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Soil carbon is essential for soil health as it enhances soil structure, fuels

microbial activity, improves fertility by providing nutrients, and increases

resilience to environmental stresses.

 

Low soil carbon can lead to increased erosion, reduced microbial

diversity, and a significant loss of crop productivity.

 

Strategies to improve soil carbon involve a combination of practices, such

as adding organic soil amendments, reducing tillage, planting cover crops,

diversifying cropping systems, and integrating livestock.

Soil carbon (C) might not be something you think about every day, but it’s a hidden

hero beneath your feet. It forms through the carbon cycle where plants capture CO

via photosynthesis, using it to build biomass and exude sugars through roots to feed

soil microbes. As plants and microbes die, their organic matter decomposes,

contributing to soil organic carbon while microbial respiration releases CO  back into

the atmosphere, creating a dynamic cycle of carbon storage and release. The soil
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carbon (C) stock is a critical part of the global C cycle. It comprises soil organic carbon

(SOC) and soil inorganic carbon (SIC) and is the largest reservoir of the terrestrial

biosphere (Figure 1; Lal et al., 2021).

Figure 1. Components of the total soil carbon stock, adapted from Lal et al. (2021).

 

Soil carbon is formed through two primary pathways: inorganic carbon, which arises

from the weathering of rocks or reactions between soil minerals and CO , and organic

carbon, which originates from the decomposition of plant and animal residues as well

as microbial activity. While inorganic carbon exists mainly as carbonate minerals like

calcite and dolomite, organic carbon is the dominant and most dynamic form in most

ecosystems. Organic carbon forms the backbone of soil organic matter (SOM), which

is vital for soil health, improving structure, water retention, and nutrient availability. Soil

carbon is also central to climate mitigation efforts as it can be stored or sequestered
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through practices like agriculture. However, soil carbon remains

dynamic—management changes can release stored carbon, meaning it is never

permanently sequestered. 

Role of soil carbon in soil health

More than just “dirt,” soil carbon is a vital player in keeping your soil healthy and

productive. Higher levels of soil carbon, which translate to higher percentages of soil

organic matter, result from the decomposition of plant and animal materials, as well as

organic amendments such as manure and compost that are incorporated into the soil. Soil

carbon has been recognized as the most widely measured indicator for soil health and is

central to maintaining it through multiple interconnected processes. 

 

Building better soil structure

Ever noticed how some soil is loose and crumbly while other soil is hard and clumpy?

That’s soil structure. Soil consists of mineral particles and organic constituents packed

into differently sized clumps (called aggregates) and organized as three-dimensional

porous structures. 

"Soil carbon has been recognized as the most

widely measured indicator for soil health and is

central to maintaining it..."



 

Soil carbon plays a big part in forming small aggregates that enhance soil porosity,

allowing air and water to move freely through the soil. For instance, well-aggregated

soil in organic farms tends to have better water infiltration rates, reducing surface

runoff and soil erosion. Strong soil structure also supports root penetration, creating an

optimal environment for crops.

 

 Hard and clumpy soil (left) vs. loose and crumbly soil (right). Photos courtesy of USDA-

NRCS Oregon (left) and Texas (right). 

 

Fueling microbial activity

Soil carbon supports a wide range of soil life as the source of energy, from beneficial

bacteria to fungi and earthworms. A meta-analysis showed that SOC enhances soil

microbial diversity, microbial functionality, and crop yields (Shu et al., 2022). Those soil

microbes break down organic material to release plant-available inorganic nutrients,

alter nutrient availability by oxidation, reduction, solubilization, and chelation

processes—all contributing to a healthier, more balanced soil ecosystem. These



processes drive global nutrient cycling and regulate around 90% of the energy flux in

soil (Saccá et al., 2017). 

 

Enhancing soil fertility

Soil carbon serves as a vast reservoir of nutrients, gradually released through the

activity of soil fauna and microorganisms. This process plays a crucial role in supplying

essential elements like nitrogen (N), phosphorus (P), and sulfur (S) to plants. By keeping

nutrients within the root zone for longer periods, soil carbon enhances their availability

to plants and reduces reliance on synthetic fertilizers. For example, in soils rich in

organic matter, nitrogen is mineralized by microbes and made available to plants over

time, reducing the need for synthetic fertilizers. Besides, soil organic matter also

increases the cation exchange capacity of soil, thus leading to greater retention of

positively charged nutrient ions such as Ca, Mg, K, Fe, Zn, and many micronutrients. 

 

Improving soil resilience

Soils with high carbon content are more resilient to environmental stresses such as

nutrient limitation, drought, flooding, extreme temperatures, high salinity, and pollution.

 For instance, organic carbon increases the soil's water-holding capacity, ultimately

mitigating the impact of drought on crop productivity (Kane et al., 2021; Qiao et al.,

2022). In regions prone to erratic weather patterns, soil carbon acts as a buffer,

supporting consistent yields and fostering long-term agricultural productivity.

Additionally, beneficial microbes can outcompete harmful pathogens, enhancing plant

health. 



"Soils with high carbon content are more

resilient to environmental stresses such as

nutrient limitation, drought, flooding, extreme

temperatures, high salinity, and pollution."

Consequences of low soil carbon

The loss of soil carbon in agroecosystems

has significantly degraded soil quality by

altering its physical, chemical, and biological

properties. Short-sighted farming practices

have accelerated this decline, leading to

substantial carbon loss from soils. In the

European Union, cropland soils are estimated

to lose approximately 7.4 million tons of

carbon annually. Similarly, soils in the United

States have lost an estimated 4 ± 1 gigatons

(Gt) of carbon while global soil carbon losses

are estimated at 78 ± 12 Gt (Lal et al., 2004). When soil carbon levels are depleted, the

following negative impacts can arise.

 

Erosion

Poorly aggregated soils, as shown

on the right, lack cohesion, leading

to increased surface runoff during

heavy rains. Well-aggregated soils,

as shown on the left, stick together.

USDA Photo by Lance Cheung.



Low organic carbon weakens soil structure, making it more susceptible to erosion by

wind and water. Poorly aggregated soils lack cohesion, leading to increased surface

runoff during heavy rains. For example, in areas with intensive tillage and little organic

matter input, topsoil is easily washed away, reducing land productivity.

 

Loss of microbial diversity

Soil carbon scarcity diminishes the food supply for microbes, reducing microbial activity

and biodiversity. This loss weakens the soil’s natural defense mechanisms, increasing

vulnerability to pests and diseases. For example, in degraded soils with minimal organic

input, the absence of beneficial microbes like mycorrhizal fungi can leave plants more

exposed to root pathogens.

 

Loss of crop productivity

Without sufficient soil carbon, nutrient cycling slows down, leading to reduced soil

fertility. Crops struggle to access vital nutrients, resulting in stunted growth and lower

yields. For instance, carbon-deficient soils may lack the microbial activity necessary to

convert organic nitrogen into plant-available forms, forcing farmers to rely heavily on

chemical fertilizers.

 

Prioritizing strategies to build and maintain soil carbon levels is essential for boosting

productivity and fostering climate resilience.



"Without sufficient soil carbon, nutrient cycling

slows down, leading to reduced soil fertility."

Strategies to improve soil carbon

Augmenting SOC requires careful consideration and strategic planning to implement a

diverse array of methods, practices, and management techniques, thereby producing

demonstrable outcomes. To enhance SOC, management strategies should minimize

disturbances like erosion, compaction, and excessive soil exposure while maximizing

organic matter inputs. Frequently, individual practices in isolation prove inadequate,

whereas an integrated approach encompassing multiple strategies facilitates more

rapid and substantial improvements (Figure 2). Potential strategies encompass, but are

not limited to, the following.

 



Soil amendments

Soil amendments, particularly organic

amendments like manure and compost, have

been shown to significantly increase soil

carbon levels, especially in soils that initially

have low carbon levels. This increase is due

to the organic matter in these amendments

breaking down and becoming incorporated

into the soil. 

 

Biochar, a more recalcitrant form of carbon, can also be used as a soil amendment to

increase SOC. Biochar is produced through the pyrolysis of biomass, and it is highly

resistant to decomposition. This means that biochar can remain in the soil for long

periods of time, potentially aiding carbon sequestration and reducing greenhouse gas

emissions. 

 

It is important to choose the right amendment for the specific soil type and

management goals. Organic amendments like manure and compost can provide a

quick boost to soil carbon while biochar can offer a more long-term solution for

carbon sequestration. However, it is important to note that these amendments often

redistribute carbon within the soil rather than creating new stores of carbon. The

carbon in the amendments may be moved from one location to another within the soil

profile, but the overall amount of carbon in the soil may not necessarily increase.

Additionally, the effectiveness of these amendments can vary depending on the type

of soil and the depth at which the amendments are applied. In conjunction with other

Figure 2. Building soil organic

carbon is a multi-step process and

requires integration of multiple

tactics such as (a) growing

overwintering cover crops like cereal

rye and (b) rolling cover crops to

incorporate crop residue into soil.

Management strategies that

minimize disturbances like erosion,

compaction, and excessive soil

exposure while maximizing organic

matter inputs can lead to (c)

productive crops and healthy soil (d

and e).



management practices, organic amendment can augment SOC, improving the

productivity and health of soils. 

 

Reduced tillage

Reducing tillage by adopting conservation or no-till practices can enhance soil carbon

and provide numerous benefits for soil health and carbon sequestration. These include

reducing or eliminating tillage as tillage can disrupt soil structure and accelerate the

decomposition of organic matter. By minimizing soil disturbance, no-till farming preserves

the natural soil structure and aggregates, which are essential for creating a stable and

porous environment. These aggregates provide numerous microhabitats for beneficial soil

organisms, including bacteria, fungi, and other microbes, which play a crucial role in

decomposing organic matter and cycling nutrients. 

 

"Reducing tillage by adopting conservation or

no-till practices can enhance soil carbon and

provide numerous benefits for soil health and

carbon sequestration."



Additionally, reducing tillage minimizes soil erosion, which can lead to the loss of

valuable topsoil and organic matter. By maintaining a protective layer of plant residues

on the soil surface (e.g., corn stubble), no-till practices help to prevent wind and water

erosion, preserving the soil's carbon content and fertility. Furthermore, the increased

organic matter content in no-till systems improves soil water retention and infiltration,

reducing runoff and enhancing the soil's ability to withstand drought conditions. 

 

No-till farming also promotes microbial

diversity in the soil. The undisturbed soil

environment allows for the establishment of

complex and diverse microbial communities,

which are essential for maintaining soil health

and ecosystem function. These microbes

play a key role in breaking down organic

matter, releasing nutrients, and suppressing

soilborne pathogens. The increased microbial

activity in no-till systems contributes to the

accumulation of organic matter and the

sequestration of carbon in the soil.

 

Cover crops

One of the primary benefits of cover crops is

their ability to increase SOC. Through photosynthesis, cover crops capture carbon

Direct measurement of SOC usually

involves gathering soil samples and

analyzing them using dry

combustion methods. Photo by

Kelsey Jensen.



dioxide from the atmosphere and convert it into organic matter, which is then stored

in the soil. This process not only helps mitigate climate change by sequestering

carbon, but also improves soil fertility, water retention, and overall soil resilience.

 

Cover crops play a strategic role in maintaining healthy soils by providing year-round

soil coverage. This continuous coverage prevents soil erosion, improves soil structure

and aggregation, and enhances nutrient cycling. By adding organic matter to the soil,

cover crops create a favorable environment for beneficial soil organisms, such as

earthworms and bacteria, which further contribute to soil health. 

 

The choice of cover crop species is crucial for maximizing the benefits of cover

cropping. Leguminous cover crops, such as clover and vetch, have the unique ability to

fix atmospheric nitrogen, making it available to plants. Other cover crop species, such

as grasses and brassicas, offer additional benefits, such as weed suppression, pest

control, and soil aeration. 

 

Cover crops can be terminated by mechanical means, such as mowing or rolling, or by

chemical means, such as herbicides. The timing of termination should be carefully

planned to optimize nutrient release, minimize weed pressure, and ensure successful

establishment of the subsequent cash crop. 

 



While cover crops offer numerous benefits, they can also present some management

challenges. For example, some cover crops can become weeds if not managed

properly. Additionally, the cost of cover crop seed and the time required for

establishment and termination can be barriers for some farmers. However, these

challenges can be overcome through careful planning, proper management, and the

use of available resources and support programs.

 

Diversifying cropping systems

Soil and cropping system management is critical to gain carbon over time. Diversifying

crop rotations introduces a variety of root systems and residues, which enhance

nutrient cycling, water infiltration, and soil structure, fostering long-term resilience.

Promoting species diversity, structural complexity, and climate-resilient tree species

further supports SOC storage, as does avoiding land-use changes that disrupt soil.

While some disturbances, like soil scarification, may be strategically used for

regeneration, the overarching goal is to protect existing carbon stocks and foster long-

term soil health as SOC loss occurs rapidly but rebuilds slowly.

 

Perennial crops, with their deeper roots and extended growing seasons, enhance soil

carbon storage more effectively than annual systems, increasing carbon stocks by

15–28% in managed pastures and up to 20% globally when transitioning from annual to

perennial crops. Their ability to sequester carbon deeper in the soil profile makes them

a powerful tool for long-term carbon storage. The rate of soil carbon sequestration,

however, can vary depending on a number of factors, including climate, soil type, and

management practices. However, by adopting diverse cropping systems and soil-



health-promoting practices, farmers can increase soil carbon levels and improve the

overall health and productivity of their soils.

 

Livestock integration

Livestock can play a vital role in improving soil health by increasing soil organic matter.

Manure and bedding from livestock are valuable organic amendments that can be

added to the soil to increase its organic matter content. Integrating livestock into

farming systems also encourages crop rotation diversification by incorporating

pastures and cover crops. This diversification adds organic matter through root growth

and residue decomposition while improving soil structure and nutrient cycling.

Additionally, livestock grazing promotes plant growth and stimulates microbial activity,

leading to increased organic matter inputs. Overall, integrating livestock into farming

systems offers a multifaceted approach to building soil organic matter and promoting

sustainable agricultural practices.

 

Livestock can play a vital role in improving soil health by increasing soil organic matter.

Photo by Erick Santos.



 

Increasing SOC is crucial for enhancing soil health and agricultural productivity, yet it

remains a challenge for farmers. Levels of SOC are determined by the balance

between carbon inputs—primarily from plant residues like roots and leaves or soil

amendments—and carbon losses through harvest or microbial decomposition. These

management choices collectively help tip the carbon balance in favor of soil

enrichment. However, building SOC is a gradual process, typically taking three to five

years to show measurable changes though this timeline can vary depending on

climate, soil type, and landscape conditions. Paying attention to soil carbon is critical

as it directly influences soil health, enhancing fertility, water retention, and overall

resilience, making it a cornerstone of regenerative agriculture and sustainable farming

practices.

 

Quantifying soil organic carbon: methods, applications and challenges

Soil organic carbon is a widely accepted and critical metric for soil health, linked to

nutrient cycling and water storage. From a management perspective, organic carbon is

often the most important form of soil carbon because it is directly influenced by

agricultural practices and serves as a key indicator of soil fertility and long-term

sustainability. Accurate quantification of SOC in agricultural soils is essential for

improving soil health, enhancing resilience to stressors, and supporting climate change

mitigation, requiring credible and dynamic measurement methods to inform

management practices and policy decisions (Paustian et al., 2017). 

 



The measurement and interpretation of SOC

present challenges due to SOC’s slow

response to management changes and the

necessity for deeper soil sampling and bulk

density measurements for accurate carbon

storage assessment. Direct measurement of

SOC usually involves gathering soil samples

and analyzing them using dry combustion

methods, which are seen as the benchmark

for establishing carbon concentration.

Researchers have created more efficient

sampling strategies, such as georeferenced

benchmark sites, which decrease the number

of samples required while preserving

accuracy. Additionally, spectroscopic

techniques, like near-infrared spectroscopy

(NIRS), present quicker and more affordable

options for SOC analysis although they need

careful calibration. Many laboratories can provide SOC-quantifying services in addition

to regular soil chemical or nutrient analysis.

 

Process-based models, such as the Rothamsted Carbon Model (RothC) and 

DeNitrification-DeComposition (DNDC) Model, provide useful information into SOC

dynamics by simulating how various management practices and environmental

conditions influence carbon stocks over time. These models are especially helpful for

Direct measurement of SOC usually

involves gathering soil samples and

analyzing them using dry

combustion methods. Photo by

Kelsey Jensen.

https://www.rothamsted.ac.uk/rothamsted-carbon-model-rothc
https://www.dndc.sr.unh.edu/

