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WHAT IS SOIL?
Soil is considered the most
fundamental of all of the earth’s
resources. Most people simply
refer to it as ‘dirt’, which is unfair
when you consider that it forms
the basis for all life on earth.
What’s more, it is a medium that
provides food, fuel, and fibre, all of
which contribute to food security
and the quality of the environment
(Blanco-Canqui H., 2010).

HOW IS CARBON
STORED IN SOIL?
Soils form over hundreds and thousands
of years by weathering processes in nature
breaking down rocks. Living organisms such
as plants and microbes that commonly live in
soil then colonise these weathered rocks. These
organisms all contribute to the formation of
soil organic matter (Schwartz, 2014).
Soil organic matter is a mixture of organic
materials at various stages of decomposition,
all of which are rich in carbon (Ontl & Schulte,
2012). The carbon stored in soil organic matter
is referred to as soil organic carbon, and forms
part of the global carbon cycle, which involves
cycling of carbon through the ocean, soil,
vegetation, and the atmosphere (see figure 1)
(FAO, 2017. b).
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Figure 1: The role of soil organic carbon (SOC) in the global carbon cycle
(Adapted from FAO, 2017. b)

WHAT’S THE DIFFERENCE BETWEEN
SOIL ORGANIC MATTER AND SOIL
ORGANIC CARBON?
•

Soil organic matter plays an important role in the physical, chemical, and biological
function of soils. It includes all the organic materials in soil regardless of its state of
decomposition. This mixture of organic materials is mostly rich in carbon, but also
consists of other minerals like nitrogen and potassium.

•

Soil organic carbon is the organic carbon that remains in the soil once living organisms
decompose. It refers only to the carbon portion within the soil organic matter.
(Ontl & Schulte, 2012; WA Government , 2020)
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WHAT IS SOIL ORGANIC MATTER
MADE FROM?

•

Soil microbes, like bacteria and
fungi

•

Decaying material from dead
organisms, like compost and crop
residues

•

Faecal matter, like manure

•

Products from decomposition,
like humus
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Soil organic matter consists of both
living and dead organic matter, like field
stubble after a harvest and even decayed
materials from millions of years ago
(FAO, 2017. a). It usually consists of:
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Figure 2: Most Soil organic matter is dead or decaying, with
living organisms making up about 10% of the soil organic
matter pool (Adapted from WA Government , 2020).

WHAT DETERMINES THE AMOUNT OF
CARBON IN SOIL ORGANIC MATTER?
The amount of soil organic carbon in soil organic matter depends on ecosystem processes such as
photosynthesis, respiration, and decomposition (see figure 3) (Ontl & Schulte, 2012).

A by-product of photosynthesis

Mycorrhizae

Plant roots grow in response to the process of
photosynthesis, where plants absorb CO2 from
the atmosphere. These root systems store an
abundance of carbon within the soils.

Carbon is also transferred into the soil from roots
to soil microbes. For example, many plants form
symbiotic relationships between their roots and
specialised fungi in the soil known as mycorrhizae.
In this case, the roots supply mycorrhizae with
energy in the form of carbon, while the fungi
transfers nutrients to the plant.
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Decomposition
Finally, decomposition of dead
organic matter like plants
and animals also incorporates
carbon into soils. This process
relies on soil microbes to break
down the organic matter, which
releases CO2 and CH4 (methane)
into the atmosphere through
respiration. A proportion of the
original carbon is retained in
the soil through the formation
of humus.
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Figure 3: Carbon balance within the soil (brown box) is
controlled by carbon inputs from photosynthesis and carbon
losses by respiration (Adapted from Ontl & Schulte, 2012).

WHY IS SOIL ORGANIC MATTER IMPORTANT?
Soil organic matter is a key indicator for agricultural productivity as well as
environmental resilience. Besides carbon storage, it’s important as it:
•

Helps stabilise soil structure

•

Retains and releases plant nutrients

•

Reduces soil erosion

•

Improves water quality

•

Leads to increased food security

(Ontl & Schulte, 2012; FAO, 2017. b)
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SOIL AS A CARBON SINK:
A carbon sink is a natural reservoir that
absorbs and stores more carbon from the
atmosphere than it releases. Plants, the ocean,
freshwater bodies, and soil all extract CO2,
which helps lower the concentration of CO2 in
the atmosphere (Global, n.d).

carbon than is contained in both the atmosphere
and vegetation combined (FAO, 2016). The
largest stocks of soil organic carbon can be
found in wetlands and peatlands, permafrost,
and grasslands (FAO, 2017. b; FAO, 2017. c).
Increasing the total organic carbon in soil
should be considered a priority as it decreases
the amount of carbon in the atmosphere while
simultaneously improving soil quality, which is
vital for food security (Carson, n.d.).

Soil is considered the largest carbon sink on
land. The soil organic carbon pool stores
around 1,500 billion tonnes of carbon in the
first one metre of soil and about 2,500 billion
tonnes at two metres soil depth. That’s more

HOW MUCH CARBON CAN SOIL
STORE?
The potential storage of organic carbon
The potential organic carbon storage depends on the properties of the soil type. For example, soils that
contain a lot of clay particles protect organic matter from decomposing and retain carbon in their soils
for longer. By contrast, microorganisms can easily access organic carbon in sandier soils, which release
carbon back into the atmosphere via decomposition, resulting in lower levels of carbon in the soil.
(Carson, n.d.)

THERE ARE THREE DIFFERENT TYPES OF SOIL
SANDY SOIL

CLAY SOIL

LOAM SOIL

Figure 4: The basic different types of soil (Adapted from AplusTopper, 2020).

The obtainable storage of organic matter
The amount of carbon that soils can actively access is determined by climate. Rainfall in particular has a
large influence on plant productivity (photosynthesis and growth), which in turn influences the amount
of organic carbon that is put into the soil. For example, in regions with a high rainfall, the soils tend to
have greater access to carbon as opposed to the same soil types in lower rainfall regions.
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The actual storage of organic carbon
Land management has a larger influence over the amount of carbon stored in soil. This is because different
land management techniques influence how much carbon is put into and removed from soil.
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Figure 5: The influence of soil type, climate and management factors on the storage
of organic carbon that can be achieved in a given soil (Adapted from Carson, n.d.)

HOW IS CARBON RELEASED
FROM SOIL?
The world’s cultivated soils have lost between 50 and 70 percent of their original carbon stock, much
of which has returned to the atmosphere in the form of CO2 (Schwartz, 2014).
Organic carbon is lost from the soil through (Carson, n.d.):
•

Decomposition by microorganisms – microorganisms convert organic carbon into CO 2
through respiration

•

Erosion of surface soil – organic carbon is stored in the surface of the soil layer, which can
be easily eroded through both natural and human-induced processes

•

Agricultural practices – harvesting materials like grain, hay, and animal grazing all
contribute towards the removal of organic carbon from soil
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FROM A CARBON SINK TO A
CARBON SOURCE:
Despite being the planet’s second
largest carbon sink after the oceans,
soil’s ability to retain huge amounts
of carbon has been weakened in
recent decades due to unsustainable
land-management practices and land
use change (Euorpean Commission,
2011). The Food and Agriculture
Organisation (2017c) stated that by
2017, the degradation of the world’s
soils had released up to 79 billion
metric tonnes of carbon into the
atmosphere, while other sources
suggest that the world had lost
even more than that – 133 billion
tonnes of carbon since the ‘dawn of
agriculture’ (Dunne, 2017).

Today, soils around the world face a suite of challenges.
Some examples of how soils face degradation and a loss of
Soil Organic Carbon include (Navarro-Pedreño, et al., 2021;
Euorpean Commission, 2011):
•

Erosion from wind and water

•

Conversion of natural ecosystems to arable land

•

Deep ploughing of arable soils

•

Overgrazing

•

Soil leaching

•

Compaction from heavy machinery

•

Sealing from building and urbanisation

•

Acidification from inappropriate fertiliser use

•

Contamination from industrial or
agricultural operations

THE IMPACT OF LAND
DEGRADATION ON CARBON
SEQUESTRATION
Land degradation can be defined as the deterioration of land’s condition in response to direct or indirect
human-induced processes (including climate change). The impact of land degradation often leads to
the long-term reduction of organic productivity, ecological integrity, or the value of the land to humans
(Navarro-Pedreño, et al., 2021). Any process of land degradation will inevitably reduce soil organic
carbon stocks and contribute towards the greenhouse effect (Ai, et al., 2018).

DESERTIFICATION:
Desertification is the gradual process of land turning into desert as the quality of soil declines over time.
Due to the intensity of human disturbance, land desertification is one of the main driving factors causing
the accelerated release of soil organic carbon into the atmosphere. In particular, the soils of fragile
ecosystems in arid (dry) and semi-arid areas are vulnerable to non-sustainable land use practices, and
release large amounts of carbon into the atmosphere when disturbed (Ai, et al., 2018).
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Some of the main causes of desertification include:
Population growth: Larger populations put pressure on the
environment for resources like wood, water, and food.

Removal of wood: When land is cleared for resources like wood,
plant roots are no longer able to hold the soil together, making it
vulnerable to soil erosion.

Soil erosion: Soil erosion can be defined as the removal of the top
layers of soil when exposed to water and wind, as well as human
practices like tillage. This results in the deterioration of the soil
quality through the loss of soil organic matter (BBC, n.d.).

Overgrazing: When livestock trample grasslands excessively, they
can completely destroy the soil’s surface layer, which impacts the
soil’s ability to regulate nutrient cycling, stabilise soil, and filter
water. High levels of grazing also reduce grass and plant cover,
which exposes soil and makes it vulnerable to soil erosion.

SOIL EROSION:
When soil erosion occurs naturally, such as wind
erosion and rain erosion, the process can promote
the renewal of nutrients in the soil. However,
when these forms of erosion are accelerated by
human disturbance, they can become destructive
and destroy soil structure, reduce soil fertility,
and impact the soil carbon cycle. In 2018, it was
recorded that 1 billion hectares of land area in
the world had been subjected to water erosion,
and around 550 million hectares were affected
by wind erosion (Ai, et al., 2018).
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Types of soil erosion by natural and human-induced processes

TYPES OF NATURAL SOIL EROSION

HUMAN-INDUCED SOIL EROSION

Sheet erosion by water

			
Deforestation
for agriculture like coffee,
soybean, palm oil and wheat.

Wind erosion

Poor management of livestock, which can
lead to overgrazing.

Rill erosion, which occurs when heavy
rain removes soil and creates small
channels on hillsides.

Excessive use of certain phosphoric (rich
in phosphorous) chemicals, particularly
in monocultures (one type of crop), which
causes an imbalance of soil microorganisms.

Gully erosion when water runoff
removes soil along drainage lines.

Construction of buildings and roads
prevents the normal circulation of water,
as the hard surfaces do not allow water to
penetrate into the ground effectively. This
leads to runoff as the water moves across
the hard surface instead of into it. This
can result in erosion and flooding of land
nearby.

Temporary erosion that occurs in
natural depressions.

Tillage, which is a common farming practice
that helps loosen topsoil, exposes carbon
buried in the soil to oxygen in the air, and
increases the rate at which microbes convert
soil organic carbon to CO2 via respiration
(Mooney, et al., 2021). The lowered organic
carbon levels make the soil susceptible to
soil erosion.

(Youmatter, 2020)
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NUTRIENT LOSS AND SOIL DEGRADATION:
Different types of soil and land degradation all
cause an increase in the rate at which carbon is
released from soil in the form of CO2. As a result,
the function of soil carbon sources increase
while the function of carbon sink processes
weaken (Ai, et al., 2018).

Soil health and soil carbon content are thought
to positively relate with one another. What this
means is that the process of applying nutrients
to the soil will increase the soil organic carbon,
while depleting nutrients in the soil will cause a
reduction of soil organic carbon (Ai, et al., 2018).

WHAT ABOUT THE IMPACT OF
CLIMATE CHANGE?
Climate change is severely impacting soil systems, although it is difficult to determine and monitor the
extent of these effects due to the complexity of soil systems (Navarro-Pedreño, et al., 2021). However,
some studies focus on certain scenarios, which highlight a number of the main impacts of climate change
on soil organic matter (Euorpean Commission, 2011).
1.

Higher temperatures promote accelerated breakdown of organic matter due to increased
microbial activity in the soil. While this process stimulates plant growth, it also releases
large amounts of CO 2 and CH 4 into the atmosphere (Navarro-Pedreño, et al., 2021; European
Commission, 2011).

2.

Changes in rainfall patterns can result in either flooding, heavier snowfall, or prolonged
droughts, depending on the area. Combined with fluctuations in temperature, these shifts in
rainfall will affect soil structure and acidity, which impacts the soil’s ability to store water and
sustain soil organisms. These factors all contribute towards the release of extra carbon into
the atmosphere (Navarro-Pedreño, et al., 2021; Euorpean Commission, 2011).

THE PROBLEM WITH PERMAFROST
The rising global average temperatures due to climate change have the ability to reduce soil
organic carbon by accelerating microbial decomposition. This phenomenon is particularly
prevalent in thawing permafrost soils, which is estimated to store around 1,400 gigatonnes
of carbon (National Snow and Ice Data Centre, n.d.).
Permafrost occurs when ground—from soil to sediment to rock—that contains water freezes
for a minimum of two years and as many as hundreds of thousands of years (Denchak, 2018).
If permafrost continues to heat up, the organic matter stored in the frozen soil will continue
to thaw and decay, releasing CO2 and methane into the atmosphere. This will set off a
feedback loop that is potentially irreversible within our lifetime. It is estimated that warming
permafrost stored in the earth could emit as much as 240 gigatonnes of CO2 and methane
by the year 2100, ultimately accelerating climate change (IPCC, 2019).

11

BIBLIOGRAPHY
Abdalla, M. et al., 2018. Critical review of the impacts of grazing intensity on soil organic carbon storage and other
soil quality indicators in extensively managed grasslands. Agriculture, Ecosystems & Environment, Volume 253,
pp. 62-81.
Africa, L. S., 1999. National Department of Agriculture Directorate Agricultural Land and Resources Management.
[Online]
Available at: https://www.nda.agric.za/docs/erosion/erosion.htm
[Accessed 30 May 2021].
Ai, M., Sun, Y., Yan, B. & Wei, Y., 2018. A summary of the impact of land degradation on soil carbon sequestration.
IOP Conf. Ser.: Mater. Sci. Eng., 294(052028).
Anon.,, n.d. Carbon Sinks and Sources, s.l.: s.n.
AplusTopper, 2020. How Many Different Types of Soil are there. [Online]
Available at: https://www.aplustopper.com/different-types-soil/
[Accessed 30 May 2021].
Assefa, D. et al., 2017. Deforestation and land use strongly effect soil organic carbon and nitrogen stock in
Northwest Ethiopia. CATENA, Volume 153, pp. 89-99.
BBC, n.d. Desertification. [Online]
Available at: https://www.bbc.co.uk/bitesize/guides/zctymnb/revision/4
[Accessed 18 May 2021].
Blanco-Canqui H., L. R., 2010. Soil and Water Conservation: Principles of Soil Conservation and Management..
Springer, pp. 1-19.
Bot, A. & Benites, J., 2005. The importance of soil organic matter: Key to drought-resistant soil and sustained food
production, Rome, Italy: Food and Agriculture Organisation of the United Nations.
CalRecycle, 2020. Carbon Sequestration. [Online]
Available at: https://www.calrecycle.ca.gov/organics/compostmulch/toolbox/carbonsequest
[Accessed 14 May 2021].
Carson, J., n.d. How much carbon can soil store?. [Online]
Available at: http://www.soilquality.org.au/factsheets/how-much-carbon-can-soil-store
[Accessed April 2021].
Darwish, T., Atallah, T. & Fadel, A., 2018. Challenges of soil carbon sequestration in the NENA region. SOIL,
Volume 4, pp. 225 - 235.
Denchak, M., 2018. Permafrost: Everything You Need to Know. [Online]
Available at: https://www.nrdc.org/stories/permafrost-everything-you-need-know#sec-whatis
[Accessed April 2021].
Dlamini, P., Chivenge, P. & Chaplot, V., 2016. Overgrazing decreases soil organic carbon stocks the most under dry
climates and low soil pH: A meta-analysis shows. Agriculture, Ecosystems and Environment, Volume 221,
pp. 258-269.
Dunne, D., 2017. World’s soils have lost 133bn tonnes of carbon since the dawn of agriculture. [Online]
Available at: https://www.carbonbrief.org/worlds-soils-have-lost-133bn-tonnes-of-carbon-since-the-dawnof-agriculture
[Accessed 17 May 2021].
Euorpean Commission, 2011. Soil: the hidden part of the climate cycle, Belgium: Luxembourg: Publications Office
of the European Union.
FAO, 2016. Soil Organic Carbon (SOC) loss. [Online]
Available at: http://www.fao.org/3/i6472e/i6472e.pdf
[Accessed 17 May 2021].
FAO, 2017. a. Soil management could make or break climate change response efforts. [Online]
Available at: http://www.fao.org/news/story/en/item/852978/icode/
[Accessed April 2021].
FAO, 2017. b. Soil Organic Carbon; The Hidden Potential, Rome, Italy: Food and Agriculture Organization of the
United Nations.
FAO, 2017. c. Global Symposium on Soil Organic Carbon - Key Messages. [Online]
Available at: http://www.fao.org/about/meetings/soil-organic-carbon-symposium/key-messages/en/
[Accessed April 2021].

12

Giusti, M. et al., 2017. Soil Salinization. In: Regime Shifts Databas. [Online]
Available at: https://regimeshifts.org/item/64-soil-salinization#
[Accessed 19 May 2021].
Global, T. I., n.d. Taking It Global. [Online]
Available at: https://www.tigurl.org/images/tiged/docs/activities/565.pdf
Haddaway, N. R. et al., 2017. How does tillage intensity affect soil organic carbon? A systematic review.
Environmental Evidence, 6(30), pp. 1-48.
IPCC, 2019. Special Report on the Ocean and Cryosphere in a Changing Climate, s.l.: s.n.
Logan, M., Nuttall, N. & United Nations. Environment Programme., 2013. UNEP annual report 2012. s.l.: United
Nations Environment Programme (UNEP).
Mittu, A. C. a. B., 2015. Soil Health - An Issue of Concern for Environment and Agriculture. Journal of Bioremediation
& Biodegradation, 6(3), pp. 1 - 4.
Mooney, S., Cooper, H. V. & Sjogersten, S., 2021. Farming without disturbing soil could cut agriculture’s climate
impact by 30% – new research. [Online]
Available at: https://theconversation.com/farming-without-disturbing-soil-could-cut-agricultures-climateimpact-by-30-new-research-157153
[Accessed April 2021].
National Snow and Ice Data Centre, n.d. All about frozen ground. [Online]
Available at: https://nsidc.org/frozenground/
[Accessed April 2021].
Navarro-Pedreño, J., Almendro-Candel, M. B. & Zorpas, A. A., 2021. The Increase of Soil Organic Matter Reduces
Global Warming, Myth or Reality?. Sci, 3(18).
Olson, K. R., Al-Kaisi, M., Lal, R. & Cihacek, L., 2016. Impact of soil erosion on soil organic carbon stocks. Journal of
Soil and Water Conservation, 71(3), pp. 61A-67A.
Ontl, T. A. & Schulte, L. A., 2012. Soil Carbon Storage. Nature Education Knowledge, 3(10), p. 35.
Oosthuyse, J. K. & Gilliam, A., 2021. A people-centred approach to Managing Africa's Forests as a Carbon Sink ,
Johannesburg : African Climate Reality Project .
Pimental, D., 2006. SOIL EROSION: A FOOD AND ENVIRONMENTAL THREAT. Springer , Volume 8, pp. 119 - 137.
Schwartz, J., 2014. Soil as Carbon Storehouse: New Weapon in Climate Fight?. Ecological Landscaping Association,
4 March, pp. 10-16.
Schwartz, J. D., 2014. Soil as Carbon Storehouse: New Weapon in Climate Fight?, s.l.: Yale School of the Environment.
Smith, P., 2008. Soil Organic Carbon Dynamics and Land-Use Change. In: V. P. Braimoh A.K., ed. Land Use and Soil
Resources. s.l.:Springer, Dordrecht, pp. 9-22.
Thangavel, R. et al., 2019. Soil organic carbon dynamics:Impact of land use changes andmanagement practices:
A review. Advances in Agronomy, Volume 156, pp. 1-107.
U.S Fish and Wildlife Service, 2009. Impacts of Grazing. [Online]
Available at: https://www.fws.gov/invasives/stafftrainingmodule/methods/grazing/impacts.html
[Accessed April 2021].
UNEP, U. N. E. P., 2012. UNEP year book: emerging issues in our global environment, Nairobi: UNON/Publishing
Section Services.
Veldkamp, E. S. M. P. J. e. a., 2020. Deforestation and reforestation impacts on soils in the tropics.. Nature Reviews
Earth and Environment , Volume 1, pp. 590 - 605 .
WA Government , 2020. What is soil organic carbon?. [Online]
Available at: https://www.agric.wa.gov.au/measuring-and-assessing-soils/what-soil-organic-carbon
[Accessed 16 May 2021].
Wang, S. et al., 2020. Impacts of urbanization on soil organic carbon stocks in the northeastcoastal agricultural
areas of China. Science of the Total Environment, Volume 721, pp. 1-11.
Youmatter, 2020. Soil Erosion and Degradation: Simple Definition, Causes, Consequences. [Online]
Available at: https://youmatter.world/en/definition/soil-erosion-degradation-definition/
[Accessed 18 May 2021].

13

