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Overview

This module looks at sustainable soil and land management in the context of climate change. It provides technical
knowledge on the concepts of sustainable soil management and examines how wide-scal e implementation of
climate-smart soil and land management practices could enhance climate change adaptation and mitigation. The
module also highlights the types of institutions and policies that are important for supporting the broader adoption
of sustainable soil and land management practices.

Chapter B7-1 provides an overview of the benefits that can be gained from the successful implementation of
sustainable soil and land management practices by increasing the contribution soils can make to building resilient
agricultural ecosystems capable of coping with the impacts of climate change and mitigating these impacts. Chapter
B7-2 describes the modalities for the adaptive planning of soil and land resources, and how to select the most
appropriate practices for a given context based on the assessment of soil and land resources; provides examples of
sources of technical information for decision-makers at different levels; and presents tools to enhance the
effectiveness of measure to implement and scale up sustainable soil and land management practices. Chapter B7-3
looks at soil and land management practices that support climate change adaptation and mitigation by sequestering
carbon sequestration in the soil, reducing greenhouse gas emissions and intensifying production. Expanding the
uptake of climate-smart sustainable soil and land management practices requires not only technical knowledge, but
also a supportive enabling environment. Chapter B7-4 offers some thoughts on how to create this enabling
environment and remove the barriers to the expansion of climate-smart sustainable soil and land management.
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Key messages

¢ Knowing the status and the potential of soil and land resources is fundamental for making decisions about
sustainable soil and land management practices that can contribute to climate-smart land use.

¢ Soilsthat have been degraded are at much greater risk from the damaging impacts of climate change. Land
degradation itself isadriver of climate change and exacerbates its impacts. The rehabilitation of degraded
soils, which can be achieved by enhancing soil organic carbon and soil biodiversity, avoiding soil
compaction and reducing soil erosion, provides a major opportunity for mitigating climate change.

¢ The proper selection of sustainable soil and land management options for a given agricultural production
system provides an opportunity to implement measures that strengthen climate change adaptation and
mitigation and build the resilience of the agricultural ecosystem.

e Integrated soil and land management practices can create optimal conditions for the sustainable production
of food, fibre, fodder, bio-energy, tree crops, and livestock, and safeguard or enhance the ecosystem services
agricultural production systems depend on.

¢ The successful implementation of sustainable soil and land management measures requires a supportive
enabling environment that can increase the availability of technical expertise and address the barriers that
hinder the wider adoption of these measures.

e Support is needed by all stakeholders to implement the Voluntary Guidelines on Sustainable Soil
Management and increase the contribution the management of soil and land resources makes to building
climate-smart agricultural systems.

Sustainable soil and land management and climate change

Asaresult of climate change, land degradation and losses in biodiversity, soil has become one of the world's most
vulnerable resources (FAO and ITPS, 2015a and 2015b). Addressing soil and land degradation is a core challenge
for sustainable development. Soil and land degradation has adverse impacts on ecosystem services that help
safeguard food security, maintain water quality and availability, protect human health and establish the basis for a
range of socio-economic activities. Sustainable soil and land management practices that are adapted to the local
biophysical and socio-economic conditions can provide options for enhancing the interactions among soil, water,
livestock and plants, which can prevent, slow or stop soil degradation and mitigate the impacts of climate change
(Lal, 2013).

Sustainable land management refersto:

the use of land resources, including soil, water, animals and plants, for the production of goods to meet changing
human needs, while simultaneously ensuring the long-term productive potential of these resources and the
maintenance of their environmental functions (United Nations Earth Summit, 1992).

Sustai nable land management includes measures that are suited to the specific biophysical and socio-economic
conditionsin a given area for the protection; promote the conservation and sustainable use of soil, water and and
genetic diversity; and restore or rehabilitate degraded natural resources and revitalize the ecosystem functions.

Soil management is considered sustainable if:
the supporting, provisioning, regulating, and cultural services provided by soil are maintained or enhanced

without significantly impairing either the soil functions that enable those services or biodiversity. The balance
between the supporting and provisioning services for plant production and the regulating services of the sail
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provides for water quality and availability and for atmospheric greenhouse gas composition is a particular
concern (FAO, 2015a, p.4).

Further definitions of relevant concepts are provided in Box B7.1.

Chapter B7-1.1 looks at the challenges that climate change presents for the sustainable management of soil and
land resources. Chapter B7-1.2 considers the opportunities that sustainable soil and land management offers for
fostering climate change adaptation and mitigation.

Box B7.1 Key conceptsin sustainable soil and land management

Soil'is the foundation on which plants establish themselves and grow, and the basis for crop, forest and
livestock production. Soil provides nutrients and water that are taken up through plant roots and contribute
to the hydrological cycle and atmospheric gases. The diversity of life and abundance of biological activity
that exist within the soil are greater than those in any other terrestrial ecosystem.

Soil health is a precondition that enables the soil to provide the basic services for supporting plant growth
and contributing to the regulation of nutrient, water, carbon and gaseous cycles. Soil health, and hence
soil's productivity, are inextricably linked to its physical, chemical and biological properties. Of particular
importance are its mineral composition, organic matter content, soil biodiversity and associated biological
activity.

L and as defined by the United Nations:

is a delineable area of the earth’ s terrestrial surface, encompassing all attributes of the biosphere
immediately above or below this surface including those of the near-surface climate, the soil and terrain
forms, the surface hydrology (including shallow lakes, rivers, marshes, and swamps), the near-surface
sedimentary layers and associated groundwater reserve, the plant and animal populations, the human
settlement pattern and physical results of past and present human activity, such as terracing, water
storage or drainage structures, infrastructure, buildings (UN, 1994).

The interaction between the different components of |and resources determines the productivity and
sustainability of any land-use system (Ziadat and Bayu, 2015). Land productivity depends directly on soil
productivity and health. Healthy soils provide plants with the support and nutrients they need to grow and
provide the foundation for agricultural production systems. A favourable climate and suitable
management are needed to sustain production and help withstand the impacts of climate change. An
imbalance in one or more of the components of land resources and their interactions will reduce the
production capacity of the agricultural ecosystem and increase its vulnerability to climate change (Figure
B7.1).

Sustainable soil and land management practices provide options to manage soil, water, and plants, and
their interactions under a specific set of biophysical and socio-economic conditions. Unfavourable
climatic conditions, which may result from climate change and variability, coupled with the
mismanagement or misuse of resources |ead to degradation and vulnerability. Human activities can have a
positive impact. For example, making a sound initial determination about how the land will be used and
implementing sustainable land management practices will enhance sustainability and build resilience to
change (Figure 7.1). Understanding which components of the land resources are at risk is vital for
selecting and putting into practice the most efficient and affordable measures for reducing these risks.

L and resources planning, which helps ensure that initial choices about land use are appropriate and
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subsequent soil and land management practices are sustainable, is an entry point for hel ping decision-
makers and communities to achieve climate-smart land use.

Figure B7.1 - Land resour ce components
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B7-1.1 Theimpacts of climate change impact on soil and land resour ces - the need for
sustainable management

In cropping, grazing and forest systems, climate change and variability may affect soil health and its effects on
plant growth in a number of ways.

¢ Reduced or erratic rainfall, and more frequent and severe periods of drought lower the capacity of soilsto
make water and nutrients available to plants.

* Moreintense extreme weather events, along with higher evaporation and transpiration rates, will lead to
increased erosion by water and wind, and accel erated runoff; reduce groundwater recharge; and reduce the
availability of soil moisture for plant growth.

» Higher soil surface temperatures will increase the rates of mineralization of soil organic matter and impair
the soil’ s capacity to sequester carbon and retain water, which will ultimately limit plant growth.

¢ Higher temperatures cause soil salinization and increase the evaporation rates and the accumulation of salts
(e.g sodium chloride, calcium and magnesium sulfate and chloride) in the soil surface layers. Salinization
can hinder plant growth and reduce yields on productive agricultural lands. High levels of soil salinity can
be tolerated only if salt-tolerant (halophytic) plants are grown with properly managed irrigation and drainage
systems. In almost every irrigated areain the world, the groundwater is affected to some extent by salinity
(Palaniappan and Gleick, 2009; FAO, 2011). When there is a predominance of sodium ions, soils can
become sodic. This presents particular challenges, as sodic soils tend to have very poor structure that limits
or prevents water infiltration and drainage, and exacerbates the risk of water stagnation and erosion (see

Chapter B7-3.2).

Some soil properties, such as soil texture', are more resistant to change, or change very slowly over time. Other
properties and functions, such as soil organic matter and soil organic carbon content (see Chapter B7-3.3), soil

structure”, base saturation and nutrient availability, soil organism populations, and pH", are more easily affected by
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environment changes, including those associated with climate, and prevailing land management. Soil organic
carbon and carbon stocks above and below ground are included in the monitoring of Sustainable Development Goal
indicator 15.3.1 for determining the proportion of land that is degraded out of the total land area. The physical
properties of the soil affect how the soil will respond to climate change. These properties determine the proper
management practices that need to be adopted to to maintain the delivery of soil ecosystem services, such as storing
water, supplying nutrients to plants, sequestering carbon and reducing greenhouse gas emissions. Understanding
these properties will enable agricultural producers and other land users to adapt to climate change and mitigate its
impacts.

B7-1.2 The impacts of soil and land resour ces on climate change - the need for sustainable
management

Soil hosts the largest terrestrial carbon pool, and the biogeochemical processes that take place in the soil regulate
the exchange of greenhouse gases with the atmosphere (Scharlemann et al., 2014). These processes and emissions
are strongly affected by land use, land-use change, vegetation cover and soil management (Chapter B7-2.1). The
stocks of soil organic carbon in the upper soil layers are particularly responsive to these influences, and their
careful management provides an opportunity to reduce the concentration of greenhouse gases in the atmosphere.

Sustainable crop, grazing and forest systems can sequester substantial amounts of carbon from the atmosphere and
storeit in soils and vegetation (Figure B7.2). The mechanisms underpinning terrestrial carbon sequestration are
described in Box B7.3.

Sustainable soil and land management interventions that are designed to increase soil organic matter should be
accompanied by actions that address the drivers of degradation and help preserve existing soil carbon stocks,
particularly in soils with high soil organic carbon content (see Box B7.2) (Smith et al., 2014).

FigureB7.2. Estimates of global soil organic carbon (tonnes’ha of carbon) from the
amended Harmonized World Soil Database.

Source: Hiederer and Kocky, 2011
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Carbon sequestration in soils will contribute to climate change adaptation and mitigation. It will also make
agricultural production systems more sustainable; increase the overal resilience of agricultural ecosystems; and
maintain the ecosystem services that are supported by soils (FAO and ITPS, 2015a; FAO, 2016a). The ecosystem
services that the soil can provide and the soil functions that support these services are listed in the image below.
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There are many aready proven soil management practices that can help farmers adapt to the likely adverse effects
of increasing weather variability and climate change, and that can, in many cases, also reduce agricultural
greenhouse gas emissions (see case study B7.1). The widespread adoption of these practices has the potential to
make amajor contribution to the achievement of national food security and development goals. Chapter B7-3
provides a summary of these practices. Figure B7.3 outlines the principles for climate change adaptation and
mitigation on which these practices are based. Chapter B7-3 looks at the importance of assessing the needs and
vulnerabilities of farming communities, and providing incentives for the adoption of sustainable agricultural
systems with the greatest production, mitigation and adaptation potential.
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Figure B7.3. Soil management to enhance climate change adaptation, mitigation and
resilience.
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Strategiesfor sustainable soil and land management for climate-smart
agriculture

Land resources planning should help producers, policy makers and other stakeholders select the most appropriate
land uses for agiven area. It should also help create conditions that allow for the adoption of sustainable soil and
land management practices that promote the conservation of soil and land in healthy landscapes and ecosystems,

and restore degraded land (FA O, 2017b). See module A3 on integrated landscape management.

Chapter B7-2.1 looks at the use of systematic assessments of land potential as a means of identifying optimal land
uses suitable for a specific set of economic and social conditions that can contribute to climate change adaptation
and mitigation. Chapter B7-2.2 presents databases of practices that have been identified for major land-use systems
that can help agricultural producers and other land users select adapted management practices for particular
environmental conditions and problems that can enhance agricultural resilience and support climate-smart
agriculture. These tools can also provide guidance to decision-makers who are looking to ensure that the use of
land resources is based on its natural potential, avoids overexploitation and prevents any further degradation.
Chapter B7-2.3 describes tools that can support the implementation and scaling up of sustainable soil and land
management practices for climate-smart agriculture. Chapter B7-3 describes the sustainable soil and land
management practices that are most pertinent in this regard.

B7-2.1 Assessment of the status of soil and land resour ces

The assessment of the status of soil and land resources hel ps decision-makers understand the extent and
effectiveness of existing or potential sustainable land management measures on soil conservation and land
recovery; trends in land conversion and alternatives for optimal land use; and the type, extent and severity of


http://www.fao.org/climate-smart-agriculture-sourcebook/concept/module-a3-landscapes/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b7-soil/chapter-b7-2/ar/#c549053
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b7-soil/chapter-b7-2/ar/#c549054
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b7-soil/chapter-b7-3/ar/

various land degradation processes.

There are various types of assessments that are suited to different purposes.

Soil assessments

Knowing the status and condition of soils and their properties is fundamental for making sound decisions about
sustainable soil management practices that can contribute to climate-smart land use. It is crucial to carry out soil
assessments, including on-site visual assessments and soil surveys, analyse the data and information, and make soil
maps (FAO, 2008). Participatory field observations need to be backed up by laboratory testing for specific
properties. Various conventional and digital mapping tools should be used to extrapolate the findings across arange
of soil and terrains, vegetation types, and/or agro-ecological zones. Ideally, soil information will be made available
as continuous maps that emphasise the soil’ s geographic position and attributes. Visual soil assessments should
also involve land users and be supported by technical experts to assess the soil's physical properties (e.g. texture,
structure, water holding capacity and dispersion) and chemical properties (e.g. pH, nutrients and salinity). Soil test
kits for quantitative chemical characterizations are available in many countries or can be ordered online. FAO has
developed Visual Soil Assessment Field Guides for annual crops, olive orchards, orchards, vineyards and wheat.
The United Sates Department of Agriculture has also developed a soil quality test kit for nine soil parameters
(USDA and NRSC, 1998). However, the kit does not include any facility to analyse the labile soil organic carbon
fraction, which are the parts of soil organic carbon that are the most rapidly oxidized by microbial activity, and
which release carbon dioxide into the atmosphere. These labile fractions of soil organic carbon are important to
study in their own right, as they drive the soil food web and gresatly influence nutrient cycles and biologically-
related soil properties. The use of dilute, slightly alkaline potassium permanganate and calcium chloride and a
colorimeter represents a simple method of estimating changes in biologically active soil organic carbon. This
procedure can be conducted in the field and may provide an early indication of soil degradation or how
management practices are affecting soil quality (Weil et al., 2003).

Regional assessments of soil change

The Status of the World's Soil Resources (SWSR) is areference document that provides global and regional
assessments of soil change. It includes, for example, the hazards posed by the thawing of permafrost soils and their
connection with climate change. The status report looks at the ten major soil threats to ecosystem functions, goods
and services: soil erosion, soil organic carbon loss, nutrient imbalance, soil acidification, soil contamination,
waterlogging, soil compaction, soil sealing, salinization, and loss of soil biodiversity. It also describes direct and
indirect pressures on soils and the ways and means to combat soil degradation. A synthesis report for policy makers
summarizes the major findings, conclusions and recommendations (FAO and I TPS, 2015a).

Assessment of land use, land degradation and land management pr actices

Slowing or stopping soil and land degradation is a core challenge for sustainable development. The degradation of
soil and land has adverse impacts on food security, water quality and availability, human health, and social and
economic activities (FAO and ITPS, 2015b). Addressing soil and land degradation through the sustainable
management of soil and land and building up soil organic matter offers tremendous potential for climate change
adaptation and mitigation.

The Land Degradation Assessment in Drylands (LADA) and The World Overview of Conservation Approaches
and Technologies (WOCAT) toolset facilitates a participatory process with land users and experts for carrying out
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national and local assessment of land degradation and existing land management practices; selecting the most
suitable practices for the given local context; and assessing, documenting and sharing results through the WOCAT
database (FAO, 2012). A harmonized set of methodologies for the assessment of land use, land degradation and
land management practices have been developed at global, national, subnational and local levels.

At the national and regional level, the assessment of the status, causes and impacts of land degradation, as well as
the status and impacts of conservation measures and sustainable land management practices are assessed by major
land-use systems. The toolset includes the production of land-use system maps and a multidisciplinary,
participatory expert assessment of these maps, which is guided by the guestionnaire for mapping.

The main purpose of LADA-L ocal level assessment manual isto provide a standard methodologica approach and a
toolkit for assessing, in collaboration with local stakeholders and communities, local land degradation processes,
their causes and impacts. The LADA approach a so assesses the extent to which natural resources, such as soil,
water and vegetation, and landscapes and ecosystems are being conserved and/or improved through sustainable
land management practices. The approach can also be used to assess the impact of implementing sustainable land
management in improving the status of land resources. The methodology is documented in the two interlinked parts
of the LADA-Local level assessment manual:

Part 1 - Planning and Methodological Approach, Analysis and Reporting (available in English, Chinese, French
and Spanish)

Part 2 - Field Methodology and Tools (available in English and French)

B7-2.2 Information systemsthat support the selection of sustainable soil and land
management practices

The selection of suitable sustainable soil and land management practicesis a clearly acritical element for the
success of any implementation programme designed to foster climate-smart agriculture. For a given set of
biophysical and socio-economic conditions, the key question is: what are the potential technologies or practices that
the farmers and other land users could adopt that would enable them to better adapt to the impacts of climate
change and mitigate these impacts? Practitioners need information to facilitate the selection of suitable practices
from avariety of aternatives that have been developed locally and globally. Listed below are three examples of
information systems that can provide guidance in this area.

o The World Overview of Conservation Approaches and Technologies (WOCAT) is an established global
network that supports innovation and decision-making processes in sustainable land management. The
overal goal of the WOCAT Network isto unite international effortsin knowledge management and decision
support for scaling up sustainable land management among all stakeholders, including national
governmental and non-governmental institutions and international and regional organizations and
programmes. The network providestools that allow sustainable |and management specialists to identify
what actions are needed and where, and share their knowledge in land management. These tools assist
specialistsin their search for appropriate sustainable land management technol ogies and approaches; support
them in making decisionsin the field; help them in planning measures to promote the adoption and scaling
up of identified best practices. WOCAT provides the users with over 500 technologies and approaches that
have been documented around the world and in various agricultural ecosystems and socio-economic
settings. This also provides assistance to agricultural producers and other land users in choosing the most
appropriate sustainable land management practices. WOCAT has also prepared a questionnaire on climate
change adaptation. The questionnaire can be used to assess experienced and projected exposure of a given
technology or practice to gradual climate changes and climate-related disasters (see module C5 on the
synergies between disaster risk reduction and climate-smart agriculture); define and assess the experienced
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and projected risks and potentials, and the sensitivity of the technology or practice; and determine the
experienced and projected adaptive capacity to gradual climate changes and climate-related disasters. The
results can provide assistance to agricultural producers and other land usersin selecting a sustainable land
management technology that will enhance their adaptability under the current prevailing conditions and
under various climate change scenarios.

¢ Technologies and Practices for Small Agricultural Producers (TECA) is a platform where users can find
practical information on agricultural technologies and practices that can help small-scale producersin the
field. The platform includes technologies and practices in crop and livestock production, forestry, fisheries
and aguaculture, marketing and other areas. All the TECA technologies and practices have been tested
and/or adopted by small-scale producers, are easy to replicate, and can be expected to increase production in
a sustainable way. A number of these technologies and practices can also help small-scale agricultural
producers adapt to climate change. The TECA Exchange Groups are online forums where the members can
ask questions and connect with experts, practitioners and producers, share experiencesin thefield, and learn
how to implement technologies and practices. The TECA platform facilitates the sharing and exchange of
knowledge to support small-scale producersin selecting and adopting practical and sustai nable management
practices.

o Aspart of the Global Soil Partnership (GSP), the Eurasian Soil Partnership Secretariat has established
initiatives to facilitate targeted research and partnerships between scientists and local and national
beneficiaries. These partnerships form a stable basis for long-term collaborative engagement to scale up the
implementation sustainable soil management practices. Thematic areas for sustainable soil management
practices are: the assessment of soil salinity; innovations for soil salinity management; practices and
methods for the restoration of saline soils; guidelines and training modules for soil salinity management; the
economic assessment of ecosystem services provided by soilsin saline ecosystems; and the environmental
impact assessment of sustainable soil management practices on soil ecosystem servicesin salt-affected
landscapes.

B7-2.3 Toolsto support implementation and scaling out of sustainable soil and land
management

A substantial amount of experience has been gained about technical practices that have been tested and fine tuned
for the optimal management of soil, water and land resources. These practices can reduce land degradation and
enhance adaptation to climate change. However, the adoption of these technologies by farmersis remains less than
what is needed to achieve tangible impacts. Thisis partially due to the lack of a proper enabling environment to
support the uptake of technical solutions (see Chapter B7-4), and alack of toolsto ensure the selection and proper
implementation of techniques and technologies suitable for the specific set of biophysical and socio-economic
conditions under consideration. Identifying potential areas where specific technologies can be implemented with
high chance of success significantly facilitates the scaling up of these technologies (Ziadat et al., 2015).

In many cases, the selection and implementation of improved technologies do not usually take into consideration
the specificities of the agricultural ecosystem. Consequently, the efficiency of the technology transfer programmes
remain low. The concept of 'benchmarking' has been proposed as an approach that can help identify areasthat are
similar to those where the improved technologies were developed (Ziadat et al., 2014). This approach starts with
the selection and characterization of abenchmark site in an agricultural ecosystem. Improved technologies are then
developed and evaluated at this site. After the evaluation, similar areas to the benchmark site are selected within a
targeted area for scaling up the technol ogies.

Similarity analyses are used to find areas with characteristics that match those of the area where farmers tested, fine
tuned or implemented a particular set sustainable soil and land management technologies. The generation of
'similarity maps requires the formulation of an agreed 'expert similarity criteria, which is defined by an
interdisciplinary team using the available datasets. These criteria are specific for certain area. Among the factors
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used to develop these criteria are the soil, climate, land use, and water resources. Land ownership type and size
must be also included in the criteria. Suitability analyses are used within the similar areas to identify areas where
the water and land management packages that have been developed can be applied with a high probability of
success. The professionals, planners, and decision-makers can use the information and products generated from
these analyses to identify suitable technologies for the targeted areas and/or communities. A follow up socio-
economic analysis would be needed at the community level before implementing the interventions. The
interventions should be abetted by a proper enabling environment that can provide incentives to communities to
adopt the proposed changes. The results of these efforts should help decision-makers, planners, and donors identify
areas for scaling up sustainable water and land management interventions.

Sustainable soil and land management for climate-smart agriculturein
practice

This chapter provides examples of sustainable soil and land management practices that are designed to protect and
restore soils and soil biodiversiy, control soil erosion control, sequester soil carbon and optimize water
management in the soil.

B7-3.1 Preventing and mitigating land degradation

The world' s soils are seen as having a high potential for carbon sequestration because soil organic carbon content
can be conserved, restored and increased through appropriate land uses and agricultural management practices that
can be applied at the landscape level (Cors et al., 2012). However, initiating the carbon sequestration process on
degraded soilsis aslower process as the soil microbial population that drives the soil organic carbon and nutrient
cycling requires specific nutrient ratios that take time to achieve (Stevenson, 1986). In addition, degraded soils are
at much greater risk from the damaging impacts of mismanagement and climate change. Their vulnerability isa
result of seriouslossesin soil organic matter and soil biodiversity, which undermine soil resilience; greater soil
compaction; and increased rates of soil erosion and a higher incidence of landslides. Land degradation isitself a
major cause of climate change (Scherr and Sthapit, 2009b).

Unsustainable land management practices that degrade soils include tillage-based crop production systems;
simplified crop rotations that lead to soil nutrient mining; the improper application of fertilizers; inappropriate
irrigation practices; overstocking, overgrazing and burning of rangelands; inefficient grazing methods; and the
overexploitation or clearance of wooded and forest lands.

The widespread restoration of degraded soilsis crucia for sequestering carbon and supporting the productive
capacities of the world' s croplands, rangelands and forests. Soil organic carbon sequestration can be achieved by
reducing erosion (Chapter B7-3.2) and preserving and increasing soil organic matter in the soil (Chapter B7-3.3).

Equally important is the prevention of the conversion of vulnerable land for unsustainable uses. Intensive land uses
are expanding into areas where soil organic carbon stocks are less resilient.

¢ Semi-arid savannas and grasslands, tropical rainforests and peatlands are being converted to arable land at an
increasing rate.

¢ Temperate humid grasslands rel ease about 30 percent of their soil organic carbon after 60 years of
cultivation (Tiessen and Stewart, 1983; Guo and Gifford, 2002).

¢ In semi-arid environments, the cultivation of tropical forest soils causes more than 60 percent of original soil
organic carbon stocksto be lost in only afew years (Brown and Lugo, 1990). Converting native vegetation
or pasturesto cropland depletes soil carbon stocks by 30 percent in less than five years (Zach et al., 2006;
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Noellemeyer et al., 2008). In the Amazon rainforest, establishing pastures on cleared forest emits between 8
and 12 tonnes of carbon dioxide per hectare (Fearnside and Barbosa, 1998; Cerri et al., 2007).

e Inarid and semi-arid areas, soil organic carbon is undergoing significant changesin the aftermath of series
of different combinations and sequences of land-use changes.

Changesin soil organic carbon depend on the management practices associated with land use and the time since the
current land-use system was established (Mohawesh et al., 2015). Assessments of land resources (Chapter B7-2.1)
are needed to help identify the effects of land-use changes and associated management practices on the dynamics of
soil organic carbon and support the formulation of sustainable land management plans. Such assessments will
identify hotspots in terms of the degradation of soil, water and biodiversity) and climate change, and bright spots
where sustainable land management practices are generating multiple ecosystem benefits. Land-use planning can
then be used to determine the most suitable land uses and provide policy support or incentives to reduce land
conversion and promote the adoption of sustainable practices, with particular attention given to peatlands (Box
B7.2 and drylands that are more vulnerable to human intervention and climate change. See also module C3 on
policy and programmes for climate-smart agriculture.

.................................................................................................................

Box B7.2 Peatlands as climate change mitigation hotspots - towar ds wiser
management

Peatlands are ecosystems where greenhouse gas emissions can often be reduced in a cost-effective
manner. Peatlands or ‘organic soils' have a substantial layer of organic matter near the surface. Unlike
mineral soils, most pristine peatlands are wet during most of the year. Peatlands, which are found in
amost every country in the world, contain 30 percent of the world’s soil carbon but cover only three
percent of the global land area (Joosten, 2009; Victoriaet al., 2012). Draining a part of a peat dome or
excessive irrigation lowers the water table in the entire peatland area and causes greenhouse gas
emissions. Drained peatlands and fires in drained peatlands are responsible for amost one-quarter of the
carbon dioxide emissions from the land-use sector (Joosten, 2009; Victoriaet al., 2012).

There has been arapid growth in emissions from peatlands as they have been drained for forestry, food
crops and cash crops, such as oil palm. In many cases, for example in Ukraine and Southeast Asia, the
cultivation of peatlands has led to their serious degradation, subsidence and abandonment. Abandoning
peatlands significantly increases the risk of fires.

To reduce greenhouse gas emissions from peatlands, it is essentia to determine their status; whether they
are pristine, drained, abandoned or in productive use. The main approaches for reducing emissions from
peatlands include:

e conserving undrained peatlands;

e rewetting drained peatlands using blocking canals and grids;

e increasing the productivity on the existing farmland to reduce the pressure to drain peatlands for
agriculture or forestry; and channelling the expansion of agricultural land to areas with mineral
s0ils; and

e managing peatlands, if they cannot be rewetted, in ways that maintain soil carbon. (FAO, 2014)

Rewetted peatlands (Figure B7.4) can provide income and other benefits to local communities by
supporting forestry and agricultural cultivation under wet conditions, a practice known as paludiculture.
Paludiculture, which can be carried out wherever there are marketabl e plants and animals living in wet
conditions, can produce biomass for bioenergy, feed for livestock, fibre, building materials and food, such
as nuts and berries. In Southeast Asia, natural rubber is collected from Jelutung paludiculture. Local
communities are earning up to half of their income from raising fish in the blocked grids alongside the
rubber production (FAO and Wetlands International, 2012). Paludiculture represent the only sustainable
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mode of agricultural production on peatlands. There are, however, technical and socio-economic
constraints that can prevent drained peatlands from being rewetted. In such cases, the negative
environmental and socio-economic impacts of peatland use can be limited, for example, by choosing
crops that are adapted to high soil moisture; minimizing drainage as much as possible to reduce peat
oxidation and land degradation; and reducing the use of fertilizers.

Source: Hans Joosten and Maria Nuutinen

Figure B7.4. Raisingthewater levelson drained peatlands by blocking ditches can
be done with low-cost techniques and local materials. Dam in a channel in
Mentangai, |ndonesia

B7-3.2 Controlling soil erosion

Sail erosion is process that is causing widespread and serious environmental degradation. Erosion removes afield’s
original topsoil, reducing the thickness of the soil surface, which isthe most productive part of the soil profile, and
causing losses of soil organic matter (Mohawesh et al., 2015).

Tillage-induced soil erosion isamajor cause of the severe soil carbon loss and soil translocation in upland
landscapes (Lobb et al., 1995; Lobb and Lindstrom, 1999; Reicosky et al., 2005). Even on gradual slopes, alkaline
soils for example, may suffer from dispersion or crusting that will increase surface runoff and the risk of soil
erosion. The redistribution of soil within fields caused by tillage erosion may lead to high erosion rates on knolls,
exceeding 30 tonnes per hectare per year and to depasition rates in hollows and at downslope field borders,
exceeding 100 tonnes per hectare per year. These rates are not directly comparable to wind or water erosion rates,
as soil eroded by tillage will not leave the field. However, tillage erosion may significantly reduce crop
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productivity on knolls and near downslope field or terrace borders (FAO and ITPS, 2015b).

Intense rains can cause devastating soil erosion on cultivated lands on moderate to steep slopes where runoff rates
are high and the ground has inadequate vegetative cover. Increased incidences of windstorms accelerate the loss of
fertile soil by blowing soil particles off the fields or onto other fields.

Soil erosion by rainfall and surface runoff, and wind can be prevented or substantially reduced with conservation
agriculture, and minimum- or no-tillage farming, combined with arange of soil and water conservation measures
that include optimizing vegetative cover with adapted species; using rotational grazing to sustain the quality of
rangeland vegetation; enhancing the roughness of the soil surface with clods and tied ridges; contour farming using
bunds and diversion ditches; and planting windbreaks perpendicular to the prevailing winds.

On steeper slopes, soil erosion control requires additional measures, including reducing the degree and length of
slopes with progressive and bench terracing; planting cross-slope vegetation; using soil and water conservation
structures, such as terraces, earth bunds and tied ridges to optimize water capture and infiltration; and creating
grassed waterways to convey excess water safely off the slopes. Erosion control mats and blankets (geotextiles),
preferably biodegradable ones, offer immediate soil protection, and in some cases, these products may be an
economic option for erosion control. In different parts of the world, biological geotextiles have proven to be highly
effective for controlling soil erosion and supporting above-ground biomass production (Bhattacharyya et al., 2009;
Bhattacharyya et al., 2011; Bhattacharyya et al., 2012a; Ghosh et al., 2016).

B7-3.3 Managing Soil Organic Matter for soil carbon sequestration

Organic matter in the soil is made up of dead plant and animal materialsin various stages of decomposition. It does
not include fresh and undecomposed plant material lying on the soil surface, which isknown as litter. As explained
in Box B7.3, soil organisms break down the organic matter so they can use it as food. In doing so, they release
excess nutrients into the soil in formsthat plants can use. The organic matter that these organisms cannot digest is
reorganized into soil organic matter, which is less decomposable than the original plant and animal material (Figure
B7.5). Soil organic matter primarily contains organic carbon (on average 58 percent), but also nutrientsthat are
essential for plant growth, and some inorganic carbon. Soil organic matter acts as a sink for atmospheric carbon, in
that it sequesters carbon from the atmosphere. Soil organic matter also enhances soil structure by binding the soil
particles together as stable aggregates, which influence the soil’ s physical properties (e.g. aggregation, water
holding capacity, water infiltration and aeration) and chemical fertility (e.g. nutrient availability). The
characteristics of soil organic matter have an impact on the overall biological resilience of agricultural ecosystems.
The greater the soil organic matter content, the greater the soil biodiversity. Higher levels of biodiversity in the soil
accelerate the processes involved in breaking down dead and decaying organic matter into humus and making
nutrients available for plant growth (Charman and Roper, 2000; Bot and Benites, 2005; Bhattacharyyaet al.,
2012b; Bhattacharyya et al., 2012c).

Sail carbon stocks and the mitigation potential they provide depend on the agro-climatic zone, the type of land use
and the intensity of use (Figure B7.2). The rate of soil organic matter decomposition and turnover depends
primarily on the combined effects of the soil organisms, temperature, moisture and the soil's chemical and physical
composition. It is also affected by the previous land use and natural resource management practices, particularly the
mechanical disturbance of the soil. When assessing carbon sequestration, rates should always refer to the specific
association of soil and vegetation and definite carbon pools, as each carbon category has a very different turnover
rate. For instance, carbon accumulated in the first ten yearsis young and highly oxidizable, but becomes more
stable over time. To assess the effects of management practices on soils, it is a so necessary to use areference base
for similar soil types under the same climatic conditions. Undisturbed soils under natural vegetation should be used
as a benchmark and used when making a comparison with the soils affected by human activities. In this context, it
isimportant to emphasise that only data from similar agro-ecological zones can be compared because the rate of
conversion of the carbon content in crop residues into soil organic matter is strongly related to the climate, and the



rates achieved under different climatic conditions are not directly comparable (Corsi et al., 2012).

Box B7.3 Nutrient turnover and terrestrial carbon sequestration

Terrestrial carbon sequestration occurs in standing biomass (e.g. trees), long-term harvested products (e.g.
lumber), living biomass in soil (e.g. perennial roots and microorganisms), recalcitrant soil organic matter
in soil (e.g. humus), and inorganic carbon in the subsoil (e.g. carbonates) (Johnson et al., 2007). Organic
and inorganic carbon pools in soils are generally the most long-lived terrestrial reservoirs for sequestering
carbon (Figure B7.5).

Photosynthesis represents the largest transfer of carbon (through carbon dioxide) in the carbon cycle.
Through photosynthesis, plants draw carbon dioxide out of the air to form plant tissues (carbohydrates).
When dead plant and animal material (i.e. organic matter) is returned to the soil, it decomposes. The
decomposition of organic matter is abiological process carried out by soil organisms that involves a series
of stepsthat lead to the mechanical breakdown (comminution), the chemical breakdown (mineralization),
and the biochemical reorganization of complex structures and molecules (polymers). Only the indigestible
fraction of carbon (i.e. carbohydrates, lignins, tannins, aromatic amino acids and waxes) enters into the
formation of stable soil organic matter (humification).

By transforming organic compounds into inorganic compounds, and breaking down carbon structures and
rebuilding new ones or storing carbon into their own biomass, the microbial population acts as functional
engine for the turnover of organic matter and the release of nutrients to the soil. It is this microbial
population that is responsible for enabling the soil to provide crops with nutrients.

When decomposing soil organic matter, the soil organisms release nitrogen in the form of ammonium
ions, potassium, calcium, magnesium and a range of other nutrients necessary for plant growth and the
organisms' activities. Plants obtain many of their nutrients from soil by ‘ cation exchange', whereby root
hairs exchange hydrogen ions with the cations (positively charged ions) adsorbed in the soil particles.
Clay soils have a higher cation exchange capacity and a structurally greater potential chemical fertility
than silty soil and sandy soils.

Nitrogen is a nutrient that deserves specia attention. It plays akey rolein plant metabolism and growth,
but it can also be a cause of pollution when it leachesin the form of nitrates into the water table. Nitrogen
can also be released from the agricultural ecosystem in the form of nitrous oxide - a potent greenhouse
gas.

Source: Sandra Corsi, Feras Ziadat

Figure B7.5. Organic matter turnover
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Mainstream agricultural production systems that do not rely on biogechemical cycles do not ensure the sustained
productivity of soils.

e Over the past 50 to 100 years, tillage-based agricultural practices have caused soil organic carbon levelsin
many regions to decline by one to three percent, which has caused soil degradation. As shown in Table B7.1,
athree percent lossin soil organic carbon not only represents a significant loss of water storage (432 000
litres per hectare), but al so represents nearly 400 tonnes of extra carbon dioxide per hectare emitted into the
atmosphere. The loss of soil organic carbon and water holding capacity is associated with a range of
practices, including the elimination of perennial groundcover, repetitive cultivation and tillage, continuous
grazing, bare fallows, the removal of crop residues and grassland burning.

¢ Intensive monoculture, in combination with the high use of external inputs, has been an approach farmers
have adopted to achieve the highest possible yields with minimal labour. However, the production of
energy-intensive mineral fertilizers and pesticides is a major source of greenhouse gas emissions. Moreover,
when incorrectly applied, these inputs leach into water resources, and the resulting water contamination has
seriously harmful effects on ecosystems and human health.

With agricultural intensification, farmers are increasingly supplementing organic fertilizers (e.g. manure, compost
and plant residues) with inorganic or synthetic fertilizers, which deliver the required crop macronutrients (e.g.
nitrogen, phosphorus, potassium, calcium, magnesium and sulphur) and micronutrients (e.g. boron, chlorine,
copper, iron, manganese, molybdenum, zinc and nickel). Nitrogen fertilizers are the most widely used fertilizers
and deliver huge benefitsin terms of productivity, especially in nutrient-depleted soils. However, asindicated in
Table B7.1, these fertilizers can cause environmental damage in the form of greenhouse gas emissions and nitrate
pollution (Scherr and Sthapit, 2009b).

The calculation of these figuresis based on a conservative estimate that one part of soil organic carbon retains four
parts of soil water.Change in soil organic matter content.

Changein soil organic
matter content Extra water

[9%] [kg] [litreshm?] [litres/ha] [t/ha]

Extra soil organic matter Carbon dioxide sequester ed
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Changein soil organic

Extra soil organic matter Carbon dioxide sequester ed

matter content Extra water
1 3.6 14.4 144000 132
2 7.2 28.8 288000 264
3 10.8 43.2 432000 396

Source: Jones, 2006a and 2006b

Integrated soil fertility management practices seek to maximize the efficiency in the use of nutrients and water.
They does this by balancing the use of organic matter obtained on the farm or from other sources as a soil
amendment with the judicious use of nutrients from mineral fertilizers; and reducing nutrient losses by
synchronizing the supply of nitrogen with crop demands through sound agronomic practices, including soil and
water conservation measures. Examples of integrated soil fertility management practices include:

¢ making changes in the rates, timing and type of nitrogen fertilizer applications; and using slow release
fertilizers that control the formation of nitrates;

¢ adding nitrification inhibitors containing ammonium to fertilizer;

e practicing no-tillage farming, while maintaining continuous soil cover and rotating cropping patterns, which
provides enough structural carbohydrates (e.g. lignin) along with nitrogen to allow the nitrogen produced
from decaying surface residues to be released more slowly and contribute to the growth of the following
crop and minimize nutrient losses (Huggins et al., 1998; Gregorich et al., 2001; Gal et al., 2007).

Thisform of agriculture, known as conservation agriculture, considerably reduces nitrate leaching (Macdonald et
al., 1989). Thisis because, unlike mechanical tilling practices, conservation agriculture does not disrupt the
stabilization and formation of soil aggregates (Bhattacharyya et al., 2013). Soil aggregates protect the nitrogen
from micraobia enzymes, decreasing mineralization and the subsequent production of nitrates. The cover cropsin
the rotation take up the nitrogen and keep it from being lost from the soil. At the same time, unused mineralized
nitrogen remains distributed within smaller pores and is not washed out of the soil (Gors et al., 1993; Bergstrom,
1995; Davies et al., 1996). However, where no-tillage is used without cover crops and with herbicides to manage
weeds, the effects on nitrogen uptake and reduced leaching, as well as on yields, may be less evident (Das et al.,
2014).

Greater efficiency in the management of production inputs reduces wastage and the amounts used, which can lower
greenhouse gas emissions. Additional efficiency gains can be achieved through the climate-smart practices
presented in module B1 for crop production, module B2 for livestock production and module B5 for integrated
systems and summarized in Table B7.2. The use of biochar as a carbon sequestration practice may be an option, but
it remains controversial (see Box B7.4).

Box B7.4 Biochar

Biochar is a stable, carbon-rich form of charcoal that can be produced by pyrolysis, a processin which
biomass is heated with little or no oxygen (Sparkes and Stoutjesdijk, 2011). Possible biomass sources for
biochar include milling residues (e.g. rice husks, sugar cane bagasse); crop and logging residues; biofuel
crops; municipa wastes; and animal manure. The suitability of biomass for biochar production depends
onitslignin content (Eagle et al., 2012).

Biochar, dueto its porous nature, high surface area and its ability to absorb soluble organic matter and
inorganic nutrients, is thought to offer benefits for sustainable agricultural productivity. It increases
biological activity and improves the efficiency of nutrient use, which reduces nitrous oxide emissions and
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increases carbon sequestration. Prommer et al. (2014) found that biochar increased total soil organic
carbon but decreased the extractable organic carbon pool and soil nitrate. They concluded that the addition
of inorganic nitrogen fertilizer in combination with biochar could compensate for the reduction in organic
nitrogen mineralization.

Biochar is arelatively new, and the physical properties of biochar are highly variable. The cost
effectiveness of using biochar depends on the biomass source and distance to the pyrolysis plant. In many
contexts, it is not an economically viable option. Also, not all soils or crops show the same improvements
when biochar is applied, and there may be risks associated with increased soil alkalinity. In the long term,
the application of biochar may affect soil fertility, reduce the efficacy of some agricultural chemicals, and
inhibit microbial processes due to the production of ethylene. More research is needed on the potential
benefits and risks of its use in agricultural soils.

Source: FAO, 2013

B7-3.4 Improving water use and management in agriculture

As climate change has an impact on every element of the water cycle, particular attention should be placed on using
water efficiently.

Water storage in the soil depends on many factors, including the amount and intensity of rainfall, soil depth, soil
texture (e.g. clay content), soil structure, soil temperature, and the content and type of soil organic carbon. Different
soil types, textures and structures have different degrees of water permeability and offer different levels of
protection for soil organic matter. Within the soil, stable forms of soil organic carbon, such as humus, can hold up
to 7 times their own weight in water. A soil that has a crumbly structure, which breaks easily into separate lumps
and clumps, will absorb water more quickly than one that is compacted. Sandy soils are the least productive soils.
They have a non-reactive chemical nature and, as they are highly permeable, have alow capacity for retaining
water. They also offer limited protection to soil organic matter compared to soils with a higher proportion of silts
and clays, which can attract and retain water and nutrients through chemical processes.

Soil management can increase water infiltration, strengthen the capacity of the soil to store water and reduce soil
water evaporation.

« Groundcover management can have highly significant effects on soil surface conditions, soil organic matter
content, soil structure, porosity, aeration, bulk density. This has a direct influence on infiltration rates, the
water storage potential of the soil and water availability to plants.

¢ Roots, and the organisms that thrive in undisturbed soils create channels that improve soil porosity and the
water infiltration rate.

e Minimizing soil compaction increases the effectiveness of rainfall, enhances productivity, reduces erosion
and the dispersion of soil particles, and lowers the risks of waterlogging. Compacted soils or soilswith a
hardpan may waterlog easily and then dry out quickly.

¢ Sandy soils can be managed productively even in hot, dry climates by adding organic matter (e.g. green
manure, animal manure, composted material) and, in irrigated systems, supplying nutrients through drip
irrigation.

The good management of soil-crop-water interrelations can maintain and increase soil organic matter, improve the
soil’ s nutrient retention capacity and enhance soil biodiversity. Thisintegrated management can create optimal
conditions for crop production, while simultaneously increasing the resilience of production systemsto climate
change.
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In crop production systems, good management practices to increase soil organic matter include:

o direct seeding (no-tillage) in combination with protective soil cover, crop diversification and crop rotation;

e the elimination of the burning of crop residues,

« integrated soil fertility management to increase the soil's nutrient retention capacity and the availability on
nutrients to plants;

o the precise management of nitrogen;

e integrated pest management, which includes the sustainable use of herbicides.

« the construction of soil conservation structures, such as stone and earth terraces and bunds, and check dams;

e irrigation or partia irrigation where needed or possible (see module B6 on water management);

e the harvesting and proper use of rainwater;

o the development of reliable sources of information and extension services that are tailored to local

conditions; and

appropriate soil erosion control practices

In grazing systems, soil organic matter can be increased through controlled grazing, which reduces the degradation
of vegetation and restores grassland diversity. Reducing burning to the absolute minimum also increases soil
organic matter. However, on common property lands, burning is often a preferred strategy to enhance phosphorus
and encourage the growth of young plants for grazing animal's (also see module B2 on livestock). Case study B5.2
presents details on the * Quesungual Slash and Mulch Agroforestry System’, an aternative to slash and burn
practices.

Integrated crop and livestock systems can be used to enhance soil fertility. An example of an integrated system on
doping uplandsis presented in case study B7.2. Pasture cropping, a practice where an annual crop is grown out-of-
phase with perennial pasture, builds soil at higher rates than perennial pastures alone. Thisis due to the fact that
there is ayear-round transfer of soluble carbon to the root zone and the humification process is maintained during
the period when the perennial crop is not growing (Cluff and Seis, 1997).

To increase the amount of water in the soil, rainwater harvesting and irrigation can be used. These are addressed in
module B6 on water management. Case study B7.3 presents an indigenous system of soil and water management
for rice production.

The following practices and approaches have been selected as good management practices that can contribute to
climate change adaptation and mitigation. Progress in this areawill require embracing an ecosystem approach that
fosters the integrated management of soil and land resources and takes into consideration the interactions among
water, crops, forests, livestock and other components of the ecosystem.
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'Business-as-usual' practices

Soil fertility management through synthetic

fertilizers

- The manufacturing, processing and applying
synthetic nitrogen fertilizers emit considerable
greenhouse gases. Mechanical incorporation of

fertilizers through ploughing, or minimum tillage, for
example, disrupts the soil and the formation of new

aggregates. It also encourages microbial activity,

which contributes to the rapid mineralization of soil

organic matter.

- Fertilizers may contain hazardous by-products that
can accumulate in the soil and may pollute the soil

and groundwater.

- Soil micro-organisms mineralize organically-bound

nitrogen and release ammonia, which in turnis
transformed into ammonium ions, and further
nitrified into nitrates (Jiang and Bakken, 1999).
Nitrate ions can be leached from the soil through
drainage.

- In oxygen-limited soils, denitrifying organisms will
reduce nitrates to nitrous oxide, a greenhouse gas
with about 300 times more warming effect than that

of carbon dioxide.

Soil tillage for annual crops

Tillage is done to control weeds and loosen the soil.
However, when loose soil isleft under the impact of
rain, wind and heat, the topsoil gets eroded. This

lowers the natural content of soil organic matter,

reducing soil fertility and releasing carbon dioxide.
It also reduces the presence of soil organisms (e.g.
earthworms, fungi), which limits the soil's capacity

toregain itsfertility.

Tillage a'so typically develops a compacted layer

(hardpan), which impedes plant root growth and
rainwater infiltration.

Soil puddling in rice paddy systems

Climate-smart practices for
climate change adaptation

Climate-smart practicesfor climate
change mitigation

Integrated soil fertility management

- Maximizing the use of organic
matter sources (e.g. compost, animal
manure and green manure) is a cost-
efficient means to replenish soil
organic matter content.

- Enhancing nutrient efficiency
through crop rotations or
intercropping with nitrogen-fixing
crops, and the judicious and precise
use of soil amendments and nutrients
reduces nutrient inputs and |osses.

Conservation agriculture

- Reducing the input of synthetic nitrogen
fertilizers reduces carbon dioxide emissions
that result from their production, and nitrous
oxide emissions that result from their
application of these inputs and consegquent
ammonia volatilization.

- Using enhanced efficiency fertilizers (e.g.
slow-release fertilizers or fertilizerswith
urease or nitrification inhibitors) reduces
ammoniavolatilization and nitrous oxide
emissions.

- Using appropriate placement of nitrogen
fertilizer near the zone of active root uptake,
and synchronizing the timing of nitrogen
fertilizer application with plant nitrogen
demand reduces inputs, decreases nutrient
losses and |owers greenhouse gas emissions.
- Improving methods and rates of manure
application (e.g. applying solid rather than
liquid manure, applying manure to dry rather
than wet soils and when air temperatures are
low) reduces greenhouse gas emissions.

Conservation agriculture reduces:

- carbon dioxide emissions from tractor use, as

Conservation agriculture increases the the farm power requirements are lower and

resilience of the farming systemsin a
number of ways.

- Soil is kept fertile and protected
from erosion and evaporation.

- Water and nutrients are used
efficiently. Ground cover slows down
the flow of water on the surface,
allowing it to soak and infiltrate into
the soil, where it remains available
for the crop.

- The elimination of pre-seeding
operations allows maximum
timeliness and flexibility in planting
to accommodate weather conditions.
Pre-seeding operations can be
avoided by sowing seeds directly into
the standing stubble of the previously
harvested crop, or seeding while
mechanically terminating the
previous cover crop.

Systems of Rice I ntensification

fewer passes across the field are needed.

- carbon dioxide emission from the production
of farm machinery, as the required equipment
issmaller and has alonger life;

- carbon dioxide emissions from the soil
relative to those released by tillage.

These 'carbon savings exceed the carbon costs
related to the use of chemical herbicides for
weed control.

Conservation agriculture also has the potential
to sequester soil organic carbon. Maximum
rates of sequestration are achieved in the first
5 to 20 years after carbon-enhancing changes
in land management have been implemented.
Sequestration rates then decrease until soil
organic carbon stocks reach a new equilibrium
after 20 to 30 years (Lal, 2004; IPCC, 2007;
FAO, 2017). The point at which equilibriumis
reached depends on soil texture and
composition. Until this point is reached, an
exponential relationship between the
application and accumulation of soil organic
matter can be expected in most soils (Jacinthe
et al., 2002; Six et al., 2002).
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Climate-smart practices for Climate-smart practicesfor climate

Business-as-usual’ practices climate change adaptation change mitigation

Soil fertility management through synthetic

fertilizers Integrated soil fertility management

Systems of Rice Intensification reduce
greenhouse gas emissionsin rice cultivation.
Also the timely flooding of rice paddies, or
the cultivation of rainfed lowland ricein
flooded fields with periods of non-
submergence can help save water and reduce
methane emissions. However, this practice
also may have the potential to increase nitrous
oxide emissions.

Systems of Rice Intensification,
Flooded rice fields represent one of the main sources : which reduce the use of water, also
of methane emissions. bring benefitsin terms of productivity
and adaptation.

Extensive grazing Improved grazing management (see module B2 for more details)

- Improved grazing management on
pastures or rangelands may involve
reducing stocking rates; avoiding
grazing during drought periods; and
Many extensive grazing systems are suffering from : improving the duration and timing of
overgrazing and serious reductions in the grazing and its frequency. This
biodiversity of above-ground vegetation. Thisisa  increases the protection of the soil
result of declining land availability and overstocking : surface by living and decomposing

due to inadequate livestock management. Thisis vegetation; increases soil organic

leading to a decline of soil quality in rangelands, carbon; and supports wider soil Compared with more highly productive
which is marked by a depletion of biomass, the ecosystem services. Applying pasture, rangelands have low carbon

erosion of topsoil by water and wind, the loss of soil : fertilizer or other inputs can also sequestration rates when measured on a per
organic carbon and a reduction of ecosystem increase annual net primary unit of production basis. However, because of
services. Thisis accompanied by a decline in soil productivity. the vast areas they cover, their carbon
structure and resilience (e.g. through loss of deep - The practice of rotational grazing, ::sequestration potential remains high.

rooting species that can cycle nutrients and water which involves regularly moving

from deep in the soil profile). Excessive trampling of : livestock between paddocks,

the soil by livestock, particularly around watering intensifies grazing pressure for a

points, further damages the soil structure and inhibits: relatively short period of time (e.g. 1

its ecosystem functions. to 3 days for ultra-high stocking
density or 3 to 14 days for typical
rotational grazing), but leaves arest
period for regrowth in between

rotations.
Livestock waste management Sustainable mixed farming systems
When conventional stockless arable farmsbecome  Mixed farms or close cooperation between crop and livestock operations—a common
dependent on the input of synthetic nitrogen practice in most forms of sustainable farming, especially organic ones— can
fertilizers, manure and slurry from livestock become :‘contribute considerably to climate change mitigation and adaptation. Different forms
an environmental problem. In these livestock of compost, especially composted manure, are also particularly useful in stimulating
operations, the availability of nutrients becomes soil microbia processes and building up stable forms of soil organic matter

excessive and over-fertilization may occur. Inthis (Flieffbach and Mé&der, 2000).

situation leaching is likely to lead to water pollution : On-farm use of farmyard manure, which is a practice that has been increasingly
and high emissions of carbon dioxide, nitrous oxide :‘@andoned in conventional production, needs to be reconsidered in light of climate
and methane. change.

Creating an enabling context and removing barriersfor adoption of
sustainable soil and land management

Fostering the uptake of sustainable soil and land management is a complex process. It involves not only providing
technical options suitable for different conditions, but also managing barriers to adoption and establishing
supporting policies and institutions to ensure successful scaling up of successful practices. It also requires
investments in identifying and promoting appropriate production systems that can simultaneously reverse or
minimize degradation, conserve above- and below-ground biodiversity, sequester carbon, reduce greenhouse gas
emissions and ensure sustained productivity.
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To promote the principles and guidelines on sustainable soil and land management and support their transition into
sound policies and activities at all levels, the 39" Session of the FAO Conference adopted the revised World Soil
Charter as a normative measure. The principles contained in the revised Status of the World's Soil Resources were
elaborated on in the Voluntary Guidelines for Sustainable Soil Management under the Global Soil Partnership
(FAO and ITPS, 2015a and 2015b; FAO, 2016a). The Voluntary Guidelines for Sustainable Soil Management,
which take into account evidence provided in the Status of the World' s Soil Resources report, recognize that
sustaining soil biodiversity and ecosystem services provides many benefits to people and the environment,
including strengthening climate change adaptation and mitigation. The Guidelines highlight the importance of soils
as anon-renewable natural resource and the importance of sustainable soil management as an integral part of
sustainable land management. They provide areference document for generally accepted, practically proven and
scientifically based principles to promote sustainable soil management; and offer guidance to all stakeholders on
how to trangdlate the principlesinto practice. They also include the core characteristics of sustainably managed soils,
key challenges and potential solutions to address them.

The technical guidelines addressin particular the main soil threats that hamper sustainable soil management. They
highlight the need to minimize soil erosion; enhance soil organic matter content; foster soil nutrient balance and
cycles; prevent, minimize and mitigate soil salinization and alkalinization, soil contamination, soil acidification and
soil compaction; preserve and enhance soil biodiversity; minimize soil sealing; and improve soil water management
to prevent waterlogging.

The impacts of climate change are complex and will affect natural resources and ecosystems in different waysin
different places. It isimportant that communities understand the implications of these potential impactsin their
own areas and can adapt to them. There is a need to enhance farmers’ knowledge and innovations and develop the
capacity of local agricultural producers and other land users to manage their soil systemsin ways that build
resilience and allow them to continually innovate and adapt to changing climatic conditions and changesin
production systems. Thiswill involve building on practical farming skills through observation, personal
experiences and knowledge sharing. Examples of potential climate-smart practices include breeding locally adapted
seeds and livestock, using organic fertilizers, such as compost, manure, and green manures, and managing soil
moisture.

To scale up climate smart sustainable soil and land management practicesit isvital to understand and analyse the
various barriers that hinder farmers from adopting these practices. The barriers for sustainable soil and land
management adoption vary from one area to another, and most importantly, from one agricultural ecosystem to
another.

Some of the common barriers are the lack of sufficient technical information on sustainable soil and land
management technologies; the poor quality of agricultural extension, including forecasting systems; an absence of a
multidisciplinary, integrated landscape approach to land resource management and land-use planning; inadequate
financial resources and access to credit; insufficient technical and management capacities; lack of promation of
crop diversification, including inadequate seed supplies and limited dissemination of information about market
conditions; and institutional disconnection at various levels on issues related to land, soil and water management.

Specific barriers for the adoption of sustainable soil and land management in irrigated agroecosystems are the lack
of developed input and output market institutions, and the lack of farmer awareness or training in the use of
appropriate soil and water management practices.

In rainfed agricultural ecosystems, farmers are also generally unaware or untrained in the use of appropriate soil
conservation practices. Other barriers to adoption include the lack of land resources and land-use planning and
monitoring; alack of mechanisms to implement laws and |egislations; and the shortage of labour, working capital
and capital assets, such as machinery.

In rangelands, common barriers to adoption are the absence of policies and mechanismsto regulate land
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management (e.g. pasture leasing mechanisms or agreements between land users); lack of economic and
management capacities, particularly among individual household pastoralists; and the limited public awareness of
rangeland degradation issues and approaches. This module as considered the tools and approaches to tackle some
of these barriers. Barriers related to institutions and capacity development are addressed in module C1; extension
servicesin module C2; and policiesin module C3.

Conclusions

Healthy soils are fundamental for sustained agricultural productivity and the maintenance of vital ecosystem
processes and services. To cope with climate change, the different types of crop, livestock and forest production
systems, and the specific practices used to manage them, need to be adapted to take into account the diversity and
current status of soils, terrain and climatic conditions.

Diversified production systems and land uses will conserve the diversity of plant and animal species and varieties
in the agricultural ecosystem; provide diverse habitats for beneficial predators and pollinators; and reduce farmers
risk and vulnerability in situations where one or more crops fail or other farming enterprises collapse. Practices that
maintain or increase soil organic carbon from year to year through the management of soil organic matter will bring
'triple win' benefits. They will create productive soils that are richer in carbon, require fewer chemical inputs,
maintain vital ecosystem functions, and mitigate climate change. There is a need to shift away from specialized
high-input systems towards an ecosystem approach for the management of land, soil, water and living resources ——
an approach that promotes conservation and sustainable use in an equitable way, lowers the need for external
production inputs and cuts down on the greenhouse gas emissions that are linked to these inputs. Integrated
production systems reduce the use of inorganic fertilizers and their associated greenhouse gas emissions, diversify
farm outputs, sustain yields and reduce vulnerability to the impacts of climate change and other shocks.

A variety of sustainable soil and land management practices are available to enhance climate change adaptation and
mitigation. Planning tools are needed to help land users select the most appropriate practices for their particular
conditions. Palicies and financial mechanisms that establish a conducive enabling environment will foster a greater
uptake of sustainable soil and land management practices, and ensure that they have awider impact on building
resilient agricultural systems.

Acknowledgements

Coordinating lead author: Feras Ziadat (FAO)

Contributing authors: Rainer Baritz (European Environment Agency - EEA), Sally Bunning (FAO), Sandra Corsi
(FAO), Hans Joosten (FAO), Maria Nuutinen (FAQ), Stefan Schlingloff (FAO), Ronald Vargas (FAO), Lied
Wiese (FAO).

Reviewers: Ranjan Bhatacharya, Tala Darwish (Center for Remote Sensing), Gunay Erpul (Ankara University),
Freddy Nachtergaele, Carolyn Opio (FAO), Brajendra Parmar, Bruno Telemans (FAO), Debra Turner (FAO),
Dharmesh Verma, A K Vishwakarma (ICAR-Indian Institute of Rice Research).

Notes: Thismodule is an update of Module 4 Soils and their management for Climate-Smart Agriculturein the
Climate-Smart Agriculture Sourcebook (2013) written by Sally Bunning (FAO), Sandra Corsi (FAO) and Ronald
Vargas (FAO).


http://www.fao.org/climate-smart-agriculture-sourcebook/enabling-frameworks/module-c1-capacity-development/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/enabling-frameworks/module-c2-supporting-rural-producers/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/enabling-frameworks/module-c3-policy/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b1-crops/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b2-livestock/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b3-forestry/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b3-forestry/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b5-integrated-production-systems/ar/
http://www.fao.org/climate-smart-agriculture-sourcebook/production-resources/module-b5-integrated-production-systems/ar/

Refer ences

Bergstrom, L. 1995. Leaching of dichlorprop and nitrate in structured soil. Environmental Pollution, 87: 189- 195.

Bhattacharyya, R., Fullen, M .A., Booth, C.A., Kertesz, A., Toth, A., Szalai, Z., Kozma, K., Jakab, G., Jankauskas,
B., Jankauskiene, G., Buhmann, C., Paterson, G., Mulibana, E., Nell, J.P., van der Merwe, G.M .E., Guerra, A.J.T., Mendonca,
JK.S, Guerra, T.T., Sathler, R, Bezerra, J.F.R., Peres, SM., Yi, Z., Yongme, L ., Li, T., Panomtarachichigul, M. Peukrai, S., Thu,
D.C.,Cuong, T.H. & Toan, T.T. 2011. Effeciveness of biological geotextiles on soil and water conservation in different agro-environments.
Specia Issue. Land Degradation and Devel opment: The use of biological geotextiles, 22: 495-504.

Bhattacharyya, R., Fullen, M.A., Davies, K., & Booth, C.A. 2009. Utilizing palm leaf geotextile matsto
conserve loamy sand soil in the United Kingdom. Agriculture, Ecosystems & Environment, 130: 50-58.

Bhattacharyya, R., Pandey, S.C., Bisht, J.K., Bhatt, J.C., Gupta, H.S,, Tuti, M.D., Mahanta, D., Mina, B.L .,
Singh, R.D., Chandra, S, Srivastva, A.K. & Kundu, S. 2013. Tillage and irrigation effects on soil aggregation
and carbon poolsin the Indian sub-Himalayas. Agronomy Journal, 105: 101-112.

Bhattacharyya, R., Tuti, M.D., Kundu, S, Bisht, J.K. & Bhatt, J.C. 2012a. Conservation tillage impacts on soil
aggregation and carbon poolsin asandy clay loam soil of the Indian Himalayas. Soil Science Society of America
Journal, 76: 617-627.

Bhattacharyya, R., Tuti, M.D., Bisht, J.K. Bhatt, J.C. & Gupta, H.S. 2012b. Conservation tillage and fertilization impacts on soil
aggregation and carbon poolsin the Indian Himalayas under an irrigated rice-wheat rotation. Soil Science, 177: 218-228.

Bhattacharyya, R., Zheng Yi, Li Yongmei, Tang, Li, Panomtarachichigul, M. Peukrai, S., Dao Chau Thu,
Tran Huu Cuong, Truong Thi Toan, Jankauskas, B., Jankauskiene, G., Fullen, M.A., Subedi, M. & Booth,
C.A. 2012c. Effects of biological geotextiles on aboveground biomass production in selected agro-ecosystems.
Field Crops Research, 126: 23-36.

Bot, A. & Benites, J. 2005. The importance of soil organic matter key to drought-resistant soil and sustained food
production. FAO Soils Bulletin. No. 80. Rome, FAO.

Brown, S. & Lugo, E. 1990. Tropical secondary forests. Journal of Tropical Ecology, 6: 1-32.

Cerri, C.E.P., Easter, M., Paustian, K ., Killian, K., Coleman, K., Bernoux, M., Falloon, P., Powlson, D.S,,
Batjes, N.H., Milne, E. & Cerri, C.C. 2007. Predicted soil organic carbon stocks and changesin the Brazilian
Amazon between 2000 and 2030. Agriculture, Ecosystems and Environment, 122: 58-72.

Charman, P.E.V. & Roper, M.M. 2000. Soil organic matter (SOM). In P.E.V. Charman & B.W. Murphy, eds.
Soils: Their Properties and Management. Oxford University Press. pp 260-270.

Cluff, D. & Seis, C. 1997. Should farmers and graziers be garmers and fraziers? In Landcare Best Practice: 22-23.
Landcare Changing Australia National Conference, Adelaide.



Corsi, S, Friedrich, T., Kassam, A., Pisante, M. & Sa, J.M. 2012. Soil organic carbon accumulation and
carbon budget in conservation agriculture: a review of evidence. Vol. 16. FAO Integrated Crop Management.

Das, T.K., Bhattacharyya, R., Sudhishri, S., Sharma, A.R., Saharawat, Y.S., Bandyopadhyay, K .K., Sepat,
S., Bana, R.S,, Aggarwal, P., Sharma, R.K., Bhatia, A., Singh, G., Datta, S.P., Kar, A., Singh, B., Parmendra,
S, Pathak, H., Vyas, A.K. & Jat, M.L. 2014. Conservation agriculture in an irrigated cotton-wheat system of the
western Indo-Gangetic Plains. Crop and water productivity and economic profitability. Field Crops Research, 158:
24-33.

Davies, D.W., Garwood, T.W.O. & Rochford, A.D.H. 1996. Factors affecting nitrate leaching from a calcareous
loam in east Anglia. Journal of Agricultural Science, 126: 75-86.

Eagle, A.J., Olander, L.P., Henry, L.R., Haugen-Kozyra, K., Millar, N. & Robertson, G.P. 2012. Greenhouse
gas mitigation potential of agricultural land management in the United States: a synthesis of the literature.
Technical Working group on Agricultural Greenhouse Gases Report. Nicholas Institute for Environmental Policy
Solutions, Duke University, Durham, USA.

FAO. 2008. Visual soil assessment (VSA). Field Guides for Annual crops, Olive orchards, Orchards, Vineyards and
Wheat. Rome.

FAO. 2011. The state of the world’ s land and water resources for food and agriculture: managing systems at risk.
Rome.

FAO. 2012. LADA local level manual for the assessment of land degradation and sustainable land management (in
publication). Rome.

FAO. 2013. Climate Smart Agriculture Sourcebook. Rome.

FAO. 2014. Towards climate-responsi ble peatlands management. R. Bianccalani & A. Avagyan, eds. Rome.

FAO. 2015a. Revised World Soil Charter. Rome.

FAO. 2015b. Soil functions and services. [website] Rome.

FAO. 2016. Voluntary Guidelines for Sustainable Soil Management. Rome.

FAO. 2017a. Conservation Agriculture - Training Guide for Extension Agents and Farmersin Eastern Europe and

FA0O.2017b.Land Resources Planning within an Integrated L andscape M anagement context. Land and Water
Division Working Paper No. 14. Rome.



http://www.fao.org/docrep/010/i0007e/i0007e00.htm
http://www.fao.org/nr/lada/index.php?option=com_content&view=article&id=152&Itemid=168&lang=en
http://www.fao.org/docrep/018/i3325e/i3325e.pdf
http://www.fao.org/3/a-i4965e.pdf
http://www.fao.org/resources/infographics/infographics-details/en/c/284478/
http://www.fao.org/resources/infographics/infographics-details/en/c/284478/
http://www.fao.org/3/a-bl813e.pdf
http://www.fao.org/3/a-bl813e.pdf
http://www.fao.org/3/a-i7154r.pdf
http://www.fao.org/3/a-i7154r.pdf
http://www.fao.org/3/a-i5937e.pdf

FAO & Intergovernmental Technical Panel on Sails (I TPS). 2015a. Satus of the World's Soil Resources
(SWSR) - Main Report. Rome.

FAO & ITPS. 2015b. Status of the World's Soil Resources (SWSR) - Technical Summary. Rome.

FAO & Wetlands International. 2012. Peatlands. Guidance for climate change mitigation by conservation,
rehabilitation and sustainable use. H. Joosten, M-L Tapio-Bistrom & S. Tol, eds. Rome.

Fearnside, P.M. & Barbosa, R.I. 1998. Soil carbon changes from conversion of forest to pasturein Brazilian
Amazonia. Forest Ecology and Management, 108: 147-166.

Flie3bach, A. & Méader, P. 2000. Microbia biomass and size density fractions differ between soils of organic and
conventional agricultural systems. Soil Biology and Biochemistry, 32: 757-768.

Gél, A.,Vyn, T.J., Michdli, E., Kladivko, E.J. & Mcfee, W.W. 2007. Soil carbon and nitrogen accumulation
with long-term no-tillage versus moldboard plowing overestimated with tilled-zone sampling depths. Soil and
Tillage Research, 96: 42-51.

Ghosh, B.N., Meena,V.S. Alam, N.M ., Dogra, Pradeep, Bhattacharyya, R., Sharma N.K. & Mishra, P.K.
2016. Impact of conservation practices on soil aggregation and the Carbon Management Index after seven years of
maize-wheat cropping system in the Indian Himalayas. Agriculture, Ecosystems and Environment, 216: 247-257.

Gors, M .J., Howsc, P.W., Lane, P.W., Christian, D.G. & Harris, G.L. 1993. Losses of nitrate-nitrogen in water
draining from under autumn-sown crops established by direct drilling or mouldboard ploughing. Journal of Soil
Science, 44(1): 35-48.

Gregorich, E.G., Drury, C.F. & Baldock, J.A. 2001. Changesin soil carbon under long-term maize in
monoculture and legume-based rotation. Canadian Journal of Soil Science, 81(1): 21-31.

Guo, L.B. & Gifford, R.M. 2002. Soil carbon stocks and land use change: a meta analysis. Global Change
Biology, 8(4): 345-360.

Gupta, V.V.SR., Neate, SM. & Leonard, E.C. 1997. Lifein the soil. Cooperative Research Centre for Soil &
Land Management.

Hiederer, R. & Kochy, M. 2011. Global soil organic carbon estimates and the harmonized world soil database,
79 p. JRC Scientific and Technica reports. Publications office of the European Union.

Huggins, D.R., Clapp, C.E., Allmaras, R.R., Lamb, J.A. & Layese, M.F. 1998. Carbon dynamicsin corn-
soybean sequences as estimated from natural carbon-13 abundance. Soil Science Society of America Journal, 62:
195-203.


http://www.fao.org/3/a-i5199e.pdf
http://www.fao.org/3/a-i5199e.pdf
http://www.fao.org/3/a-i5199e.pdf
http://www.fao.org/3/a-i5126e.pdf
http://www.fao.org/3/a-i5126e.pdf
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2389.1993.tb00432.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1365-2389.1993.tb00432.x/abstract
http://pubs.aic.ca/doi/
http://pubs.aic.ca/doi/
http://eusoils.jrc.ec.europa.eu/esdb_archive/eusoils_docs/other/EUR25225.pdf

Intergover nmental Panel on Climate Change (IPCC). 2007. Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Core Writing Team, Pachauri, R.K. and Reisinger, A. (Eds.). IPCC, Geneva,
Switzerland. pp 104.

Jacinthe, P.A., Lal R., & Kimble, J.M. 2002. Carbon dioxide evolution in runoff from simulated rainfall on long-
term no-till and plowed soils in southwestern Ohio. Soil Tillage Research, 66(1): 23-33.

Jiang, Q.Q. & Bakken, L.R. 1999. Comparison of Nitrosospira strains isolated from terrestrial environments.
FEMSMicrobiol Ecol., 30: 171-186.

Johnson M. S, Weiler M., Couto E. C., Riha S. & Lehmann J. 2007. Storm pulses of dissolved CO2in a
forested headwater Amazonian stream explored using hydrograph separation. Water Resources Research. Vol. 43.
Issue 11.

Jones, C.E. 2006a. Soil carbon’s impact on water retention. In, Soil, Carbon and Water blog. Border Rivers-
Gwydir CMA, Grain & Graze ‘Practical clues for pasture cropping’ workshops.

Jones, C.E. 2006b. Aggregate or aggravate? Creating soil carbon. In, Soil and Carbon Creditsblog. YLAD
Living Soils Seminars.

Joosten, H. 2009. The global peatland CO2 picture: peatland status and emissionsin all countries of the world.
Ede, Netherlands, Wetlands International. 10 pp.

Lal, R. 2004. Soil Carbon Sequestration Impacts on Global Climate Change and Food Security. Science, 304:
1623-1627.

Lal, R. 2013. Soil carbon management and climate change.

Lobb, D. & Lindstrom, M.J. 1999. Tillage translocation and tillage erosion. Poster Presentation at Manitoba Soil
Science Society Meeting. Winnipeg, Canada.

Labb, D., Kachanoski, R.G. & Miller, M.H. 1995. Tillage transl ocation and tillage erosion on shoulder slope
landscape positions measured using 137Cs as atracer. Canadian Journal of Soil Science, 75: 211-218.

Macdonald, A.J., Powlson, D.S., Poulton, P.R. & Jenkinson, D.S. 1989. Unused fertiliser nitrogen in arable
soils-its contribution to nitrate leaching. Journal of the Science of Food and Agriculture, 46: 407-419.

Mohawesh, Y., Taimeh, A., & Ziadat, F. 2015. Effects of land use changes and soil conservation intervention on
s0il properties as indicators for land degradation under a M editerranean climate. Solid Earth, 6: 857-868.

Noellemeyer, E., Frank, F., Alvarez, C., Morazzo, G. & Quiroga, A. 2008. Carbon contents and aggregation


http://www-test.fao.org/http://doi:10.1029/2007WR006359
http://www-test.fao.org/http://doi:10.1029/2007WR006359
http://soilcarbonwater.
http://soilcarboncredits.blogspot.it/2006_03_01_archive.html
http://tinyurl.com/yaqn5ya
http://www.sciencemag.org/content/304/5677/1623.abstract
http://dx.doi.org/10.4155/cmt.13.31
http://www.solid-earth.net/6/857/2015/se-6-857-2015.html
http://www.solid-earth.net/6/857/2015/se-6-857-2015.html

related to soil physical and biological properties under aland-use sequence in the semiarid region of Central
Argentina. Soil & Tillage Research, 99: 179-190.

Palaniappan, M. & Gleick, P.H. 2009. Peak Water. In P.H. Gleick, eds. The World’s Water 2008-2009. The
Biennial Report on Fresh Water Resources. 16 pp.

Prasad, R.N., and Sharma, U.C. 1994. Potential Indigenous farming systems of North eastern Hil region.
Published by Director, ICAR RC NEH Region, Umiam, Meghalaya. 48 pp.

Prommer J., Wanek W., Hofhand F., Trojan D., Offre P. & Urich T. 2014. Biochar Decelerates Soil Organic
Nitrogen Cycling but Stimulates Soil Nitrification in a Temperate Arable Field Trial. PLoOS ONE, 9(1): e86388.

Reicosky, D.C., Lindstrom, M .J., Schumacher, T.E., Lobb, D. & Malo, D.D. 2005. Tillage induced CO2 loss
across an eroded landscape. Soil and Tillage Research, 81(2): 183-194.

Scharlemann, J. PW., Edmund, V.J., Tanner, R. H. & Valerie, K. 2014. Global soil carbon: understanding
and managing the largest terrestrial carbon pool. Carbon Management, 5:1, 81-91.

Scherr, S.J. & Sthapit, S. 2009b. Sustainable land management in Africa. TerrAfrica Climate BriefsNo. 1 & 2.
Washington D.C., Ecoagriculture Partners and World Bank.

Six, J., Conant, R.T., Paul, E.A. & Paustian, K. 2002. Stabilization mechanisms of soil organic matter SOM:
implications for C-saturation of soils. areview. Plant and Soil, 241; 155-176.

Smith P., Bustamante, M., Ahammad, H., Clark, H., Dong, H., Elsiddig, E.A., Haberl, H., Harper, R., House,
J., Jafari, M., Masera, O., Mbow, C., Ravindranath, N.H., Rice, C.W., Robledo Abad, C., Romanovskaya,
A., Sperling, F. & Tubidllo, F. 2014. Agriculture, Forestry and Other Land Use (AFOLU). In O. Edenhofer, R.
Pichs-Madruga, Y. Sokona, E. Farahani, S. Kadner, K. Seyboth, A. Adler, I. Baum, S. Brunner, P. Eickemeier, B.
Kriemann, J. Savolainen, S. Schiémer, C. von Stechow, T. Zwickel & J.C. Minx, eds. Climate Change 2014
Mitigation of Climate Change. Contribution of Working Group 111 to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change. Cambridge, United Kingdom and New-Y ork, USA, Cambridge
University Press.

Sparkes, J. & Stoutjesdijk, P. 2011. Biochar: implications for agricultural productivity. ABARES technical
report, 11.6. Australian Bureau.

Stevenson, F.J. 1986. Cycles of soil. New Y ork, USA, John Wiley and Sons Inc.

Tiessen, H. & Stewart, J.W.B. 1983. Particle-size fractions and their use in studies of soil organic matter: I1.
Cultivation effects on organic matter composition in size fractions. Soil Science Society of America Journal, 47(3):
509-514.


http://www-test.fao.org/http://doi:10.1371/journal.pone.0086388
http://www-test.fao.org/http://doi:10.1371/journal.pone.0086388
http://www.tandfonline.com/doi/abs/10.4155/cmt.13.77
http://www.tandfonline.com/doi/abs/10.4155/cmt.13.77

UN, 1994. Convention on Desertification. Information Program on Sustainable Development, United Nations, New
York, NY, USA.

United States Department of Agriculture (USDA) & Natural Resour ces Conservation Service (NRSC). 1998.
Soil quality test kit guide. Lincoln and Washington D.C., USA, Soil Quality Institute, NRSC, Agricultural Research
Service & USDA.

Victoria, R., Banwart, S., Black, H., Ingram, J., Joosten, H., Milne, E., Noellemeyer, E. & Bask, Y. 2012. The
benefits of soil carbon: managing soil for multiple economic, societal and environmental benefits. UNEP:
Y earbook 2012.

Well, R., Idam, K., Stine, M., Gruver, J.B. & Samson-Liebig, S. 2003. Estimating active carbon for soil quality
assessment: asimplified method for laboratory and field use. American Journal of Alternative Agriculture, 18(1):
3-17.

Zach, A., Tiessen, H. & Noellemeyer, E. 2006. Carbon turnover and carbon-13 natural abundance under land use
change in semiarid Savanna soils of La Pampa, Argentina. Soil Science Society of America Journal, 70(5):
1541-1546.

Ziadat, F. & Bayu, W. 2015. Mitigating Land Degradation and Improving Livelihoods - An Integrated Water shed
Approach. Routledge, Taylor & Francis Group.

Ziadat, F., Berrahmouni, N., Grewer, U., Bunning, S., Bockel, L. & Oweis, T. 2015. Reversing land
degradation in the drylands: scaling out and monitoring proven sustainable land management options. In Living
Land: A co-publication between Tudor Rose and UNCCD for the United Nations Decade for Deserts and the Fight
Against Desertification (2010-2020).

Ziadat, F., Mazahreh, S., Haddad, M., Benabdelouahab, T., Attaher, S., Karrou, M., Owels, T. & Kandakji,
T. 2014. Smilarity and Suitability Analysis to Assist the Out-Scaling of Sustainable Water and Land Management
Practicesin West Asia and North Africa. Research Report No. 11. Beirut, Lebanon, ICARDA. 79 pp.


http://www.unep.org/yearbook/2012/pdfs/UYB_2012_CH_2.pdf
http://www.unep.org/yearbook/2012/pdfs/UYB_2012_CH_2.pdf
https://www.routledge.com/products/9781138785182
https://www.routledge.com/products/9781138785182

