
heat, electricity, and biofuel from rice straw in Asian countries (Ranjan et al. 2013).
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11.5.4 Corn

Another sustainable nominee for second-generation biofuels manufacture is corn
residue. Corn is the primary crop produced in the US (35.37 Mt in 2013) (FAOSTAT
2013) and US first- and Second-generation biofuel biorefineries are chiefly located in
the Midwest, particularly in Iowa, where corn is widely grown (Office of Energy
Efficiency and Renewable Energy 2013; RFF 2015). Investigators have assessed the
sustainability and environmental and economic features of corn residue as
biorefinery feedstock (Jin et al. 2014; Khanal et al. 2014). The removal of corn
Stover generally reduces soil greenhouse gas emissions (Jin et al. 2014). Assump-
tions about a plant placed in Greece show better environmental presentation for
ethanol acquired from corn stover and a better economic performance for ethanol
manufactured from cotton stalks. The lower percentage of biomass loss through
carrying and storage makes corn stove a most promising feedstock (Petrou and
Pappis 2014). Corn supplies 19.8%of feedstock used for first-generation bioethanol
production in the EU (Scarlat et al. 2015b).

11.5.5 Potato

Potato is widely cultivated and is the fourth-largest crop after corn, rice, and wheat
internationally (Liang and McDonald 2014). Separately from residue produced on
farms, a significant amount of waste is produced in food industries that process
potatoes. Depending on the peeling process, 15–40% of a potato could be wasted. In
a usual potato processing plant, 6–10% of potato peel waste would outcome from
peeling. It is improved with carbohydrates, comprising starch (25%), cellulose and
hemicellulose (30%) and fermentable sugars. It’s beside contains protein (18%) and
lipids (1%) (Arapoglou et al. 2010; Liang and McDonald 2014).

11.5.6 Alfalfa

Alfalfa has great protein content and carbohydrates are contained in the leaves and
stems. Alfalfa leaves is a source of protein for animal feed, but the low digestibility
of the stems, which constitute about 50% of the plant means that the carbohydrates in
the stems could be changed to biofuel (González-García et al. 2010; Zhou and Runge
2015). Alfalfa is an agronomically useful and effective plant. It is a perennial and has
nitrogen fixing features; therefore, it can fix atmospheric nitrogen, which can reduce
the need for nitrogen fertilizer. Soil erosion prevention and water retention are the
other remarkable profits of alfalfa (Sarkar 2009; Small 2011).
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11.5.7 Sugarcane

Industrial crops such as soybeans and sugarcane are commonly utilized as raw
substances for biofuel production, particularly, bioethanol and biodiesel. Sugar
cane is a perennial crop that provisions as regards 75% of the globe’s sugar (Swapna
and Srivastava 2012). It’s industrial remains, and waste (bagasse and molasses) is a
sustainable resource for Bioenergy production. Brazil positions first in sugarcane
production with regarding 40% of international production (FAOSTAT 2013). In
Brazil, the marketable production of sugarcane bioethanol is grown-up. Burgess is
typically engaged in boilers to generate electricity; still, strong attempts have been
made to make bioethanol from bagasse. A techno-economic study reports that, with
no subsidies, the production of bioethanol from sugarcane bagasse and lives in
Brazil can struggle with first-generation bioethanol production from starch in Europe
(Macrelli et al. 2012).

11.5.8 Sugar Beet

Sugar cane, sugar beets are the key providers of the globe’s sugar (Swapna and
Srivastava 2012). In the EU, sugar beets are the most important crop for bioethanol
production, giving 57.9% of the total feedstock (Scarlat et al. 2015b). Notable
residual resources, involving molasses and pulp, outcome from sugar beet
processing that can be transformed into biofuel (Tukacs-Hájos et al. 2014). Sugar
beet pulp includes 20–25% cellulose, 25–36% hemicellulose, 20–25% pectin,
10–15% protein, and 1–2% lignin. The pectin contents of sugar beet pulp is much
higher than lignocellulosic biomass such as straw and can biochemically is changed
into biofuel by bacteria (Zheng et al. 2013).

11.5.9 Oilseeds

At current, these resources are usually transformed into biodiesel. Soybeans are
basically produced in the US and Argentina and theses countries exploits soybeans
as a main feedstock for biodiesel production (Rincón et al. 2014). About 77% of the
total feedstock applied for biodiesel is supplied by soybeans in Brazil (Castanheira
et al. 2015). In the EU, biodiesel is the main transport biofuel and 65.9% of oleo
chemical material engaged to produce biodiesel is supplied by rapeseed oil (Scarlat
et al. 2015b). Non-edible plant-based resources such as jatropha and microalgae can
effectively be used to produce biodiesel, but jatropha is rain reliant and requires a
high quantity of water for optimal growth, which is not well-matched with the arid to
semi-arid climate (Tabatabaei et al. 2011). Microbial oil formed by oleaginous
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microorganisms can be used for biodiesel production. Agricultural residue and waste
is a low-cost substrate for these microorganisms, although this new technology
needs more study for commercialization (Leiva-Candia et al. 2014). In addition
biodiesel, oil crop biomass can provide as a substitute feedstock for biofuel, like
bioethanol and biogas. The high carbohydrate content (60%) of rapeseed straw
builds it a sustainable and possible biomass for biofuel production (López-Linares
et al. 2014). At an average annual growth rate of 42%, the global biodiesel market is
estimated to reach about 168 billion liters by 2016 (Gouveia and Oliveira 2008). In
order to meet the rapid expansion in biodiesel production capacity observed not only
in developed countries but also in developing countries such as China, Brazil,
Argentina, Indonesia and Malaysia, other oil sources especially non-edible oils
need to be explored (Li et al. 2008). A comparison of the oil yield of various
crops with algae (Table 11.1) shows that microalgae seem to be the only source of
renewable biodiesel that has the potential to completely displace petroleum-derived
transport fuels without the controversial “food for fuel” conflicts (Benemann and
Oswald 1996).

11.5.10 Horticultural Crops

Horticultural crops deposit and waste have lately obtained worldwide interest for the
production of biofuel. Pruning residue involving the leaves and branches is regular
biomass left on the ground (Buratti et al. 2015; García Martín et al. 2013). Waste and
residue in the field, an important amount of agro-industrial waste is attained in the
path of fruit processing.

Table 11.1 Comparison of crop dependent biodiesel production efficiencies from plant oils

Plant source

Bio-
diesel
L/ha/year

Area to produce
global oil demand
(106 ha)

Area required as %
of global land mass

Area as % of
arable land
mass

Cotton 325 15,002 100.7 756.9

Soybean 446 10,932 73.4 551.6

Mustard 572 8524 57.2 430.1

Seed 952 5121 34.4 258.4

Sunflower 1190 4097 27.5 206.7

Rapeseed 1892 2577 17.3 130

Jatropha 5950 819 5.5 41.3

Oil palm 12,000 406 2.7 20.5

Algae (50 gm-
2 day-1 at 50%
TAG)

98,500 49 0.3 2.5
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11.5.10.1 Apple

Solid apple waste includes 20–30% of the weight and is produced as pomace in
apple processing (Dhillon et al. 2013); regarding 13% of the apple fruit is the peel.
Food fiber accounts for almost 65% of the apple pomace and peels and carbohy-
drates are the major ingredient of these fibers (Rabetafika et al. 2014).

11.5.10.2 Grape

Grape stalks and pomace accumulate in large amounts throughout harvesting and
industrial processing of grapes. A total of 6–10% of the total weight of the processed
grapes in the food industry is wasted (El Boushy and Poel 2000). Carbohydrates
contained in the grape skin and stalks have potential for biofuel production (Fabbri
et al. 2015; Mendes et al. 2013; Ping et al. 2011).

11.5.10.3 Date

Each year, significant waste is produced by date trees which can supply as lignocel-
lulosic feedstock for biofuel production (Chandrasekaran and Bahkali 2013).

11.6 Conclusion

Biofuels as the primary products of the biochemical conversion of biomass can play
a key role in world’s energy outlook. Practical exploitation of bioenergy and
bioproducts from agricultural residue and construction of biorefineries in world
requires a more comprehensive economic evaluation, energy management, and
policies for biofuel producers. The preliminary information covered by this research
can increase awareness of fossil fuel limitations, potential crops to produce biomass-
based biofuel, their applications, and their environmental impact. The limitations of
the first and second generation biofuel resources show clearly that they are grossly
inadequate to meet global demands for transport fuels in a sustainable way.
Although, the use of microalgae for production of third generation biofuel has
been studied for many years now, the fact remains that R&D activities still need to
be undertaken to reduce the production cost of algal biomass to an acceptable level
that could compete favorably with biomass from higher plants before commercial
algae for energy cultivation can commence. Algae production technologies are quite
mature but presently only its application for bio-fixation, especially wastewater
treatment is economically feasible. Biofuel production from algae will become
competitive in the medium term if considered along with production of higher
value co-products such as bio-fertilizers, biopolymers.
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