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1 Introduction

Soils have become one of the world’s most vulnerable resources in the face of
climate change, land degradation, biodiversity loss, and increased demand for food
production (FAO and ITPS 2015). Notwithstanding the enormous scientific progress
made in understanding the sustainable management of natural resources, the protec-
tion and monitoring of soil resources from national to global levels face complex
challenges that restrict the design and implementation of on-the-ground policies.
There is yet insufficient global support for meeting these challenges, which vary
widely by region, and therefore for the protection and sustainable management of the
world’s soil resources (FAO 2017b).

Soil organic carbon (SOC) is a major component of soil organic matter (SOM)
and plays a key role in many soil functions: it stabilizes soil structure and improves
aggregation, which reduces soil erosion; improves absorption and retention of
pesticides and other organic pollutants through their immobilization and degrada-
tion; enhances soil fertility by increasing nutrient cycling and storage; buffers crop
production against water shortages by increasing soil porosity and aeration, water-
holding capacity and hydraulic conductivity; and provides a habitat and food source
for soil organisms by improving soil biodiversity and health (Lal 2004; Deb et al.
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2015; FAO 2017a). The role of soils and SOC in the climate system and in the
context of climate change adaptation and mitigation has only been recognized in
recent decades, but it has been validated in various studies, both experimentally and
through modelling (FAO 2017a). In fact, soils constitute the largest terrestrial carbon
pool and play a crucial role in the global carbon balance by regulating dynamic
biogeochemical processes and the exchange of greenhouse gases (GHGs) with the
atmosphere. The preservation and/or increase of SOC stocks are therefore vital not
only to improve general soil health but also to remove carbon dioxide (CO,) from the
atmosphere.

Because of its important role in soils, managing SOC as part of rehabilitating
degraded soils is one of the key strategies for achieving land degradation neutrality
(LDN). The conservation and monitoring of SOC stocks at different levels (national
to global) is as complex as the nature and dynamics of SOC, requiring locally
adapted policies to ensure the effective implementation of relevant practices. The
study of soil organic carbon (SOC) represents a challenge because of its heteroge-
neous horizontal and vertical distribution. It may be present in thousands of organic
compounds with different residence times (e.g., fast/active, slow/intermediate, and
very slow/passive/inert), ranging from hours to millennia (Janzen et al. 1992;
Schlesinger 1997; Gaudinski et al. 2000; Sohi et al. 2001; Lal 2002; Six et al.
2002; Field and Raupach 2004; Schmidt et al. 2011; Schlesinger and Bernhardt
2013; Gougoulias et al. 2014). The magnitude of SOC stocks is spatially and
temporarily variable and is determined by different abiotic and biotic factors
(Weissert et al. 2016). Our ability to detect vulnerable hot spots for SOC losses
and gains and its uncertainty are still limited, and accurate baselines are still missing
for many countries. On the other hand, the countries that do have the information
present a high variability in reported values among authors, caused by the diversity
of different data sources and methodologies. In order to enable comparability, every
nation needs to quantify its SOC stocks in a harmonized way and implement
management practices (designed and implemented for specific site conditions)
aimed at preserving and (wherever possible) increasing' SOC stocks at a global
level. In addition, it is essential to contribute to the generation of basic (i.e.,
measurements of SOC stocks) and specific information (i.e., measurements of
carbon associated with fast-active, slow-intermediate, and very slow/passive/inert
fractions) in order to gain an understanding of the mechanisms whereby SOC is
sequestered and released into a global warming setting.

To elaborate the importance of maintaining and enhancing SOC in achieving
LDN, reducing GHG emissions, and promoting climate change adaptation, the
Global Symposium on Soil Organic Carbon (GSOC17) was held in March 2017 at
the FAO? headquarters in Rome, Italy. The symposium’s outcome document
“Unlocking the Potential of Soil Organic Carbon” (FAO 2017b) defines a global

!The increase of SOC levels in soil require baseline data in order to plan actions and monitoring on
the site in order to verify that the expected effects have been obtained.

*FAO—Food and Agriculture Organization of the United Nations.



Unlocking the Potential of Soil Organic Carbon: A Feasible Way Forward 375

agenda for action in support of SOC protection and management. The document
aims to guide bold actions toward the maintenance and enhancement of SOC stocks
for multiple land uses and users.

In this chapter, we underline the importance of SOC as related to climate change,
human health, food security, and biodiversity. We also discuss the manner in which
the GSP contributes to the study and knowledge of SOC by means of concrete
activities and sound science. In particular, we focus on the implementation of
activities in the GSOC17 outcome document, the input generated during the Global
Symposium on Soil Organic Carbon that defines the way forward in connection with
the measurement, mapping, monitoring, reporting, and preserving and/or increasing
SOC stocks.

2  Why Is SOC Important?

The revised Soil World Charter (FAO 2015, p. 4) states:

Soils are a key enabling resource, central to the creation of a host of goods and services
integral to ecosystems and human well-being. The maintenance or enhancement of global
soil resources is essential if humanity’s overarching need for food, water, and energy
security is to be met. In particular, the projected increases in food, fibre, and fuel production
required to achieve food and energy security will place increased pressure on the soil.

This statement is in line with the need to restore degraded soils and improve soil
health, which was identified as a way to achieve the Sustainable Development Goals
(SDGs) of the 2030 Agenda for Sustainable Development. Specifically, sustainable
SOC management would contribute to SDG 2 on ending hunger, SDG 3 on good
human health and well-being, SDG 15 on life on land or biodiversity, and SDG
13, which tackles climate action (FAO 2017a).

Despite being the largest carbon pool, soil organic carbon stocks are vulnerable to
losses when soil carbon is converted to greenhouse gases: CO, or methane (CHy).
Resulting declines in organic carbon stock negatively affect the soil’s fertility and
climate change regulation capacity. SOC stocks are especially sensitive and respon-
sive to changes in land use, for example, from a natural state to an agricultural
ecosystem or from forest to cropland.

The main causes of SOC losses differ widely between regions as a function of
climate, types of soils, management practices and more. In sub-Saharan Africa, SOC
loss commonly occurs because of the removal of natural vegetation, complete crop
biomass removal from farmlands, and the high rate of organic matter decomposition
by microbial communities, which is increased by higher temperatures. In Asia, SOC
loss occurs mostly because of the use of crop residues as fuel or fodder, as opposed
to returning them to the soil, and the degradation of grasslands. In Europe and
Eurasia, drainage of peatlands has led to organic carbon loss, while in Latin America
and the Caribbean, carbon losses are caused by deforestation, the ploughing of
grasslands, and monoculture. In the Near East and North African region, a high



376 R. Vargas-Rojas et al.

turnover of SOC is mostly caused by high temperatures, along with changes in soil
management practices. In North America, the main concern is the loss of SOC from
northern and arctic soils due to climate change. Lastly, in the Southwest Pacific, the
largest SOC losses have mostly been caused by the conversion of land for agricul-
tural use (FAO and ITPS 2015).

2.1 Human Health and Food Security

SOC is key to maintaining soil fertility, which is crucial in supporting and sustaining
plant growth by providing the nutrients needed for plant uptake and growth (FAO
and ITPS 2015). Supplying nutrients for plant growth is facilitated by many pro-
cesses that are directly related to SOC content. This includes nutrient storage in
SOM, nutrient recycling from organic to plant-available mineral forms, and physical
and chemical processes that control nutrient sorption, availability, and displacement,
as well as nutrient losses to the atmosphere and water (FAO 2017a).

Both SOC and SOM have a significant effect on porosity, soil aggregation, and
structural stability, which are important factors for soil aeration and water infiltra-
tion. A well-aggregated soil structure has an important role not only in decreased soil
erosion and increased infiltration but also in the filtering of contaminants from the
soil (FAO and ITPS 2015). SOC and SOM are therefore both important in regulating
water quality and food production. It is also important to note that water stored in the
soil contributes to 90% of the world’s irrigation water for agricultural production and
is the source of 65% of global fresh water (Amundson et al. 2015). This emphasizes
the importance of SOC for human health and food security through direct contribu-
tions such as plant production and indirectly through the filtering of contaminants
and the provision of fresh water for consumption and irrigation water.

3 Effects of Climate Change on SOC

Temperature and precipitation are the two most important factors in controlling SOC
dynamics (Deb et al. 2015). Temperature is known to increase plant production and
therefore to increase carbon inputs to the soil. However, increases in temperature
(and in precipitation) can also increase the microbial decomposition of SOC, leading
to decreases in SOC stocks worldwide (Keesstra et al. 2016). Figure 1 demonstrates
the effect that an increase in temperatures has on SOC: a loss of soil carbon to the
atmosphere, which would have a considerable impact on climate change (Crowther
et al. 2016). This figure illustrates the carbon-climate feedback: increased tempera-
tures fuel the loss of carbon to the atmosphere, which in turn leads to increased
temperatures.

The Intergovernmental Panel on Climate Change (IPCC) has also projected an
increase in extreme precipitation frequency, as well as an increase in droughts,
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Fig. 1 Spatial extrapolation of the temperature vulnerability of SOC stocks (from Crowther et al.
2016). (a) Global map of the predicted changes in soil carbon stocks at a depth of 0—15 cm under a
1 °C rise in global average soil temperature (under the “no acclimatization” scenario). (b) Total
decrease in the global carbon pool under 1 °C and 2 °C global average soil surface warming by
2050, as expected under a range of soil carbon effect-time scenarios on the x-axis. Effect time means
the rate at which the full soil carbon response to increased temperature is realized. The shaded areas
represent the 95% confidence interval around the average carbon losses for each scenario

leading to considerable effects on ecosystem dynamics (2014). An increase in the
frequency of extreme events could have disastrous consequences, such as increased
and accelerated soil erosion, increase in salinization, and all other degradation
processes, which in turn would increase the loss of SOC, creating a vicious cycle
(FAO 2017a).

There are many uncertainties when trying to make predictions and projections on
the behavior of SOC as a function of climate change. The consequences of human
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actions on the global climate are still uncertain, mostly due to an incomplete
understanding of soil respiration and its representation in Earth system models
(Gougoulias et al. 2014). There is high uncertainty regarding the “priming effect”
on SOM decomposition, which is one of the crucial processes in ecosystem carbon
balances (FAO 2017a). The priming effect refers to an increase in decomposition of
SOC stocks as a result of addition of compounds that are easily degradable (Van der
Wal and De Boer 2017). This limits our predictions of future soil C responses to
climate change as we still do not fully understand the mechanisms and consequences
of the priming effect (FAO and ITPS 2015). Consequently, the uncertainty associ-
ated with any projections that would be made about the effects of climate change on
SOC is increased.

Furthermore, the effect of microbial communities and changes in these microbial
communities on climate change is still being researched and is not yet fully under-
stood (Gougoulias et al. 2014). This adds further uncertainty to any projections as
the behavioral response of these soil microbial communities to climate change is still
unknown. This identifies a need to further study the GHG emissions from soils in
order to better understand their contribution to climate change and the potential
consequences that climate change can have on SOC. To achieve this, the priority has
been set by FAO to have a good knowledge of the current global SOC stock and its
spatial distribution. This information is crucial in informing various stakeholders that
are directly involved with SOC to ensure that they are choosing the right manage-
ment practices to mitigate and adapt to climate change (FAO 2017b).

4 SOC and Soil Biodiversity

Soil biodiversity refers to all the living organisms that are present in the soil. These
organisms are constantly interacting, not only with one another but also with plants
and animals (Orgiazzi et al. 2016). It includes organisms such as bacteria, fungi,
protozoa, insects, worms, as well as other invertebrates and mammals. Soil biodi-
versity has an important role in food production and soil resilience to climate change
(FAO 2017a). Similar to all the other processes mentioned, the dynamics of soil
biodiversity is a complex process that can either contribute to the formation of SOM
from organic litter or decrease its quality. This is due to the fact that the amount and
quality of SOM contributes directly to the number and activity of soil biota (FAO
2017a). Soil biota is therefore influenced by the quality and quantity of SOC and
only partially by plant diversity (Thiele-Brunh et al. 2012).

Figure 2 illustrates how unsustainable management practices in agriculture can
lead to negative impacts on SOC stocks by affecting the complex web of interaction
between pests and their natural enemies (Wall et al. 2015). This helps explain SOC
losses that cannot solely be justified by physical soil properties as SOC is also
dependent on the diversity of soil organisms and their activity (Gardi and Jeffery
2009). It is therefore very important to understand the relationship between SOC and
soil biodiversity in order to determine how the loss of diversity that is currently
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Fig. 2 The impacts of land use decisions on soil biodiversity, modified from Wall et al. (2015)
(FAO 2017a)

happening will affect global carbon cycling processes (De Graaf et al. 2015). And
finally, in addition to a better understanding of the mechanisms and effects of soil
biodiversity on soils and SOC in particular, it is also important to adopt sustainable
soil management practices to restore soil biodiversity and avoid any of the negative
impacts associated with its loss.

5 Global SOC Stocks

The movement of C occurs in a cyclic manner through the pedosphere, atmosphere,
hydrosphere, and biosphere at different spatial (from molecular to global) and time
(ranging from days to hundreds of millions of years) scales. The biogeochemical C
cycle involves two large annual transfers: the input of atmospheric CO, into plant
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Table 1 Contribution of SOC to Four Global Requirements (Lorenz and Lal 2016; FAO 2018)

Requirement SOC contribution

1. Maintaining soil functions and | Stabilizes soil structure and improves aggregation: reducing
ecosystem services soil erosion

Improves absorption and retention of pesticides and other
organic pollutants: immobilization and degradation of
organic pollutants

2. Sustaining long-term food Increases nutrient cycling and storage: improving soil fertility
security Improves soil water infiltration and retention: buffering crop
production against water shortages

3. Climate change mitigation and | Stores atmospheric carbon dioxide
adaptation

4. Maintaining soil biodiversity | Provides habitat and food source for soil organisms:
improving soil biodiversity and soil health

biomass as a result of photosynthesis and the return of CO, into the atmosphere as a
result of photorespiration by plants and respiration by microorganisms.

Globally speaking, SOC is higher (1500 Pg> C down to 1 m depth and 2500 Pg C
at 2 m) than C in vegetation and C in atmosphere combined (about 650 Pg C and
750 Pg C, respectively) (Schlesinger and Bernhardt 2013; Batjes 2014). Total SOC
stock is determined by the balance between the inputs of organic residues into soil
and the loss due to erosion and decomposition processes. Plants are the main input
source of C into soil through organic residues as vegetal debris and root exudates.
Through SOM decomposition, all these residues are fragmented, transformed, and
respired by soil fauna and microorganisms (SOM consists of roughly 58% C). The
nutrient cycles and the energy that flows through ecosystems and agroecosystems
largely depend on SOM decomposition rates.

SOC stocks can be significantly affected by human activities, especially those
related to land use changes and agriculture, mostly as a result of SOM reduction,
which leads to reduced soil quality and increased risk of soil degradation. At a global
level, the leading cause of SOC loss is the transformation of natural ecosystems,
which has led to a depletion of one billion tons of carbon that is being released into
the atmosphere every year. Consequently, urgent action is needed to preserve and
increase SOC stocks to reduce soil degradation, improve soil functions, and con-
tribute to the global requirements defined in the GSP Pillar 1 Plan of Action to
promote and implement sustainable soil management (SSM) (see Table 1). The first
step toward preserving and increasing SOC stocks is to know where and how much
these stocks currently are.

Jobbagy and Jackson (2000) pointed out that globally, the relative distribution of
SOC with depth had a slightly stronger association with vegetation than with
climate, but the opposite was true for the absolute amount of SOC. Total SOC
content increased with precipitation and clay content and decreased with tempera-
ture. The researchers reported that the global SOC stock in the top 3 m of soil was

*1 PgC = 1 billion metric tonnes of carbon.
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2344 Pg C, or 56% more than the 1502 Pg estimated for the first meter. Global totals
for the second and third meters were 491 and 351 Pg C, and the biomes with the most
SOC at 1-3 m depth were tropical evergreen forests (158 Pg C) and tropical
grasslands/savannas (146 Pg C).

The US Natural Resources Conservation Services (NRCS) reclassified the
FAO-UNESCO Soil Map of the World at 2-minute resolution and combined it
with a soil climate map. The resulting map shows the distribution of SOC to 1 m
depth. Using this dataset, Kochy et al. (2015) calculated the soil organic carbon
stocks as 1463 Pg. In addition, the authors reviewed current estimates of SOC stocks
and mass (stock/area) in wetlands, permafrost, and tropical regions of the world in
the upper 1 m of soil using the Harmonized World Soil Database (HWSD) v.1.2
(FAO/MTASA/ISRIC/ISSCAS/JIRC 2012). The HWSD provides one of the most
recent global datasets of SOC, giving a total mass of 2476 Pg when using the
original values for bulk density (BD). Adjusting the bulk density (BD) values in
the HWSD for high organic carbon soils resulted in a calculated mass of 1230 Pg,
while additionally setting the BD of Histosols to 0.1 g cm ™2 (typical of peat soils)
resulted in a total mass of 1062 Pg.

Scharlemann et al. (2014) reported that many estimates of global SOC stocks
have been published during the past seven decades, most recently to support the
calculation of potential CO, emissions from the soil under land use and land cover
change (LULCC) and climate change scenarios. Although most studies report a
global SOC estimate of roughly 1500 Pg C, there is considerable variation (median
across all estimates: 1460.5 Pg C, range of 504-3000 Pg C, n = 27 studies).

5.1 Global Soil Organic Carbon Map (GSOCmap)

The most recent global estimate of global SOC stocks in the top 30 cm was
conducted by FAO’s GSP in 2017. The GSP and its Intergovernmental Technical
Panel on Soils (ITPS) pursued a country-driven approach to compile a GSOCmap.
The process was supported by an intensive capacity development and improvement
program and a technical manual (Yigini et al. 2018) that provided countries with
generic methodologies and the technical specifications to produce national SOC
maps. The manual includes a step-by-step guidance to develop 1 km grids for SOC
stocks, as well as the preparation of local soil data, the compilation and
preprocessing of ancillary spatial data sets, mapping methodologies, and uncertainty
assessments to strengthen member countries’ capacities to produce national SOC
maps. The GSP Capacity Development Programme not only increased the level of
country engagement but also helped various countries to build national soil infor-
mation systems.

The GSOCmap process was initiated after the United Nations Convention to
Combat Desertification (UNCCD) Secretariat requested FAO and the GSP Secre-
tariat to share information on potential pathways to improve global soil carbon
knowledge and data. During the 5th Session of the ITPS held during March 2016,
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the GSP/ITPS were requested to conduct a global SOC assessment based on country-
level spatial soil data sets, combined into a new global SOC map. As an action of the
GSP and its members, this task would directly relate to SDG 15.3.1 and would also
support the endorsed metrics for the assessment of LDN (FAO and GSP 2016).

Through its country-driven approach, the development of the GSOCmap pro-
vides and builds on synergies with ongoing and new reporting needs and data-
sharing obligations. It therefore benefits activities at national, regional and global
levels, particularly to

e enable training for countries in need of technical support (e.g., regarding the
collection, statistical evaluation, and modeling of SOC data);

* develop data infrastructure to update the Status of the World’s Soil Resources
(SWSR) report on SOC through a country-driven baseline and initiate future
assessments of SOC changes;

» support national GHG reporting: develop a valid, measurement-based inventory
of reference SOC stocks for IPCC-Tier 2 assessments;

 further utilize SOC mapping activities to estimate the soil carbon sequestration
potentials (e.g., through modeling) and the vulnerability of soil functions under
climate change (with SOC as an indicator);

» contribute to the SDGs by developing national SDG-15.3.1 Tier 3 data for the
subindicator on soil carbon;

» conduct harmonized assessments at different levels of action: GSP Regional Soil
Partnerships, FAO regional and country offices, national soil information insti-
tutions, national statistics offices, and GEOSS* design principles for global data
layers.

In early 2017, the GSP Secretariat contacted countries about their potential
contributions to the GSOCmap project and informed them about the process and
procedures. The data collection process is summarized in Fig. 3.

Countries with existing national SOC maps that met the specifications of this
project shared their maps with the GSP Secretariat. Countries that did not yet have
national SOC maps developed such maps based on the provided specifications.
Where needed, the GSP Secretariat supported such national activities by organizing
training sessions. If the in-country development of a SOC map was not possible
because of insufficient capacity, the original SOC measurements were shared with
the GSP Secretariat, which produced national maps in close cooperation with the
national GSP focal points and/or institutional data providers. For countries that could
not provide a SOC map or any original measurements, the GSP Secretariat used one
of two gap-filling approaches: (1) spatial modeling using publicly available data or,
(2) in the case of absence or insufficient amount of data, using publicly available
SOC stock maps. This considerable effort culminated in the launch of the GSOCmap
on World Soil Day (5 December) 2017, which was developed from more than one
million profiles. Calculations using the GSOCmap (v1.2.0) (Fig. 4) suggest that soils

*GEOSS—Global Earth Observation System of Systems.
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Fig. 3 Data collection process for the development of the GSOCmap
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Fig. 4 GSOCmap V1.2.0 developed from more than one million profiles

hold about 680 Pg of SOC in the first 30 cm, which is similar to the value reported by
Kochy et al. (2015) (Table 2).

Statistics for the countries were calculated based on the Global Administrative
Units Layer as the source for country boundaries. Over 50% of the global SOC
stocks at 30 cm are held by five countries: the Russian Federation (147.9 Pg—
21.9%), Canada (80.2 Pg—11.9%), the United States of America (54.4 Pg—8.0%),
China (45.2 Pg—6.7%), and Brazil (35.4 Pg—5.2%). Papua New Guinea and
Indonesia have the highest mean SOC stocks (183.6 and 121.4 t/ha, respectively)
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Table 2 Summary of estimates of global SOC stocks in topsoil in Pg from different sources

SoilGrids
250m
Product | GSOCmap? | HWSD? | HWSDa® | FAO2007¢ | WISE® | DSMW' | (ISRIC)?
SoC 680 967 699 710 504 574 1267
stocks
(Pg)

Adapted and expanded from Hiederer and Kochy (2011)

4GSOCmap (FAO and ITPS 2018)

"HWSD—Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-CAS/JRC 2009)
‘HWSDa—Ammended Harmonised World Soil Database (Hiederer and Kochy 2011)
9EAO (2007)

°WISE (Batjes 2008)

'DSMW—Digital Soil Map of the World (FAO-UNESCO 2007)

£S0ilGrids (http://isric.org/explore/soilgrids)

indicating a high concentration of carbon stocks in the tropical part of Southeast Asia
and the Pacific.

The GSOCmap is a product of global efforts to collate existing SOC data from
across the world, resulting in a map based on more than one million profiles. This
ensures that the GSOCmap is a global product that is consistent with the national soil
knowledge and gives the best available estimation of SOC stocks at the country
level. The map will be continuously updated as more and better information
becomes available. The GSP uses semantic versioning at certain levels to ensure a
standard pattern to data releases (FAO and ITPS 2018). The Secretariat publishes the
updates and new GSOCmap versions on the Global Soil Partnership website.

The development of the GSOCmap formed part of the process of building a
Global Soil Information System (GLOSIS) under GSP Pillar 4, which aims to
enhance the quantity and quality of soil data and information. This process paved
the way for the establishment of national soil information systems as the foundation
of GLOSIS and represents the first step toward introducing a soil monitoring
program.

6 Challenges in Managing and Monitoring SOC

The SWSR report (FAO and ITPS 2015) highlighted the most significant threats to
soil functions on a global scale, which included the loss of SOC (see Fig. 5a, b). As a
result, the ITPS concluded that a priority action should be to stabilize and/or increase
the global SOM stocks (e.g., SOC and soil organisms). It further recommended that
each nation should identify locally appropriate SOC-improving management prac-
tices and facilitate their implementation toward a national-level goal of achieving a
stable or positive net SOC balance.

The different land uses and management practices that maintain or increase SOC
stocks have simultaneous multiple benefits for achieving food security, mitigation of
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and adaptation to climate change, protecting biodiversity, and achieving LDN.
Although there are many strategies to maintain/increase SOC (control soil erosion,
maintain soil cover, apply integrated nutrient management, encourage diversified
farming systems, incentivize and empower farmers to manage SOC, and encourage
collaboration between scientists, farmers, and policy makers to devise strategies for
increasing SOC), the soil responses vary according to the pedoclimatic conditions. It
is therefore essential that these practices be selected according to socioeconomic,
cultural, and institutional contexts and local farming systems within pedoclimatic
regions.

In order to adequately implement sustainable SOC management practices and to
guarantee their success, it is necessary to take into account recommendation 3° of the
Plan of Action for GSP Pillar One and consider the barriers to the adoption of SOC
sequestration shown below (FAO 2017b):

¢ Financial barriers—such as limited finance and access to capital—may discour-
age farmers from implementing SOC-building practices.

* Technical and logistical barriers may include the unavailability of appropriate
technologies, technical capacity or equipment, and the low detectability of short-
term changes in SOC stocks.

Fig. 5 (a) Regions defined by the Global Soil Partnership. (b) Summary of the condition and trend
for the ten soil threats for the regions (excluding Antarctica). The threats are listed in order of
importance

SRecommendation 3: All barriers preventing the implementation or adoption of sustainable soil
management practices and systems should be assessed and policy and technical solutions proposed
to create an enabling environment for sustainable soil management.
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 Institutional barriers may take the form of national policies and regulations,
insecure land tenure, imperfect markets, limited research and extension services,
and weak inter institutional coordination.

¢ Knowledge barriers may include a lack of information on weather conditions or
of management options and their proper implementation. In some cases, it is not
so much about the transmission of knowledge to farmers but about who is
transmitting it. Information from politically affiliated sources, for example, may
be regarded with skepticism, and information from apolitical sources is preferred.

* Resource barriers relate to the absence of sufficient land, labour, inputs, water, or
plants to implement climate adaptation and mitigation practices.

¢ Sociocultural barriers can be cognitive or normative. The way in which farmers
perceive climate change and the identification of risks is one of the key barriers
influencing people’s actions in dealing with climate change mitigation and
adaptation.

SOC stocks are temporally and spatially variable, which complicates the sam-
pling, measuring, and monitoring of SOC stocks. Countries place great emphasis on
managing, increasing, and monitoring SOC stocks for sustainable development,
fostering adaptation to climate change, sustainable agriculture, and restoration of
degraded soils. However, quantifying these benefits will not be possible unless
changes in C stocks can be measured and monitored accurately and cost-effectively.
Accurate SOC measurement and monitoring requires the establishment of baseline
SOC stocks from which to measure future changes associated with environmental
changes and management.

National monitoring of and reporting on SOC is becoming increasingly important
in the fulfillment of global conventions and mechanisms. Under the United Nations
Framework Convention on Climate Change (UNFCCC), for example, national SOC
stock changes are assessed annually in Annex | countries in relation to GHG
emissions. Under SDG Indicator 15.3.1,6 SOC is assessed as one of three
subindicators (land cover (metric: land-cover change), land productivity (metric:
net primary productivity), and carbon stocks above and below ground (metric:
SOCQ)) in accordance with the UNCCD’s LDN concept. Countries therefore need
easy-to-use guidelines to measure and monitor SOC stocks and stock changes
over time.

7 Unlocking the Potential of SOC: Priorities for Action

The GSOC17 outcome document provides eight key recommendations (Table 3) to
support the global SOC agenda through the development of policies and actions that
foster the protection, sequestration, measurement, mapping, monitoring, and

SSDG Indicator 15.3.1: Proportion of land that is degraded over total land area.
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Table 3 Recommendations from GSOC17

Recommendation 1 | Organize capacity development and training for countries to develop
national reference values for SOC stocks, as well as the necessary data
management capacities and facilities.

Recommendation 2 | Establish a working group to develop feasible and regionally contextual-
ized guidelines for measuring, mapping, monitoring and reporting on SOC
that can be adapted locally to monitor SOC stocks and stock changes to
support management decisions.

Recommendation 3 | In estimates of the potential for SOC sequestration, include the full GHG

balance and consider possible interactions between the carbon and nitrogen
cycles that could affect the climate change mitigation potential of applied

practices.

Recommendation 4 | The design of implementation strategies and appropriate soil and land
management practices for SOC protection and sequestration should con-
sider land use and the local environmental, socio-economic, cultural and
institutional contexts, and potential barriers to adoption.
Recommendation 5 | Identify and specify the tangible short-term and long-term benefits for
farmers of management practices for SOC sequestration to trigger their
adoption and introduce mechanisms to incentivize the adoption of such
practices.

Recommendation 6 | Prevent SOC losses by maintaining current SOC stocks (especially in
carbon-rich soils) as the minimum action on SOC management.

Recommendation 7 | Prioritize soils with the highest carbon stocks in the development of
national and regional policies on soil conservation to prevent SOC losses.
Recommendation 8 | Support land-users sufficiently to implement and sustain appropriate soil
and land management practices to protect and enhance SOC under local
conditions for long-term benefit.

reporting of SOC. It was established that the main priority is to prevent further SOC
losses and, where feasible, increase SOC stocks. Implementation of these recom-
mendations has commenced through various activities, as described in the following
subsections.

7.1 Technical Manual on SOC Management

In view of the urgency to identify, compile, and highlight management practices and
land use systems that promote the preservation and/or enhancement of SOC stocks,
the ITPS and GSP Secretariat issued a call for experts to join a working group
(WG) to develop a technical manual on SOC management at regional and subre-
gional scales. This technical manual would refine the recommendations in the
Voluntary Guidelines for Sustainable Soil Management (VGSSM) (FAO 2017c¢) in
terms of sustainable SOC management at the regional, national, and local scales to
consider site-specific conditions (i.e., climate, soil type, land use, farm typology,
etc.).

More than 200 experts from around the world joined the WG, of which
130 experts are actively participating. An electronic communication process is
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used by lead authors to compile and recommend management practices and actions
for the preservation and/or enhancement of SOC. These recommendations will be
divided by major land use systems as (a) unmanaged and protected lands (including
virgin forests, rangelands, grassland, shrublands, wetlands, sparse and bare areas);
(b) forestry (managed/silviculture, with agricultural or livestock activities: agrofor-
estry, silvopastoral systems); (c) grassland, shrublands, and bare and sparse areas
with low, moderate, and high livestock density; (d) rain-fed agriculture (subsistence,
familiar, and commercial); (e) irrigated agriculture; (f) rain-fed or irrigated agricul-
ture with livestock; (g) wetlands with agricultural activities; and (h) urban areas.

The recommendations will be based on scientific evidence with the best manage-
ment practices and systems that promote the preservation and, wherever possible, the
increase of SOC stocks in all land uses at regional, subregional, and national levels.
These contributions should be adapted to site characteristics and land user needs and
consider cost-benefit analyses and social impacts. The priorities of action, as
reflected in the Regional Implementation Plans of the Regional Soil Partnerships,
will be thoroughly taken into account.

The inputs generated will contribute significantly to GSOC17 recommendations
3,4,5, 6, and 8 (from Table 3). These recommendations focus on including the full
GHG balance and considering possible interactions between the C and N cycles,
identifying appropriate soil and land management practices for SOC protection and
sequestration and potential barriers for adoption, identifying and specifying the
tangible short-term and long-term benefits for farmers of management practices,
preventing SOC losses, and supporting land users to implement relevant practices.
The WG inputs will be compiled as a technical manual on SOC management, as
outlined in Table 4, to be published and launched by the GSP Secretariat during the
World Soil Day 2018.

7.2 Guidelines for Measuring, Mapping, Monitoring,
and Reporting on SOC

Recommendation 2 of GSOC17 (Table 3) calls for the establishment of a WG to
develop feasible and regionally contextualized guidelines for measuring, mapping,
monitoring, and reporting on SOC. These guidelines should be adaptable to local
conditions to monitor SOC stocks and stock changes to support management
decisions.

The GSP Secretariat launched an open call for a WG to develop these guidelines,
which need to build on existing scientific guidance, such as the IPCC guidelines for
national GHG inventories, which are being refined (IPCC 2006). Furthermore, the
guidelines should be simple enough to enable implementation in diverse contexts
and scales, as well as different local and national capacities and capabilities in
countries. Practical guidance should include elements to support carbon-pricing
mechanisms by relying on the measurement of SOC stocks to assess stock changes,
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Table 4 Working structure of the technical manual on SOC management

Chapter

Considerations

1

Introduction and preparation process of the
technical manual.

2 Points of consideration when studying, Consider the possible trade-offs of SOC
recommending and adopting sustainable sequestration efforts when assessing the
soil management practices that target the full GHG balance. Discuss: the required
preservation and/or enhancement of SOC. | efforts to measure and monitor SOC stocks;

the link between SOC and soil inorganic
carbon; the co-benefit analysis of SOC
sequestration in SOM and soil quality
improvement; and nutrient use efficiency
for better GHG balance and better water
quality.

3 Recommended management practices and | Consider the local environmental, socio-
actions for preservation and/or enhancement | economic, cultural and institutional con-
of SOC. texts, and potential barriers to adoption.

Include case studies and success stories of
effective practice adoption and achieved
SOC/SOM preservation/increase whenever
suitable, as long as studies are based on
measurements and evidence-based results
with adequate statistical accuracy.

3.1 | Unmanaged and Protected Lands. Including virgin forests, rangelands, grass-
lands, shrublands, wetlands, sparse and
bare areas.

3.2 | Forestry. Managed/silviculture.

3.3 | Forestry with agricultural or livestock Agroforestry, silvopastoral systems.

activities.

3.4 | Grasslands, shrublands, and bare and sparse
areas with low, moderate, and high livestock
density.

3.5 | Rainfed agriculture. Subsistence and familiar.

3.6 | Rainfed agriculture. Commercial.

3.7 | Irrigated agriculture.

3.8 | Rainfed or irrigated agriculture with
livestock.

3.9 | Urban areas.

3.10 | Wetlands with agricultural activities.

4 Experiences with diverse incentivizing
mechanisms for large scale practice
adoption.

5 Future directions and identified gaps.

rather than using only stock change factors based on land use and management
practices.

The guidelines are expected to be widely implemented, and the process will be
supported by the GSP Capacity Development Programme and technical manuals.
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The guidelines shall be a milestone to establish a global SOC-monitoring network as
part of GLOSIS.

7.3 International Network of Black Soils (INBS)

Recommendation 6 of GSOC17 calls for the prevention of SOC losses, especially in
carbon-rich soils. Black soils (BSs) constitute an important group of carbon-rich
soils that are particularly important globally because of their relevance to food
security and climate change mitigation. In view of their inherent high fertility, BSs
remain very sensitive to anthropogenic intervention and are prone to severe degra-
dation. Because of their high SOC content, they are also very sensitive and can be
potential large sources of GHGs. Extensively and intensively farmed, they constitute
the food basket for many countries. Notwithstanding the relatively small percentage
(7%) of the world’s ice-free land surface covered by BSs, it is crucial to promote
their conservation and sustainable use to maintain their functioning in order to
sustain their supporting food security while protecting the environment and mitigat-
ing climate change.

The International Network of Black Soils (INBS) was established under the aegis
of the GSP to provide a platform for knowledge sharing for countries with BSs to
discuss common issues related to the conservation and sustainable management of
these soils and the need to foster technical exchange and cooperation. The INBS was
launched during GSOC17 with representatives from national soil institutions from
Argentina, Brazil, China, Russian Federation, and the USA. Then network will
foster collaboration among countries with BSs that will identify relevant research
gaps to be addressed in a report on the global status, the current productivity, and the
challenges in BSs.

Given the different perceptions of BSs, a formal definition of this group of soils
will be developed under the INBS. In this definition, priority will be given to
Chernozems, Kastanozems, and Phacozems based on World Reference Base
(WRB) classification and Mollisols of US soil taxonomy.

The crop output of black soils in areas such as the USA Corn Belt, Northeast
China, and Ukraine has been increasing dramatically and dominated food production
enhancement at a global scale during the past two decades. This was mainly due to
the high fertility of black soils and the intensive farming practices used (Liu et al.
2012). However, black soil regions are facing serious soil degradation such as
erosion, acidification, and decreasing SOM content (Russell et al. 2005; Kharytonov
et al. 2004). Higher SOC content is a fundamental soil property that is easily lost
when agriculture is introduced. For example, average SOC of black soils in North-
east China of 100 g kg~ ' under natural conditions could be decreased by half after
land reclamation or continually decline if inappropriate farming management is used
(Gollany et al. 2011; Zhao et al. 2013). Declining SOC not only negatively impacts
soil productivity but is also an important factor in climate change because of its large
potential for GHGs emission (Lal 2004). Therefore, maintaining or improving the
SOC content of black soil is crucial for global sustainable agriculture development.
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Increased awareness among policy makers and relevant stakeholders in black soil
countries is essential to highlight the key role of SOC in the sustainable management
and development of black soils. It is envisaged that the INBS will serve to provide
such awareness, backed up by scientific evidence.

8 Conclusions and Way Forward

Responding to a request for support in measuring SDG indicators 15.3.1, the
GSOCmap was the first-ever global map produced through a consultative, partici-
patory, and country-driven process. This process involved FAO member countries
under the guidance of the ITPS and the GSP Secretariat to ensure a thorough
harmonization process. This huge effort represents an essential step to better under-
standing SOC stocks and their potential for further sequestration, as well as enabling
countries to collect and compile national SOC data and information for future
monitoring.

The Outcome Document offers an overview of the state-of-the-art in SOC
monitoring and presents specific recommendations in order to promote the preser-
vation and, wherever possible, the increase of SOC stocks in all land uses at all
levels. These recommendations have resulted in the implementation of concrete
actions such as the creation of working groups to develop feasible and regionally
contextualized guidelines for measuring, mapping, monitoring and reporting on
SOC and for producing a technical manual on SOC management at regional and
sub-regional scales. These actions are being developed through the active participa-
tion of the working groups and it is expected that both the guidelines and the
technical manual will be launched by the GSP Secretariat on World Soil Day
(December 2018). Regarding the INBS, the International Symposium on Black
Soil (ISBS18) will soon be held in Harbin, China (September 2018). Some of the
most important inputs will be: the establishment of a global status report of black
soil; the establishment of a good practices database; the implementation of efficient
management practices; and a policy-oriented document based on scientific evidence
showing the pathways toward the implementation of sustainable soil management
which would highlight success stories and technological innovations in black soil
regions.

Once these activities are completed, the next challenge is to implement actions to
promote the practice of SSM concerning soil carbon sequestration. In this regard, the
GSP proposed to establish a global SOC monitoring system, establish a global map
of SOC sequestration potential, and to implement the technical manual on SOC
management (identifying key regions for pilot projects).
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