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ABSTRACT
Alkaline and saline soils and their management are challenging issues in agricultural lands of
arid and semi-arid regions and in other parts of the world as well. In order to maintain saline
and alkaline soil fertility, understanding of the effects of organic amendments such as biochar
is of interest. A short-term pot study was carried out to investigate the effect of biochar
application on alkaline soil, its impact on soil properties, and to assess whether biochar has a
positive or a negative effect on alkaline soils. In this study four soil treatments were
investigated: soil only (control) and 20, 25, 30 g biochar per kg of soil, respectively.
The biochar used in this study was obtained from wood (apple tree woody waste) by pyrolysis
at 450oC, 4 hours. Total C, N, S, O, H, pH, ash, and moisture content of the biochar were
measured in this study. The apple-wood biochar was alkaline (pH 8.67), with a high carbon
content (75%) and low ash content (0.12%).
In the second part of the study, the influence of biochar on the soil physico-chemical
properties was measured 8 months after application. The results showed a significant increase
in total C content and organic matter (OM) content (p< 0.01) with an increasing biochar
application rate. The C:N ratio increased in 25 and 30 g/kg applications. However, water
retention (p<0.01), bulk density and cation exchange capacity (CEC) did not increase with
biochar application within the study period. All obtained results revealed that apple-wood
biochar increased C and OM content, but soil alkalinity increased as well.
Keywords: Biochar, soil fertility, agriculture, alkaline and saline soils, dry and arid regions.
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1. INTRODUCTION
Soils that are alkaline and salt-affected are widely distributed throughout the world. About
one-third of all soils in the arid and semiarid regions’ agricultural lands are affected by some
degree of salinity (Brady & Weil 2010). These soils are found in Australia, Latin America,
Africa, and notably in Central Asia (Brady & Weil 2010). The economy of most regions
located in arid and semi-arid regions is based on agriculture. However, the alkaline
characteristics of these soils are highly adverse to the fertility of these lands. Understanding
the process of alkalinisation and salinization therefore is important in the management of
productivity and sustainability of agriculture.
“Alkalization” is the process of increasing concentrations of sodium ions on the exchange
complex ions in soil (Magistad 1945). This process is accelerated by other soluble salts such
as magnesium and chloride, and minerals such as gypsum are accumulated closer to the soil
surface. Generally, saline and alkaline soil formation is related to geographical, geological
and climatological conditions. Human activities such as irrigation, fertilization, poor drainage
systems and mismanaged agriculture greatly contribute to accelerating this process. Most
alkaline soils are located in flat areas that have the greatest capacity for agricultural because
these lands are easy to irrigate and cultivate. The upper soil horizons in these areas of limited
moisture and low rainfall are most vulnerable to salt formation and modification of soil pH.
Thus soil salinity and alkalinity have been a problem in densely settled agricultural arid
regions for many years. Year by year, the continuous salt effect on soil has led to soil organic
matter depletion, crop productivity loss and soil degradation (Merry et al. 2002).
1.1 Fertility limitations of saline and alkaline soils
Alkaline or saline soils are usually described as infertile with low organic carbon (Brady &
Weil 2010). High values of pH, exchangeable sodium and the sodium adsorption ratio are
characteristic of alkaline soils. These affect the microbial activity and soil microbial biomass
causing changes in soil respiration, especially when the soil is dry (Wong et al. 2008 ; Li et al.
2012; Mavi et al. 2012). Alkali conditions increase soil organic carbon mineralization and
bulk density. Soil salinity and high soluble salt concentration can increase flocculation of
aggregates and thus break down soil structure (Wong et al. 2010). Organic matter plays an
important role in forming soil structure. In high alkali conditions, organic matter starts to
decline and soil structure will be destroyed. When soil loses its coherence and cohesion it
becomes more vulnerable to erosion and degradation. All the above factors undermine
development of plant growth and reduce crop productivity. The ions increase pH and osmotic
pressure and limit uptake of adequate nutrients from soil for plant growth. Albeit, there are
some crops that have been observed to be dry and highly salt tolerant, for example: barley,
cotton, olive, rye, and wheatgrass (at 8-12 dS m-1) (Brady and Weil 2010; FAO 2007). They
grow mainly in semi-arid regions. Furthermore, plant survival rate depends on the
concentrations and type of salt ions. Nevertheless, there are some risks for all crops that grow
in salty and alkaline conditions (Pearson 1967): 1) A high osmotic pressure due to increasing
soil pH which makes water intake from soil by plants difficult; 2) Some valuable minerals
unavailable for plants such as iron; and 3) A high ion concentration of minerals leading to
nitrogen deficiency.
There is also the problem of low organic matter input due to less vegetative cover and lack of
moisture in semi-arid region’s soil. A high pH and high concentration of soluble salts can
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have adverse effects on plant growth and living organisms such as earthworms and microbes
(Owojori & Reinecke 2009). All this leads to low soil fertility and reducing crop quality.
1.2 Fertility issues related to alkaline and saline soils in Uzbekistan
The Republic of Uzbekistan is located in Central Asia, with a total area of 448,900 km2.
Agricultural areas occupy a quarter of the total territory of Uzbekistan. The backbone of
Uzbekistan’s economy is agriculture; one-third of the annual GDP is obtained from this
sector. The country ensures the demands of a rapidly growing population by growing crops
such as cotton and wheat (Abdullaev et al. 2009). However trends within the field crop sector
over the last decade indicate that the total irrigated area used in agriculture has declined 2.1%
and total arable land has declined 15.7% from 2000 to 2007 (FAOSTAT 2009). For example,
cotton and other crop productivity have declined over the past decade (CACILM 2006).
Research has shown that under cotton monoculture without applying fertilizers the organic
matter content has decreased by 30 - 40% and soil microflora are being depleted (Karajeh et
al. 2002). The loss of fertility in irrigated lands has resulted in decreasing the productivity of
the land and making it uncultivable. One the other hand, the population and demand for
agriculture products have been growing fast. According to the World Bank (World Bank
2014), the population growth (annual %) in Uzbekistan was 2.69% in 2011. In order to
produce more, a lot of effort has been made. For instance, in the irrigated lands of the
republic, the 8-10 tonnes of manure applied per hectare are not nearly sufficient to provide a
positive balance of organic matter in the soil (Karajeh et al. 2002). To maintain such a
balance, it is necessary to apply at least 15 tonnes ha-1 of organic fertilizer. Excessive
application of mineral fertilizer to the soil leads to salt accumulation and fertility loss. The
process of losing soil fertility will increase and create many problems unless sustainable
approaches are carried out.
The main drivers of soil fertility depletion in this region include:
i.
ii.
iii.
iv.
v.
vi.

Waterlogging
Salinization due to secondary salinization
Water erosion
Harsh climatic conditions
Insufficient input of organic fertilizers
Mono-cropping of cotton and wheat (agricultural mismanagement)

Firstly, in about one third of the irrigated lands of Uzbekistan the groundwater table is less
than 2 meters down (CACILM 2006). The groundwater table can easily rise up during the hot
summer and rainy seasons and unsustainable agricultural practices could contribute to this
fluctuation. Salt accumulation is observed in the soil pores while the groundwater rises and
soil salinization is being accelerated during the hot summer. In order to remove the salty layer
from the topsoil, washing with fresh water is usually carried out in agricultural lands and the
salty water is then collected in drains. However, in poorly constructed drainage systems, the
water can easily move to the groundwater. As a result of evaporation of the water, secondary
salinization is been occurring in the area.
Secondly, water erosion causes topsoil loss in agricultural lands and has been increasing at the
same rate as soil salinization. In Uzbekistan, severe soil erosion is estimated to describe a
notable amount of irrigated croplands or 800,000 ha (Gintzburger et al. 2003).
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Another factor accounting for the decreasing soil fertility is the geographic and harsh climatic
conditions of the republic. More evaporation than precipitation and limited water resources
have led to degradation (UNCCD 1999; Gintzburger et al. 2003). Climate, particularly
temperature and precipitation, have been proposed as important factors in determining the rate
of organic carbon decay as well. Around 60% of the carbon released from the soil is due to
soil degradation (Lal 2007). Harvesting, intensive agriculture, irrigation, erosion, and deep
percolation are some of the other factors by which soil loses its nutrients. A combination of
the above factors leads to losses in soil fertility.
Nowadays, many new technologies have been applied in agricultural fields. At the same time
prices of mineral fertilizers have been rising in Uzbekistan, and globally, over recent decades.
Thus, it is necessary to develop more economically viable fertilizer means, including organic
fertilizers made from animal and plant wastes. In particular, bone meal, animal manure and
sludge are great source of nutrients. However, the efficiency of some of these fertilizers has
not been sufficiently quantified and they may have environmental side effects. Moreover,
excessive rates of mineral fertilizer application have gradually decreased organic matter in the
soil (Abdullaev et al. 2009). Additionally, mineral fertilizer application efficiency is not high
due to the hot climate and water limitation in arid and semi-arid regions. Researchers have
investigated the high rates of N2, N2O and NO emissions from irrigated cotton fields due to
insufficient irrigation water (Scheer et al., 2009). An alternative fertilizer strategy is biochar
application, which has recently been characterised as a multi-effective soil amendment. When
biochar is applied with other fertilizers, research suggests that it works as a stimulator and
increases the efficiency of mineral fertilizer application (Blackwell et al. 2010).
1.3 Biochar
Organic carbon (C) is an important component for soil and its formation. In the last few
decades, biochar, an alternative source of organic carbon, has compelled the attention of many
scientists with its benefits as a sustainable nutrient source for soil fertility maintenance and
replenishment. Biochar is produced by the pyrolysis of agricultural waste materials such as
wood, sewage, green waste, poultry litter, peanut hulls, pine chips, waste water sludge, rice
husks, paper pulp and other organic wastes (Cao & Harris 2010; Hu et al. 2013). At first this
term was used for soil that has variable quantities of highly stable organic black carbon waste
(‘biochar’). This type of soil is mainly found within the Amazon-basin called “Terra preta”
(Lehmann et al. 2003; Glaser et al. 2002). This soil is extremely productive and not similar to
any other soil type. Since the recognition of “Terra preta”, the effect of biochar on crop yields
and soil properties has been discovered over time (Major et al. 2010; Jeffery et al. 2011) but
biochar is still not fully studied, for example, in alkaline soils.
Biochar alkalinity, particle size, and surface area are different depending on the pyrolysis
methods and type of product used (Bruun et al. 2012; Yuan et al.2011). The highly porous
structure and large surface area of biochar can provide “shelter” for soil micro-organisms such
as microbes which live in the plant rhizosphere, and increase macro-nutrient availability, soil
aeration and hydrology of the soils (Bohn et al. 2002; Downie et al. 2012; Hardie et al. 2014).
Furthermore, biochar has been shown to increase cation exchange capacity (CEC) and organic
carbon content, increase plant growth (Chan et al. 2008; Beesley et al. 2014; Carvalho et al.
2014), improve soil structure, reduce soil N2O emission, (Glaser et al. 2002; Yanai et al.
2007; Chan et al. 2008; Cao et al. 2011; Hu et al. 2013; Ahmad et al. 2014) and moderate
nutrient leaching loss (Lehmann et al. 2003; Güereña et al. 2013) in the soil. Unlike other soil
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amendments, biochar can stay in the soil for many years and sequester carbon from the
atmosphere because of its surface area (Kuzyakov et al. 2009).
Previous studies have shown that wood biochar application increased soil pH, K, Ca, Mg, Mn
and nitrate in acidic soils (Asai et al. 2009; Major et al. 2009; Novak et al. 2009; Masulili &
Utomo 2010; Carvalho et al. 2014; Criscuoli et al. 2014). Biochar application had improved
soil aggregation and CEC (Cation Exchange Capacity), and an estimated increase in CH4 flux
and Karhu et al. (2011) also showed an 11% increase in water holding capacity and a
significant effect on soil fertility by increasing water retention in biochar amended soil (Laird
et al. 2010). Furthermore, biochar has a positive impact on soil biology (Kuzyakov et al.
2009; Verheijen et al. 2010). Soil-biochar interaction has been shown to enhance the
accessibility of added C to microorganisms and enzymes and Chan et al. (2008) have shown
that that it enhances earthworm and microbial biomass and stimulates root exudation by
increasing nutrient availability for soil biota (Lehmann et al. 2011). The positive effects have
mainly been attributed to biochar’s ability to absorb plant nutrients (Glaser et al. 2002) and to
increase soil water retention (Bruun et al. 2014; Hardie et al. 2014). All above mentioned
researchers have studied the effects of biochar on tropical acidic soils.
In recent years, a few research studies have been carried out on the effect of biochar on
alkaline and sandy soils (Shen et al. 2008; Blackwell et al. 2010; Xia et al. 2011; Liu &
Zhang 2012; Song et al. 2014). Song et al. (2014) showed that low rates of biochar additions
do not significantly impact the pH of the alkaline soil. Further, high CEC, increased by
biochar application, might control the soil salinization process in agricultural lands (Liu &
Zhang 2012). Some authors also found that biochar is a beneficial soil amendment which
increases moisture retention and the effectiveness of fertilizer use and moderates drought
stress at critical stages in arid environments (Blackwell et al. 2010; Van Zwieten et al. 2010).
Biochar application experiments have been carried out on different soil types and under
varying conditions. For example, Ippolito et al. (2012) showed the immobilisation of mineral
N in Alfisol, a typical agricultural soil with low organic matter, by applying additional
nitrogen (100 kg N ha-1). Novak et al. (2009) estimated that the application of biochar
decreased S and Zn amounts in the acidic coastal soil of the southern United States. They also
found that CEC was not affected by biochar in this type of soils.
The effect of biochar incorporation is also influenced by soil type and other environmental
conditions. Biochar can be applied to a multitude of soils within various climates and
agricultural systems but may improve nutrient retention and crop yields in one particular
system. It is therefore noticeable that the literature reports both the potential benefits and also
drawbacks of applying biochar. For example, the decreasing of the soil surface albedo has
been estimated by increasing the application rate of biochar (even the lowest application) by
Verheijen et al. (2013). This means that the soil temperature will increase. As a result of the
condition, might soil microbes will increase or vice versa.
The following are concerns about the application of biochar in alkaline soils:
i.
ii.
iii.
iv.

High pH makes minerals unavailable for plants (Brady & Weil 2010).
Increasing alkalinity and nitrification (DeLuca et al. 2009)
High alkalinity might decrease fertilizer (nitrate) efficiency (Song et al.2014).
Dark coloured biochar might increase soil temperature (Meyer et al. 2012;
Verheijen et al. 2013).
4
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v.

Biochar dust particles can cause explosions when the weather is hot, because of
the quick oxygen and moisture exothermic absorption process (Blackwell et al.
2009).

Some studies show that biochar alkalinity depends on the temperature of pyrolysis and
feedstock and the alkalinity of the biochar increases by increasing the temperature of
pyrolysis (Yuan et al. 2011) as shown in Table 1.
Table 1. pH of biochar produced from various feedstock sources under different production
temperatures
Biochar feedstock

pH ( H2O )

Production
(°C)

Information source

Oak wood (Quercus spp.)

4.8

350

Nguyen & Lehmann 2009

Oak wood (Quercus spp.)

4.9

600

Nguyen & Lehmann 2009

Corn stover residue (Zea mays L.)

5.9

350

Nguyen & Lehmann 2009

Corn stover residue (Zea mays L.)

6.7

600

Nguyen & Lehmann 2009

Green waste

6.2

450

Chan et al. 2007

Pea straw

6.3

350

Yuan et al. 2011

Soybean straw

6.3

350

Yuan et al. 2011

Canola straw

6.3

350

Yuan et al. 2011

Wood (Ponderosa pine spp.)

6.7

350

DeLuca et al. 2009

Rice straw

6.8

350

Yuan et al. 2011

Beech wood (Fagus spp.)

6.9

475

Borchard et al. 2012

Wood (Eucalyptus deglupta Blume spp.)

7.0

350

Rondon et al. 2007

Bark (Acacia mangium spp.)

7.4

260–360

Yamato et al. 2006

Pine chips

7.5

400

Gaskin et al. 2010

Pecan shells

7.6

700

Novak et al. 2009

7.6 - 7.8

700

Zimmermann et al. 2012

Peanut shells

8.2

430

Warnock et al. 2010

Mixed softwood

8.3

400

Cornelissen et al. 2013

Peanut shells

8.3

360

Warnock et al. 2010

Peanut shells

8.3

400

Warnock et al. 2010

Wood (Mulga, Acacia aneur spp.)

Biochar in Uzbekistan
Biochar application on Uzbek soils has not been studied yet. It is important to study the
chemical and physical and biological effects of biochar soil amendments in alkaline soil
conditions and also managing wastes. Some studies have showed biochar’s ecological
benefits (Navia & Crowley 2010; Hossain et al. 2011) when made from sawdust, sewage
sludge, animal manure, straw, hulls, chicken feathers, wastewater sludge and yard waste and
other materials. In Uzbekistan a lot of agricultural organic wastes are produced every year.
Especially, tree residue abundance occurs in the autumn. There is enough feedstock to
produce biochar and prevent from using the dried stem of trees for fire by local people out of
5
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their needs. By using the organic wastes for biochar making would decrease methane and
carbon dioxide emission from burning the waste materials in Uzbekistan.
1.4 Aims and objectives of the study
The purpose of this study was to investigate the effect of biochar application on alkaline soils
and its impact on soil properties. The purpose of this research was to obtain a deeper
understanding of the working mechanism of biochar in alkaline soils and to investigate the
effect of biochar application on alkaline soils and its impact on soil properties. The following
objectives were set up:


To learn how to plan and carry out a biochar feasibility study



To assess the effects of biochar application on the physical and chemical properties of
alkaline soil.



To characterize selected physical and chemical properties of the biochar

2. METHODS
2.1 Study site
Soil samples were collected 100 km from the airport in the Navoi region, Western
Uzbekistan. The site is located in the central desert, the central channel of the Zarafshan River
in the Kyzilkum Desert (40°5'55.87"N and 65°11'6.92"E). The total area of the region is
110.8 thousand square kilometres: 10.1 million hectares of agricultural lands with 10 million
hectares of pasture lands and 91.6 thousand hectares of irrigated areas (Ahmedov 1999).
There are more than 7500 farm enterprises in the province. The region has a flat topography
from 300 to 400 m above sea level. The main agricultural sectors are cotton, grains, vegetable
and melon production, and sheep and silkworm breeding.
2.1.1 Climate of study area
The climate of the region is continental and semiarid. Summers are dry and hot. The mean
annual air temperature is 34°С and the mean minimum temperature -3.3°С in winter. The
lowest temperature occurs in January. The annual precipitation ranges from 250 to 350 mm.
(Akhmedov 1999).
2.1.2 Soils of study area
The soils of the sampling site were Calcic Yermosols (FAO 2003) with low organic matter
content (<1.1-1.2%). This soil type is found on the high and flat zones within the region and it
is the most common soil type in the Navoi region, although natural climate conditions may
lead to formation of different soil types, as shown in Fig. 1.
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Figure 1. Dominant soil map of Uzbekistan. Sampling location is outlined by a rectangle.
(DSMW-FAO & UNESCO 2003)
The majority (74.6 %) of the region’s soils are silty loam and sandy clay loam (Fig. 2). The
soils of the agricultural lands are more prone to erosion, including water erosion which mostly
occurs on sloping sites. Most of the arable land in this region is affected by erosion: slightly
eroded (43.8 %), moderately eroded (40.0%) and highly eroded (16.2%). The formation of
gypsum is rapid in the irrigated lands of this region and it negatively affects water circulation
in the soil.
Mechanic properties of irrigated lands, %

Erosion in irrigated lands, %

1.4

1.6 3.1
4.6

0.8

7.1

16.1
29.4

Good
Weak
Moderate
High

Sand
Sandy loam
Sandy clay loam
Loam
Silt loam
Silt

90.7

Salinization ratio in irrigated lands, %

45.2

Quality and productivity of irrigated lands, %
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1.7
11.2

0.4

11.1
25.5
32.2

34.7

Poor

43

Lower than
moderate
Moderate

Non saline
Slight
Moderate

40.2

Good

High

Figure 2. The condition and quality of irrigated lands of the Navoi region (Ministry of the
Environment and Natural Resources of Uzbekistan, 2012)
2.2 Design of the experiment
The experimental soil was collected from the arable layer (0–25 cm). The soil was then used
to establish a pot experiment on October 5, 2013, at the National University of Uzbekistan.
One kilogramme soil was placed in each of four pots and a different amount of biochar (from
apple-wood feedstock, see below) was added to each, corresponding to 3 biochar application
rates and a control:
1. (C) = Control - soil only, no biochar
2. (SB-20) = 20 g biochar per kg of soil
3. (SB-25) = 25 g of biochar per kg of soil
4. (SB-30) = 30 g of biochar per kg of soil
The treatments were kept in room temperature and watered once a week. On March 7, 2014,
half of the soil from each pot was brought to Iceland and the experiment was continued there
in 500-mL plastic containers containing 500 g of soil. The samples were first kept at room
temperature for two weeks, then at +11°C for a month and finally at +4°C and watered once a
week. Permission was obtained from the Icelandic Ministry of Industries and Innovation
(Atvinnuvega og nýsköpunarráðuneytið) for conducting analyses at the Agricultural
University of Iceland and at the Soil Conservation Service of Iceland.
To produce the biochar, 2 kg of apple tree wood were chopped into 10 cm pieces and heated
at 450ºC for 4 h in a beaker covered with a metal lid in a well-ventilated area. The cover was
used to create an oxygen-reduced condition. After pyrolysis, the biochar yield was left
standing at room temperature overnight. Then the biochar was removed from the beaker and
crushed using a broad hoe.
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2.2.1 Soil analysis
Samples for bulk density were taken from each pot using an auger and then analysed as
outlined in Burt, 2004. The rest of the soil was divided into two parts, air-dried and field
moist, for specific soil analyses. One part was air-dried at 30oC and then sieved (2 mm) and
the <2mm portion was collected for soil analyses. The other part, the field moist portion, was
sieved and used to determine water holding capacity.
Soil water holding capacity was identified by the pressure plate method at 33 kPa, 100 kPa
and 1500 kPa (Burt 2004; Pressure Plate Extractor).
The soil pH (water) method was adapted from Blakemore et al. (1987); air-dried soil (<2mm)
was used. Organic matter (OM) was determined by loss-on-ignition. For each treatment, 3 g
air-dried soil were dried at 105oC overnight and then burned in a furnace at 500oC. This was
done in triplicate for each soil sample.
Soil (<2mm) was ball milled then used for total C, N and CEC analyses. Total C and N was
determined by combustion at 900°C using a vario MAX CN analyser (Elementar
Analysensysteme GmbH). CEC was determined by the ammonium acetate extraction method
at pH 7 (Blakemore et al. 1987).
2.2.2 Characterization of biochar
Biochar pH was measured according to Ahmedna et al. (1998). The method consisted of
preparing a 1% suspension of biochar in deionized water. The suspension was heated to
approximately 90ºC and stirred for 20 min to allow dissolution of the soluble biochar
components. After cooling to room temperature, the pH of the biochar suspension was
measured using a pH meter.
Moisture and ash content of the biochar were measured using a gravimetric method (Novak et
al. 2009). First, 1 g of biochar was dried overnight at 105ºC then transferred to a muffle
furnace and combusted at 760ºC for 6 h.
The C, N, O, S and H content were analysed by thermal combustion and elemental analysis
(Thermo Scientific EA Flash, Thermo Fisher Scientific, Milan, Italy).
2.2.3 Data analysis
The data were analysed by Analysis of variance (ANOVA) with Tukey’s studentized range
test (HSD) using the SAS program to determine the significance of differences between
treatments. A p-value less than 0.01 was considered significant and less than 0.001 as highly
significant.

3. RESULTS
3.1 Biochar properties
The results showed that the apple wood biochar was alkaline and had a high carbon content
and low ash content (Table 2). The atomic ratios of O/C, H/C and (O+N)/C were calculated
from the biochar analytical data and are also shown in Table 2.
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Table 2. Chemical and physical properties of apple wood biochar and atomic ratios were used
in the experiments. Mean values with the standard deviation (SD) are presented.
Properties

Results

SD

Analytical procedure

pH (H2O)

8.67

0.01

1: 100 hot water suspension, 90 oC

Ash (g/g)

0.118

0.001

Muffle furnace, 760 oC, 6 h

Moisture (g/g)

0.0053

0.0190

Gravimetry 105 oC, 24 h

C (%)

74.96

0.007

Combustion, 950°C, elemental analysis

N (%)

0.57

0.11

Combustion, 950°C, elemental analysis

S (%)

0.09

0.03

Combustion, 950°C, elemental analysis

O (%)

14.97

0.15

Combustion, 1060°C (Oxygen configuration), elemental analysis

H (%)

2.83

0.08

Combustion, 950°C, elemental analysis

O/C

0.14

0

Calculated value

H/C

0.45

0

Calculated value

(O+N)/C

0.16

0

Calculated value

3.2 Soil properties
The OM content increased with the increasing biochar application rate compared to the
control and the application rate of 30 g per kg of soil gave the highest OM value (Table 3).
The increasing biochar application rate was also associated with increasing pH but when the
mean values were compared individually, only the 25 g biochar per kg addition showed a
significant pH increase (p<0.01) compared to the control (Table 3). The total C value was
significantly different in biochar-amended samples compared to the control. The total N input
by biochar was not observed in this study (Table 3). Soil bulk density was not influenced by
biochar within this study period.
Table 3. Physical and chemical properties of soils treated with apple-wood biochar (450oC)
used in a pot experiment p< 0.01 pH (mean with standard deviation)
Physic and chemical properties

C

SB - 20

SB – 25

pH

8.075 ± 0.005

8.26 ± 0.03

8.375 ± 0.005

8.15 ± 0.02

C (%)

3.6

4.2

4.7

5.0

C, calc.,without biochar, (% C )

3.6

3.5

3.1

3.4

N (%)

0.108

0.111

0.113

0.121

C/N

25.61

25.72

29.72

31.75

OM (%)

1.18 ± 0.08

1.49 ± 0.05

1.50 ± 0.11

1.58 ± 0.08

Bulk density (g cm-3)

1.71

1.60

1.64

1.74

CEC (cmol/kg)

15.7

11.5

13.2

11.4

AWC (%)

18.51

18.77

20.21

19.36
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The CN ratio increased in the SB-25 and SB-30 samples by 4.11 and 6.14, respectively
compared to the control (Table 3). The CEC of the soil did not change at all rates of biochar
in this study. There was no significant difference in water holding capacity between the
treatments (Fig. 3). Based on the water holding capacity the results for available water content
(AWC) were calculated (Table 3). .

Figure 3. Water holding capacity of soils treated with biochar: SB- 20-soil (20 g biochar per
kg soil), SB -25 (25 g biochar per kg soil), SB-30 (30g biochar per kg soil) and C (control).

4. DISCUSSION
4.1 Biochar characterization
The purpose of this study was to investigate the effect of biochar application on the physical
and chemical properties of alkaline soils. The apple-wood biochar used for this study had a
high C content (75%) and low ash content (11.8%) (Table 2). A few studies have shown that
biochar produced from wood has a high C content (Lehmann et al. 2003; Atkinson et al.
2010). The biochar had a high C content, which is likely to have been due to its slow
pyrolysis temperature and feedstock. A slow pyrolysis (lower temperature for a longer time)
also results in higher biochar yields compared to biochar that is pyrolysed under high
temperature (Bruun et al. 2011). Chaterene et al. (2011) showed that properties of biochar
depend on feedstock. For example, wood biochars contain 62–79% carbon and 4–23 wt.% ash
while switch grass and corn stover biochars contain low carbon (22–43%) and high ash
contents (44–73 wt.%) at the same temperature. Recent research studies reveal that during the
pyrolysis process biochar may be contaminated by by-products (organic and metal
contaminants) and ash (Lucchini et al. 2014). If biochar is highly polluted with by-products
this may lead to different heavy metals accumulation in the soil and increase its
bioavailability. The results of this study showed that the ash content of the apple-wood
biochar was 11.8% (0.118 gram ash per gram biochar), which is very low (Table 1). In this
study, the biochar pH was high (8.67) (Table 2), or similar to the reported values of other
biochars produced at 400oC and higher pyrolysis temperatures (Gaskin et al. 2008; Gaskin et
al.2010; Zwieten et al. 2010). Trends in the literature suggest that higher pyrolysis
11
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temperatures may produce biochars with a higher pH (Table 1). Low pH biochar application
might be needed to stabilize the pH of the alkaline soils.
Criteria to assess biochar properties and qualities have been proposed by the European
Biochar Certificate (EBC) (Glaser 2013) but are not yet accepted by any national legislation
as official methods within the EU. The EBC defines some elemental limits, such as a total
organic carbon content >50% and O/C and H/C ratios <0.4 and 0.6, respectively. The results
obtained from the present study can be compared with EBC criteria: O/C, (O+N)/C and H/C
ratios were low; 0.14, 0.16 and 0.45 respectively. Low O/C (<0.4) and H/C (<0.6) ratios
indicate that the carbon is likely to be aromatic and therefore less easily decomposed (Krull et
al. 2009). The molecular configuration of the carbon contained in biochar will affect its
decomposition in the soil and how long it will be present in the soil (Lehmann, 2007). The
low ratios indicate that the biochar carbon structure is very stable and likely to be recalcitrant
(long-lasting) and has good carbon sequestration potential (Krull et al. 2009; Mankasingh et
al., 2011). Slow decomposition leads to a decrease in CO2 fluxes. Other studies showed that
biochar, produced under lower pyrolysis temperature, is most polar with high O/C and O+N/C
ratios (Novak et al. 2009), which may affect water holding capacity and movement of
nutrients and some heavy metals (Pb, Cd, Zn) in the soil (Cao et al. 2009; Ahmad et al. 2012).
4.2 Biochar effect on soil properties
The results of this study gave an indication of the effect of biochar on alkaline soil. Organic
matter and C (Table 3) appeared to increase with an increasing biochar rate but the C content
of treated soils minus added biochar (calculated C content, % C, Table 3) suggested that there
is no overall net accumulation of carbon in the soil. During the period of study, no manure,
mineral fertilizer or plant residues were added to these treatments; this means that there was
no additional OM input. These results also indicated that application of biochar might have
promoted microbial activity - this needs further study. Domene et al. (2014) also showed that
the effect of different rates biochar increased OM and C content; both organic and inorganic C
contents increased in semi-arid region soils (Fernandez et al. 2014). This was also observed in
this study.
For soil health and fertility C and N content, and their proportions to each other, are the most
important factors. The results of the CN analyses showed that there was an increase in total C,
N and the CN ratio. The CN ratio only increased with application rates of 25 g and 30 g.
because carbon content in soil was increased by biochar application. Other research results
suggest that biochar is more effective when added with mineral fertilizers. Results from
Zwieten et.al (2010) showed that the total carbon in Calcarosol (pH = 7.67) was significantly
increased from 2.03% to 2.73% (without fertilizer), whereas Ferrosol (pH=4.20) did not
significantly increase in total C (0.5%). Also, biochar with urea (CO (NH2)2) applied to the
soil showed a lower pH than soils amended with only biochar (Chaterene et al. 2011); this
could be explained by the process of nitrification of the urea.
Although, many studies show an increase in water holding capacity after biochar application
(Karhu et al. 2011; Major et al. 2012; Tammeorg et al. 2014), this pot study showed no
significant increase in water holding capacity after 8 months. While comparing results, it is
easily noticed that an application rate, soil porosity and type of soil are play major role in
changing water-holding capacity. According to Tammeorg et al. (2014) 5-20t ha-1 biochar had
not sufficient to improve the water-holding capacity of soil. Also, many experiments
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conducted in a field with plant growing condition (Karhu et al. 2011) as it is known that
plants are important for soil moisture.
In this study a slight fall in CEC was reported. The result could be connected to some factors
such as the fact that the soil type used for analysis was rich in sulphate (SO4-) and chloride
(Cl-) anions. Therefore the CEC might have been decreased by the increasing application rate.
Further, biochar had increased the pH of all treatments, so that CEC was decreased.
Nevertheless, Liang et al. (2006) reported that biochar increased the CEC of Anthrosols with
increasing OM. In this study OM was not high enough to raise the CEC.
The effect of biochar on biota was not investigated in the present study, but Gomez et al.
(2013) studied soil microorganisms with biochar amendment under similar soil conditions
(pH 8.3-8.7) to those of this study and they found a positive stimulation of biochar to
microbial activity and plant growth. It also helps to know about the C decomposition rate.
Biochar price and efficiency must be assessed, because if large scale farmers want to use
biochar on their farms a great deal of biochar is needed, which would be expensive for them.
However, farmers could produce their own biochar because the benefits of biochar
applications overweigh the high price. Biochar is not approved as a fertilizer for field
application, although some farmers are using it in their gardens in some parts of the world,
e.g. the United Kingdom, where it is sold as a commercial fertiliser in garden shops for use in
horticulture, home gardens and greenhouses.

5. CONCLUSIONS AND RECOMMENDATIONS
Biochar derived from apple-wood and obtained by slow pyrolysis was alkaline (pH 8.67) and
contained 75% C and 12% of ash content. The ratios of O/C, (O+N)/C and H/C were all low,
indicating that the biochar decomposition rate is not high and therefore this biochar is likely
to be rather stable in the soil. Soil organic matter increased with increasing biochar
application rates. Short term biochar application (8 months) did not have an effect on the
water holding capacity and CEC of the alkaline soils in this study. Application of alkaline
biochar to alkaline soils in this study resulted in the soils becoming slightly more alkaline, so
application rates of alkaline biochar alkaline soils should lower.
The results presented above suggest that biochar temperature and feedstock should be chosen
according to soil type because the pH of the biochar is dependent on those factors. Low pH
biochar should be obtained for application to alkaline soils. Wheat straw and green waste
could be the best feedstock for Uzbekistan conditions because they can be used to make
acidic biochar (pH 5-6) and there is enough of this feedstock in the country.
Many articles have pointed out that biochar has a positive impact on soil microbial activity.
Therefore, the effect of biochar on alkaline soil biology must be identified. Measuring
microbial activity such as microbial respiration will help to identify the CO2 emission rate and
the total C fluctuation in the soil.
It can also be recommended that a larger number of replicates are needed for such a study as
this will give more reliable results with greater statistical confidence than in this study.
Furthermore, a study period longer than 8 months might give different results than this study
because the process of C turnover into soil carbon and soil physical property improvement
takes a longer time (Brady & Weil 2010).
13

UNU Land Restoration Training Programme

The optimum biochar application rate should be identified. Based on the present study, a
biochar application at rate of 25 g kg-1 would be recommended as the starting application for
any further studies in using biochar to improve soil properties in alkaline soils. Future studies
should also focus on application of mineral and organic fertilizers in combination with
biochar.
Biochar price and efficiency must be assessed, because if large scale farmers want to use
biochar on their farms a great deal of biochar is needed and this could be expensive for them.
However, farmers could produce their own biochar using small-scale low cost units, as the
benefits of biochar application overweigh the high price.

14

UNU Land Restoration Training Programme

ACKNOWLEDGEMENTS
I would like to thank the Agricultural University of Iceland, Soil Conservation Services of
Iceland and Ministry for Foreign Affairs of Iceland for the opportunity given me to participate
in this programme and their technical, social and financial support.
My special and deepest thanks to Dr Utra Mankasingh for her encouragement, assistance and
guidance throughout my project work.
I am also sincerely thankful to the programme directors Hafdis Hanna Ægisdottir and
Berglind Orradottir, and many thanks to Brita Berglund, Halldora Traustadottir, for their kind
assistance during the programme.
Many thanks to all the lecturers for their patience and rich knowledge and experience shared
and to all UNU-LRT fellows for their friendship and support during my stay in Iceland.
My gratitude goes to my professors Lazizakhon Gofurova, Dr Tokhtasin Abdrakhmanov and
Dr Zafar Jabbarov of the National University of Uzbekistan for their advice, support and
guidance.

15

UNU Land Restoration Training Programme

REFERENCES
Abdullaev, I., C. De Fraiture, M. Giordano, M. Yakubov, and A. Rasulov. 2009. Agricultural
water use and trade in Uzbekistan: situation and potential impacts of market liberalization.
Water Resources Development 25:47-63.
Ahmad, M., A. U. Rajapaksha, J. E. Lim, M. Zhang, N. Bolan, D. Mohan, M. Vithanage, S. S.
Lee, and Y. S. Ok. 2014. Biochar as a sorbent for contaminant management in soil and water:
A review. Chemosphere 99:19-33.
Ahmedna, M., W.E. Marshall, and R.M. Rao.1998. Production of granular activated carbon
from select agricultural by-products and evaluation of their physical, chemical, and adsorption
properties. Bioresour. Technology71:113Y123.
Akhmedov, Sh., M. 1999. Gray-brown soils of Malikchul and impact of heavy metals
pollution on their properties. PhD Dissertation, Department of Biology - Soil Sciences,
National University of Uzbekistan, Tashkent, Uzbekistan.
Asai, H., B. K. Samson, H. M. Stephan, K. Songyikhangsuthor, K. Homma, Y. Kiyono, Y.
Inoue, T. Shiraiwa, and T. Horie. 2009. Biochar amendment techniques for upland rice
production in Northern Laos: 1. Soil physical properties, leaf SPAD and grain yield. Field
Crops Research 111:81-84.
Atkinson, C. J., J. D. Fitzgerald, and N. A. Hipps. 2010. Potential mechanisms for achieving
agricultural benefits from biochar application to temperate soils: a review. Plant and Soil
337:1-18.
Blakemore, L. C., P. L. Searle, and B. K. Daly. 1987. Methods for chemical analysis of soils.
NZ Soil Bureau, New Zealand.
Blackwell, P., E. Krull, G. Butler, A. Herbert, and Z. Solaiman. 2010. Effect of banded
biochar on dryland wheat production and fertiliser use in south-western Australia: an
agronomic and economic perspective. Soil Research 48:531-545.
Bohn, H. L., R. A. Myer, and G. A. O'Connor. 2002. Soil chemistry. John Wiley & Sons.
New York
Borchard, N., A. Wolf, V. Laabs, R. Aeckersberg, H. Scherer, A. Moeller, and W. Amelung.
2012. Physical activation of biochar and its meaning for soil fertility and nutrient leaching, a
greenhouse experiment. Soil Use and Management 28:177-184.
Brady, N. C., and R. R. Weil. 2010. Elements of the nature and properties of soils. Pearson
Prentice Hall.
Bruun, E. W. 2011. Application of fast pyrolysis biochar to a loamy soil ‐ effects on carbon
and nitrogen dynamics and potential for carbon sequestration. Technical University of
Denmark, Denmark.

16

UNU Land Restoration Training Programme

Bruun, E. W., C. T. Petersen, E. Hansen, J. K. Holm, and H. Hauggaard-Nielsen. 2014.
Biochar amendment to coarse sandy subsoil improves root growth and increases water
retention. Soil Use and Management 30:109-118.
Burt, R. 2004. Soil Survey Laboratory Methods Manual. Soil Survey Investigations Report.
Natural resource Conservation Service, USA 42:106-108.
CACILM (Central Asian Countries Initiative for Land Management). 2006. Republic of
Uzbekistan national programming framework. Republic of Uzbekistan UNCCD National
working group. URL http://www.adb.org/Projects/CASILM/documents.asp [accessed on 30
March 2012].
Cao, X., and W. Harris. 2010. Properties of dairy-manure-derived biochar pertinent to its
potential use in remediation. Bioresource Technology 101:5222-5228.
Cao, X., L. Ma, Y. Liang, B. Gao, and W. Harris. 2011. Simultaneous immobilization of lead
and atrazine in contaminated soils using dairy-manure biochar. Environmental Science &
Technology 45:4884-4889.
Carvalho, M. T. D. M., B. E. Madari, L. Bastiaans, P. A. J. van Oort, A. B. Heinemann, M. A.
S. Da Silva, A. d. H. N. Maia, and H. Meinke. 2014. Biochar improves fertility of a clay soil
in the Brazilian Savannah: short term effects and impact on rice yield. Journal of Agriculture
and Rural Development in the Tropics and Subtropics (JARTS) 114:101-107.
Chan, K., L. Van Zwieten, I. Meszaros, A. Downie, and S. Joseph. 2008. Agronomic values
of greenwaste biochar as a soil amendment. Soil Research 45:629-634.
Cornelissen, G., V. Martinsen, V. Shitumbanuma, V. Alling, G. D. Breedveld, D. W.
Rutherford, M. Sparrevik, S. E. Hale, A. Obia, and J. Mulder. 2013. Biochar effect on maize
yield and soil characteristics in five conservation farming sites in Zambia. Agronomy 3:256274.
Criscuoli, I., G. Alberti, S. Baronti, F. Favilli, C. Martinez, C. Calzolari, E. Pusceddu, C.
Rumpel, R. Viola, and F. Miglietta. 2014. Carbon sequestration and fertility after centennial
time scale incorporation of charcoal into soil. Plos One 9:11.
DeLuca, T. H., M. D. MacKenzie, and M. J. Gundale. 2009. Biochar effects on soil nutrient
transformations. Biochar for Environmental Management: Science and Technology 12:251270.
Downie, A., P. Munroe, A. Cowie, L. Van Zwieten, and D. M. LAU. 2012. Biochar as a
geoengineering climate solution: Hazard identification and risk management. Critical
Reviews in Environmental Science and Technology 42:225-250.
FAO (Food and Agriculture Organization of the United Nations). 2003. Fertilizer use by crop
in Uzbekistan. Food and Agriculture Organization of the United Nations, Rome, Italy URL
ftp://ftp.fao.org/agl/agll/docs/fertuseuzbekistan.pdf [accessed on 6 November 2013].
FAO (Food and Agriculture Organization of the United Nations). 2007. Advances in the
assessment and monitoring of salinization and status of biosaline agriculture. Food and
17

UNU Land Restoration Training Programme

Agriculture Organization of the United Nations, Rome. URL
http://www.fao.org/docrep/012/i1220e/i1220e.pdf [accessed on 26 May 2012].
FAOSTAT (Food and Agriculture Organization of the United Nations statistics division).
2009. Statistical Databases. Food and Agriculture Organization of the United Nations. URL
http://faostat3.fao.org/faostat-gateway/go/to/home [accessed on 7 June 2014].
Gaskin, J. W., C. Steiner, K. Harris, K. C. Das, and B. Bibens. 2008. Effect of lowtemperature pyrolysis conditions on biochar for agricultural use. Transactions of the Asabe
51:2061-2069.
Gaskin, J. W., R. A. Speir, K. Harris, K. C. Das, R. D. Lee, L. A. Morris, and D. S. Fisher.
2010. Effect of Peanut Hull and Pine Chip Biochar on Soil Nutrients, Corn Nutrient Status,
and Yield. Agronomy Journal 102:623-633.
Gintzburger, G., K. N. Toderich, B. K. Mardonov, and M. M. Mahmudov. 2003. Rangelands
of the arid and semi-arid zones in Uzbekistan. CIRAD, France.
Glaser, B., J. Lehmann, and W. Zech. 2002. Ameliorating physical and chemical properties of
highly weathered soils in the tropics with charcoal - a review. Biology and Fertility of Soils
35:219-230.
Glaser, B. 2013. European biochar certification. State of the art and future challenges. In
Proceedings of the 1st Mediterranean Biochar Symposium, Vetermate con Minoprio (CO),
Italy 17-18.
Gomez, J., K. Denef, C. Stewart, J. Zheng, and M. Cotrufo. 2014. Biochar addition rate
influences soil microbial abundance and activity in temperate soils. European Journal of Soil
Science 65:28-39.
Güereña, D., J. Lehmann, K. Hanley, A. Enders, C. Hyland, and S. Riha. 2013. Nitrogen
dynamics following field application of biochar in a temperate North American maize-based
production system. Plant and Soil 365:239-254.
Hardie, M., B. Clothier, S. Bound, G. Oliver, and D. Close. 2014. Does biochar influence soil
physical properties and soil water availability? Plant and Soil 376:347–361.
Hossain, M. K., V. Strezov, K. Y. Chan, A. Ziolkowski, and P. F. Nelson. 2011. Influence of
pyrolysis temperature on production and nutrient properties of wastewater sludge biochar.
Journal of Environmental Management 92:223-228.
Hu, L., L. Cao, and R. Zhang. 2013. Bacterial and fungal taxon changes in soil microbial
community composition induced by short-term biochar amendment in red oxidized loam soil.
World Journal of Microbiology and Biotechnology 30:1085–1092.
Ippolito, J., J. Novak, W. Busscher, M. Ahmedna, D. Rehrah, and D. Watts. 2012.
Switchgrass biochar affects two Aridisols. Journal of Environmental Quality 41:1123-1130.

18

UNU Land Restoration Training Programme

Jeffery, S., F. Verheijen, M. Van Der Velde, and A. Bastos. 2011. A quantitative review of
the effects of biochar application to soils on crop productivity using meta-analysis.
Agriculture, Ecosystems & Environment 144:175-187.
Karajeh, F., J. Ryan, and C. Studer. 2002. On-farm Soil and Water Management in Central
Asia. ICARDA, Aleppo, Syria.
Karhu, K., T. Mattila, I. Bergström, and K. Regina. 2011. Biochar addition to agricultural soil
increased CH4 uptake and water holding capacity - results from a short-term pilot field study.
Agriculture, Ecosystems & Environment 140:309-313.
Krull, E. S., J. A. Baldock, J. O. Skjemstad, and R. J. Smernik. 2009. Characteristics of
biochar: organo-chemical properties. Biochar for Environmental Management: Science and
Technology. Earthscan, London 54:53-65.
Kuzyakov, Y., I. Subbotina, H. Q. Chen, I. Bogomolova, and X. L. Xu. 2009. Black carbon
decomposition and incorporation into soil microbial biomass estimated by C-14 labelling. Soil
Biology & Biochemistry 41:210-219.
Lal, R. 2004. Soil carbon sequestration impacts on global climate change and food security.
Science 304:1623-1627.
Lal, R., M. Suleimenov, B. Stewart, D. Hansen, and P. Doraiswamy. 2007. Climate change
and terrestrial carbon sequestration in Central Asia. CRC Press.
Lehmann, J., J. P. da Silva, C. Steiner, T. Nehls, W. Zech, and B. Glaser. 2003. Nutrient
availability and leaching in an archaeological Anthrosol and a Ferralsol of the Central
Amazon basin: fertilizer, manure and charcoal amendments. Plant and Soil 249:343-357.
Lehmann, J. 2007. Bio-energy in the black. Frontiers in Ecology and the Environment 5:381387.
Lehmann, J., M. C. Rillig, J. Thies, C. A. Masiello, W. C. Hockaday, and D. Crowley. 2011.
Biochar effects on soil biota–a review. Soil Biology and Biochemistry 43:1812-1836.
Li, X. G., X. M. Shi, D. J. Wang, and W. Zhou. 2012. Effect of alkalized magnesic salinity on
soil respiration changes with substrate availability and incubation time. Biology and Fertility
of Soils 48:597-602.
Liang, B., J. Lehmann, D. Solomon, J. Kinyangi, J. Grossman, B. O'neill, J. Skjemstad, J.
Thies, F. Luizao, and J. Petersen. 2006. Black carbon increases cation exchange capacity in
soils. Soil Science Society of America Journal 70:1719-1730.
Laird, D. A., P. Fleming, D. D. Davis, R. Horton, B. Wang, and D. L. Karlen. 2010. Impact of
biochar amendments on the quality of a typical Midwestern agricultural soil. Geoderma
158:443-449.
Liu, X., and X.C. Zhang. 2012. Effect of biochar on pH of alkaline soils in the loess plateau:
Results from incubation experiments. International Journal of Agriculture & Biology 14:
745–750
19

UNU Land Restoration Training Programme

Lucchini, P., R. S. Quilliam, T. H. DeLuca, T. Vamerali, and D. L. Jones. 2014. Increased
bioavailability of metals in two contrasting agricultural soils treated with waste wood-derived
biochar and ash. Environmental Science and Pollution Research 21:3230-3240.
Mankasingh, U., P. C. Choi, and V. Ragnarsdottir. 2011. Biochar application in a tropical,
agricultural region: A plot scale study in Tamil Nadu, India. Applied Geochemistry 26:S218S221.
Mavi, M. S., P. Marschner, D. J. Chittleborough, J. W. Cox, and J. Sanderman. 2012. Salinity
and sodicity affect soil respiration and dissolved organic matter dynamics differentially in
soils varying in texture. Soil Biology & Biochemistry 45:8-13.
Magistad, O. 1945. Plant growth relations on saline and alkali soils. The Botanical Review
11:181-230.
Major, J., C. Steiner, A. Downie, and J. Lehmann. 2009. Biochar effects on nutrient leaching.
Pages 271-282 in Lehmann, J., Joseph, S. (Eds.). Biochar for environmental management:
Science and Technology. Earthscan, London.
Major, J., M. Rondon, D. Molina, S. J. Riha, and J. Lehmann. 2010. Maize yield and nutrition
during 4 years after biochar application to a Colombian savanna oxisol. Plant and Soil
333:117-128.
Masulili, A., and W. H. Utomo. 2010. Rice husk biochar for rice based cropping system in
acid soil 1. The characteristics of rice husk biochar and its influence on the properties of acid
sulfate soils and rice growth in West Kalimantan, Indonesia. Journal of Agricultural Science
2:39-47.
Meyer, S., R. M. Bright, D. Fischer, H. Schulz, and B. Glaser. 2012. Albedo impact on the
suitability of biochar systems to mitigate global warming. Environmental Science &
Technology 46:12726-12734.
Merry, R. H., L. R. Spouncer, R. W. Fitzpatrick, P. J. Davies, D. A. Bruce, T. McVicar, L.
Rui, and J. Walker. 2002. Regional prediction of soil profile acidity and alkalinity. Aciar
Monograph Series 84:155-164.
Navia, R., and D. E. Crowley. 2010. Closing the loop on organic waste management: biochar
for agricultural land application and climate change mitigation. Waste Management &
Research 28:479-480.
Nguyen, B. T., and J. Lehmann. 2009. Black carbon decomposition under varying water
regimes. Organic Geochemistry 40:846-853.
Novak, J. M., W. J. Busscher, D. L. Laird, M. Ahmedna, D. W. Watts, and M. A. Niandou.
2009. Impact of biochar amendment on fertility of a South-eastern coastal plain soil. Soil
Science 174:105-112.
Owojori, O. J., and A. J. Reinecke. 2009. Avoidance behaviour of two eco-physiologically
different earthworms (Eisenia fetida and Aporrectodea caliginosa) in natural and artificial
saline soils. Chemosphere 75:279-283.
20

UNU Land Restoration Training Programme

Pearson, W. B. 1967. A handbook of lattice spacings and structures of metals and alloys.
Rondon, M. A., J. Lehmann, J. Ramírez, and M. Hurtado. 2007. Biological nitrogen fixation
by common beans (Phaseolus vulgaris L.) increases with bio-char additions. Biology and
Fertility of Soils 43:699-708.
SAS. 2013. The SAS system for Windows, release 6.1 M.1. SAS Institute, Cary, North
Carolina.
Scheer, C., R. Wassmann, K. Butterbach-Bahl, J. P. Lamers, and C. Martius. 2009. The
relationship between N2O, NO, and N2 fluxes from fertilized and irrigated dry land soils of
the Aral Sea Basin, Uzbekistan. Plant and Soil 314:273-283.
Shen, J. p., L. m. Zhang, Y. g. Zhu, J. b. Zhang, and J. z. He. 2008. Abundance and
composition of ammonia‐oxidizing bacteria and ammonia‐oxidizing archaea communities of
an alkaline sandy loam. Environmental Microbiology 10:1601-1611.
Song, Y. J., X. L. Zhang, B. Ma, S. X. Chang, and J. Gong. 2014. Biochar addition affected
the dynamics of ammonia oxidizers and nitrification in microcosms of a coastal alkaline soil.
Biology and Fertility of Soils 50:321-332.
Tammeorg, P., A. Simojoki, P. Mäkelä, F. L. Stoddard, L. Alakukku, and J. Helenius. 2014.
Erratum to: Biochar application to a fertile sandy clay loam in boreal conditions: effects on
soil properties and yield formation of wheat, turnip rape and faba bean. Plant and Soil
379:389-390.
UNCCD (United Nations Convention to Combat Desertification). 1999. National action
programme to combat desertification in Republic of Uzbekistan. URL
http://www.unccd.int/ActionProgrammes/uzbekistan-eng1999.pdf [accessed on 18 April
2014].
Xia, W., C. Zhang, X. Zeng, Y. Feng, J. Weng, X. Lin, J. Zhu, Z. Xiong, J. Xu, and Z. Cai.
2011. Autotrophic growth of nitrifying community in an agricultural soil. The ISME Journal
5:1226-1236.
Yamato, M., Y. Okimori, I. F. Wibowo, S. Anshori, and M. Ogawa. 2006. Effects of the
application of charred bark of Acacia mangium on the yield of maize, cowpea and peanut, and
soil chemical properties in South Sumatra, Indonesia. Soil Science and Plant Nutrition
52:489-495.
Yanai, Y., K. Toyota, and M. Okazaki. 2007. Effects of charcoal addition on N2O emissions
from soil resulting from rewetting air-dried soil in short-term laboratory experiments. Soil
Science and Plant Nutrition 53:181-188.
Yuan, J.H., R.K. Xu, and H. Zhang. 2011. The forms of alkalis in the biochar produced from
crop residues at different temperatures. Bioresource Technology 102:3488-3497.
Zhang, J. N., F. Lu, C. H. Luo, L. M. Shao, and P. J. He. 2014. Humification characterization
of biochar and its potential as a composting amendment. Journal of Environmental SciencesChina 26:390-397.
21

UNU Land Restoration Training Programme

Zimmerman, A. R., B. Gao, and M.-Y. Ahn. 2011. Positive and negative carbon
mineralization priming effects among a variety of biochar-amended soils. Soil Biology and
Biochemistry 43:1169-1179.
Van Zwieten, L., S. Kimber, S. Morris, K. Y. Chan, A. Downie, J. Rust, S. Joseph, and A.
Cowie. 2010. Effects of biochar from slow pyrolysis of papermill waste on agronomic
performance and soil fertility. Plant and Soil 327:235-246.
Verheijen, F. G., L. Montanarella, and A. C. Bastos. 2010. Sustainability, certification, and
regulation of biochar. Pesquisa Agropecuária Brasileira 47:649-653.
Verheijen, F. G., S. Jeffery, M. van der Velde, V. Penížek, M. Beland, A. C. Bastos, and J. J.
Keizer. 2013. Reductions in soil surface albedo as a function of biochar application rate:
implications for global radiative forcing. Environmental Research Letters 8:04-4008.
Warnock, D. D., D. L. Mummey, B. McBride, J. Major, J. Lehmann, and M. C. Rillig. 2010.
Influences of non-herbaceous biochar on arbuscular mycorrhizal fungal abundances in roots
and soils: Results from growth-chamber and field experiments. Applied Soil Ecology 46:450456.
Wong, V. N. L., R. C. Dalal, and R. S. B. Greene. 2008. Salinity and sodicity effects on
respiration and microbial biomass of soil. Biology and Fertility of Soils 44:943-953.
The World Bank group. 2014. Data. Annual population growth. URL
http://data.worldbank.org/indicator/SP.POP.TOTL/countries/UZ?display=graph [accessed on
29 September 2014].

22

