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1. Abstract

To shift from a significant emitter to a major mitigator of greenhouse gas (GHG) emissions,

agriculture needs to change from the current dominant paradigm of chemically intensive,

industrial/conventional systems to regenerative systems by focusing on plant biology and

living soil sciences. Maximizing photosynthesis to capture and convert atmospheric CO2 into

organic molecules to store as soil organic carbon (SOC) would be an effective carbon dioxide

removal (CDR) technology to mitigate climate change.
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The world reached 420 parts per million (ppm) of CO2 in the atmosphere in May 2022. The

Global Carbon Budget report estimated that atmospheric CO2 reached an annual average of

417.2 ppm in 2022.

Evidence shows that 430 ppm carbon dioxide equivalents (CO2eq) to limit warming to 1.5°C

and 450 ppm CO2eq to limit warming to 2°C have been exceeded. Reducing emissions and

transitioning to renewable energy is no longer sufficient to stop temperatures from exceeding

2oC, the higher limit of the Paris Agreement. Negative emissions are needed to remove the

legacy levels of CO2. The Intergovernmental Panel on Climate Change (IPCC) stated that

without additional sequestration, global mean surface temperature will increase in 2100

between 3.7°C and 4.8°C higher than pre-industrial levels. The IPPC states that CDR is

essential in limiting global warming to 1.5°C to achieve net negative emissions. It advocated

for CDR technologies such as regenerating natural ecosystems, carbon capture and storage

(CCS), and soil carbon sequestration (SCS).

Regenerative agriculture is based on a range of food and farming systems that maximize the

photosynthesis of plants to capture CO2 and use organic matter biomass and root exudates to

store it as SOC. It can be applied to all agricultural sectors, including cropping, grazing, and

perennial horticulture. Meta-reviews and other published studies have found that transitioning

to regenerative agriculture systems can result in more sequestration than emissions from

agriculture, turning agriculture from a significant emitter to a major mitigator of GHG

emissions.

Scaling up 10% of various best practice regenerative agriculture systems is realistic,

achievable, and low-cost. Just a percentage of innovators and early adopters applying best

practice regenerative systems to their land holdings can significantly contribute to achieving

the negative emissions needed to limit global warming to 1.5°C higher than pre-industrial

levels.

2. Introduction

The National Oceanic and Atmospheric Administration (NOAA) measured a monthly average

of 420.99 ppm CO2 at the Mauna Loa observatory in Hawaii on May 2022. The Scripps

Institution of Oceanography independently measured a monthly average of 420.78 ppm

CO2. (NOAA 2022)
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The Global Carbon Budget report estimated that atmospheric CO2 reached an annual average

of 417.2 ppm in 2022. (Friedlingstein et al. 2022)

401 ppm CO2was recorded in 2015 when the United Nations Paris Agreement was adopted as

an international treaty on climate change. (Statista, 2022) The goal was to limit global

warming to below 2, preferably to 1.5 degrees Celsius, compared to pre-industrial levels.

(UNFCCC 2022)

Atmospheric CO2 levels have increased by about 2.31 ppm per annum since 2015. Emissions

increased at around 2 ppm per annum in the decade before the Paris agreement, so the

emissions rate is accelerating.

The Intergovernmental Panel on Climate Change (IPCC) Mitigation of Climate Change report

stated that greenhouse gas (GHG) concentrations should be limited to 430 ppm carbon

dioxide equivalents (CO2eq) to limit warming to 1.5oC and to 450 ppm CO2eq to limit

warming to 2oC. (IPCC 2014)

According to the report, we have overshot the 1.5oC target. The IPCC estimated that 430 ppm

CO2eq was reached in 2011. (IPCC 2014)

CO2eq combines carbon dioxide and other major GHGs, such as methane, nitrous oxide, and

halocarbons. Their warming potentials are expressed in units equivalent to CO2. The

combination of all these GHGs is used to understand better the levels of gases contributing to

global warming, which is why the IPCC uses it. The CO2eq is usually higher than CO2 alone.

For example, atmospheric CO2 levels were 391.85 ppm in 2011, compared to 430 ppm CO2eq.

(Statista 2022)

The Global Carbon Budget report stated, "If the current level of emissions persists, there is a

50 percent chance that global warming of 1.5 degrees Celsius (2.7 degrees Fahrenheit) will be

exceeded in nine years, the opposite trend needed to reverse climate change." (Friedlingstein

et al. 2022)

Observations by the NOAA Global Monitoring Lab in 2021 found that CO2 alone was

responsible for around two-thirds of the total heating influence of all human-produced GHGs.

The other GHGs were accountable for a third of the heating potential. (NOAA 2021)

Consequently, the 417.2 ppm of CO2 in 2022 could be as high as 625.80 ppm CO2eq. The

world has already passed the 2oC threshold of 450 ppm CO2eq.
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The IPCC stated that additional mitigation is needed; otherwise, the temperature will

overshoot the Paris Agreement targets. "Baseline scenarios, those without additional

mitigation, result in global mean surface temperature increases in 2100 from 3.7 °C to 4.8 °C

compared to pre-industrial levels.” (IPCCC 2014)

According to the IPCC: “Mitigation scenarios in which it is likely that the temperature change

caused by anthropogenic GHG emissions can be kept to less than 2 °C relative to pre-

industrial levels are characterized by atmospheric concentrations in 2100 of about 450 ppm

CO2eq (high confidence)….”

“Only a limited number of studies have explored scenarios that are more likely than not to

bring temperature change back to below 1.5 °C by 2100 relative to pre-industrial levels; these

scenarios bring atmospheric concentrations to below 430 ppm CO2eq by 2100 (high

confidence)…” (IPCCC 2014)

The targets have already been overshot, and the emissions rate is accelerating. Reducing

emissions and transitioning to renewable energy is no longer sufficient to stop a climate

catastrophe.

The IPPC states that the only way to limit global warming to 1.5°C is to achieve net negative

emissions by using CDR to draw down CO2 from the atmosphere. "All pathways that limit

global warming to 1.5°C with limited or no overshoot project the use of carbon dioxide

removal (CDR) on the order of 100–1000 Gt CO2 over the 21st century. CDR would be used

to compensate for residual emissions and, in most cases, achieve net negative emissions to

return global warming to 1.5°C following a peak (high confidence).” (IPCC 2018)

Along with a suite of measures needed to mitigate climate change, the IPCC has advocated

for soil carbon sequestration (SCS) as a CDR technology. (IPCC 2018)

This paper hypothesizes that scaling up evidence-based regenerative agricultural systems with

high increases of SCS as a CDR technology can significantly contribute to mitigating climate

change and assist in limiting global warming to 1.5°C. To achieve the needed levels of CDR,

agriculture needs to change from the dominant paradigm of chemically-intensive

industrial/conventional systems to those that focus on the sciences of plant biology and living

soils to sequester CO2 from the atmosphere. Maximizing photosynthesis to capture and

convert CO2 into organic molecules to sequester it as soil organic carbon (SOC) would be an

effective CDR technology to mitigate climate change.
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3. Discussion

According to the NOAA, more than 90 percent of the warming on Earth over the past 50

years has occurred in the oceans. The ocean's heat energy will warm the planet decades after

it is absorbed. Ocean heat is a significant driver of our weather. The oceans and the

atmosphere are already about one degree Celsius warmer than at the start of the industrial

revolution. (NOAA 2020)

3.1 The need to reduce and sequester emissions

This extra energy is disrupting our weather systems. It is causing weather events to be far

more intense. The energy makes winter storms more intense, bringing strong snowstorms and

severe floods. Similarly, summer storms, especially hurricanes, tornados, and tropical lows,

are far more intense, with deluging destructive rainfall and floods. Droughts and heat waves

are more common and result in more crop failures. They are also fueling damaging forest and

grass fires, burning out whole communities, and changing regional ecologies due to not

allowing time for recovery before the subsequent fires. (IPCC 2018)

The frequency and intensity of these events will only get worse when the world warms to 2oC,

the upper limit of the Paris climate agreement. (IPCC 2018)

According to research published in Nature Geoscience, the last time the world had 380 ppm

CO2 was 3.0–3.5 Million years ago. Temperatures were between 5 to 16 °C warmer, and sea

levels were 20 to 30 meters higher. (Rohling et al. 2009)

A paper in Nature Communications shows that sea level rises will cause a vast refugee crisis

for 340 million people by 2050. (Kulp and Strauss 2019).

An analysis of heat index levels found that "Even if the Paris Agreement goal of limiting

global warming to 2°C is met, the exposure to dangerous Heat Index levels will likely

increase by 50–100% across much of the tropics and increase by a factor of 3–10 in many

regions throughout the midlatitudes."

The researchers further stated that: “Without emissions reductions more aggressive than those

considered possible by our statistical projection, it is likely that by 2100, many people living

in tropical regions will be exposed to dangerously high Heat Index values during most days of

each typical year, and that the kinds of deadly heat waves that have been rarities in the

midlatitudes will become annual occurrences.” (Vargas Zeppetello et al. 2022)
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The United Nations Paris Agreement proposes net zero CO2eq by 2050. The increasing rate of

emissions shows that it is highly unlikely that this goal will be achieved.

Even if the world transitioned to 100% renewable energy tomorrow, this would not stop the

temperature, and sea level rises. The world will continue to heat up because CO2 lasts

between 300 to 1,000 years in the atmosphere. (NASA 2019) The heat in the oceans will

continue adversely affect the climate until it slowly dissipates. (NOAA 2020)

The evidence shows this will be too late to stop the enormous damage of catastrophic climate

change because, as stated above, the world has already crossed the IPCC threshold for 2°C.

The fact is that we are in a climate emergency now. We must reduce GHG emissions, speed

up the transition to renewable energy, stop clearing all forests, regenerate ecosystems, and

make a great effort to use the available technologies to sequester CO2 from the atmosphere.

The IPPC clearly states that the only way to limit global warming to 1.5°C is to achieve net

negative emissions by using carbon dioxide removal (CDR) to sequester CO2 from the

atmosphere. It has advocated for regenerating natural ecosystems, carbon capture and storage,

and soil carbon sequestration as CDR technologies. (IPCC 2018)

3.2 Soil Carbon Sequestration (SCS) as a CDR Technology

The "4 per 1000" Initiative was launched in Paris on Dec 1, 2015, to change agriculture from

a major GHG emitter to a significant mitigator of CO2 by sequestering it as SOC. The name

comes from research by scientists at CIRAD, France, who calculated that an increase in SOC

of four parts per thousand per annum in agricultural soils globally would be sufficient to

sequester all the annual anthropogenic greenhouse gas emissions. (4 per 1000, 2022)

Multiple scientists, researchers, farmers, governments, and NGOs are working on numerous

methodologies and practices to increase SOC levels in agriculture. (Prescott et al. 2021) There

have also been pushback, doubts, and criticisms expressed by academics and researchers on

the ability of agriculture to achieve enough increases in SOC to mitigate climate change.

(Amundson and Biardeau 2018, Lam et al. 2013, van Groenigen et al. 2017, White 2022)

The papers cited by the critics amount to extensive data sets showing that most

industrial/conventional agriculture systems decrease SOC or have minimal increases that are

insufficient to make a significant difference in mitigating climate change.

There are claims that no-till systems using herbicides are superior to tillage systems and could

achieve enough SCS to mitigate climate change. Researchers conducted a meta-analysis of 74
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published studies comparing no-till and full-tillage management. They found that no-till can

reduce SOC stocks, cause losses in crop yields, and decline in C inputs depending on climate.

Yields can also increase with no-till adoption in some instances. C input losses greater than

15% with the adoption of no-till lead to a loss of SOC. (Ogle, Swan and Paustian 2012)

A comprehensive study comparing industrial no-till with an organic agricultural tillage system

compared multiple parameters. The organic system found better soil quality, including SOC

levels. The results found that systems incorporating high amounts of organic inputs from

manure and cover crops can improve soils more than no-tillage systems despite reliance on a

minimum level of tillage. (Teasdale, Coffman and Mangum 2007) . The Rodale Institute’s 40-

Year-Report on their Farming Systems Trial found that the conventional no-till systems had

lower SOC than the conventional tillage and much lower than the organic manure tillage

system. (Rodale 2022)

Research from Ohio State University compared carbon levels between no-till and tillage fields

and found that, in some cases, carbon storage was more significant in the tillage fields. The

key is soil depth. They compared the carbon storage between no-till and plowed fields with

the plow depth of 20 cm and found that the carbon storage was generally much more

significant in no-till fields than in plowed fields. When they examined 30 cm and deeper, they

found more carbon stored in plowed fields than in the no-till ones. The researchers concluded

that farmers should not measure soil carbon based on surface depth. They recommended

going as much as one meter below the soil surface to get a more accurate assessment of SOC.

(Christopher, Lal and Mishra 2009)

A review of 120 papers on SOC sequestration by researchers from universities in Illinois,

Wisconsin, Iowa, and Ohio compared the difference between the no-till and tilled plots. Their

findings did not support SOC sequestration claims of the no-till industry. They found that the

no-till subsurface layer often loses more SOC stock over time than is gained in the surface

layer. (Olson 2013)

Professor Rattan Lal is a highly regarded soil scientist whose research and review papers on

SOC in agriculture are widely cited. He has published articles on the potential of the global

scaling up of agricultural systems to sequester CO2 to offset anthropogenic GHG emissions.

His 2004 paper gave a range of 0.4 to 1.2 gigatons of carbon per year, and his 2007 paper

showed a range of 0.6 to 1.2 gigatons of carbon per year. (Lal 2004, Lal et al. 2007) The

maximum range estimation (1.2 gigatons of carbon per year) equates to 4.4 Gt of CO2 per

year.
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The Global Carbon Budget 2022 report estimated 40.6 billion tonnes of CO2 emissions in

2022. This is close to the 40.9 billion tonnes of CO2 recorded in 2019, the highest annual total

ever. (Friedlingstein et al. 2022) This is an exceptional amount that may not be the same

every year. Furthermore, a substantial proportion of these emissions are sequestered by the

oceans and forests and do not stay in the atmosphere.

A better reference, rather than basing the figures on one exceptional year of emissions is the

average of the annual atmospheric CO2 level increases from 2015, the year of the Paris

Accord.

401 ppm CO2 was recorded in 2015, and the Global Carbon Project estimated that 417.2 ppm

was reached in 2022. (Friedlingstein et al. 2022, NOAA 2022, Statista 2022) This would give

an average increase of 2.31 ppm annually CO2 annually.

Using the accepted formula that one ppm CO2 = 7.76 gigatons (Gt) of CO2, 2.31 ppm equates

to an increase of 17.92 Gt of CO2 in the atmosphere yearly.

In 2021 the NOAA Global Monitoring Lab found that CO2 alone was responsible for around

two-thirds of the total heating influence of all human-produced greenhouse gases. (NOAA

2022) A reasonable assumption is that 17.92 Gt of CO2 is two-thirds of CO2 eq, giving a

figure of 26.88 Gt of CO2 eq.

This means that 26.88 Gt of CO2 eq per year needs to be sequestered from the atmosphere to

stabilize the current level, as per the goal of the '4 per 1000’ initiative. The scaling up of

agricultural lands based on the highest estimation of Lal et al. would achieve 4.4 gigatons of

CO2eq per year. This shows that our current industrial farming systems cannot achieve the '4

per 1000' goal. (Lal et al. 2007)

More than 26.88 Gt of CO2 eq must be sequestered to achieve negative emissions to reduce

the atmospheric levels of CO2 to keep the temperature rise to 1.5oC. Negative emissions are

essential to stop more CO2 from heating our already overheated oceans and sequester the

legacy atmospheric CO2 eq.

Amundson and Biardeau presented credible evidence in their paper on why achieving the goal

of increasing SOC in the majority of agricultural systems are impossible. For example, they

show that only 10% of farmers and ranchers in the USA are involved in programs that may

increase SOC. Most landholders have reasons why they will not change their current

management practices to ones that increase SOC. (Amundson and Biardeau 2018) A 10%



9

uptake rate based on Lal et al. extrapolations may result in 0.44 gigatons of CO2eq

sequestered per year, a tiny fraction of what is needed. (Lal et al. 2007)

Several researchers, citing many studies, have stated that it is a waste and/or misuse of time,

money, and resources to continue focusing on systems with low increases in SOC. These

resources could be better utilized on other priorities. They, along with others, present data

showing that the current dominant paradigm of industrial/conventional agriculture systems

can never achieve the stated goal of '4 per 1000' or achieve the net negative emissions needed

to keep global warming to 1.5°C (Amundson and Biardeau 2018, Lal 2004, Lal et al. 2007,

Lam et al. 2013, Olson 2013, van Groenigen et al. 2017, White 2022)

3.3 Regenerative Agriculture

Achieving negative emissions is achievable by focusing the research on scaling up systems

with evidenced-based high increases of SOC. A more realistic goal of working with

innovators and early adopters, rather than 100% of agriculture, is needed. Rogers first

published this concept in 1962 in his book Diffusion of Innovations where he coined the term,

early adopters. Rogers’ bell curve is still widely used today, as the model for industries to

establish new customers or to achieve change management. It starts with the first group of

2.5% of adoptees being innovators, followed by 13.5% of people being early adopters. This

amounts to 16% of people who are the first to adopt new practices or products. (Rogers1962)

Aiming for changes in agricultural practices with these groups should be achievable, as

starting with them is standard practice.

Researchers need to look further than the current industrial/conventional agriculture models,

the dominant agricultural paradigm. They must examine emerging systems with documented

high increases of SOC, especially the outliers. Outliers are normally avoided or ignored;

however, given that the world is in a climate crisis, it is time to critically examine them,

replicate them, and improve them through research to scale them up. Adopting a new

agricultural paradigm is needed to move away from the intensive chemical approach of

industrial agriculture into one that uses the biological sciences, especially plant biology.

Meta-reviews and other published studies have found that transitioning to regenerative

agriculture systems can result in more sequestration than emissions from agriculture, turning

agriculture from a significant emitter to a major mitigator of GHG emissions. (Gattinger et al.

2012, Aguilera et al. 2013, Leu 2013, Leu 2014, Teague et al. 2016, Prescott et al. 2021)
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There are several definitions for regenerative agriculture. As one of the founders of the

international regenerative agricultural movement, I will explain regenerative agriculture based

on our understanding and intentions when we started the global movement. Hardly anyone

had heard of regenerative agriculture before 2015 when we formed Regeneration International

to promote this new paradigm in agriculture. We receive articles about it in the news nearly

every day now. (Leu 2013)

Regenerative agriculture is based on a range of food and farming systems that maximize the

photosynthesis of plants to capture CO2 and sequester it as SOC. It can be applied to all

agricultural sectors, including cropping, grazing, and perennial horticulture. It is being used as

an umbrella term for a range of systems such as organic agriculture, agroforestry, agroecology,

permaculture, adaptive multi-paddock grazing, silvopasture, syntropic farming, pasture

cropping, and other agricultural systems that can increase SOC. It replaces synthetic

chemicals with functional biodiversity powered by photosynthesis. (Leu 2021a)

The best systems maximize photosynthesis to increase the capture of CO2 and store it in the

soil as SOC through organic matter biomass and root exudations. (Prescott et al. 2021)

Depending on the management system and the species, root exudates can distribute 10% to

40% of the carbon captured by photosynthesis into the soil while the plants grow. (Verma and

Verma 2021) The carbon compounds from root exudates penetrate deeper into the soils due to

the depths of the roots than above-ground or tilled biomass. Above-ground and tilled biomass

can rapidly oxidize into CO2. Systems with deeper roots are encouraged as their exudates

build more durable SOC as deep soil carbon tends to be more stable. (Christopher, Lal and

Mishra 2009, Verma and Verma 2021, Leu 2013, Leu 2021b)

The key is ensuring the agricultural systems have photosynthesizing plants for the longest

periods possible in their respective climates. This is achieved by using a diversity of correctly

managed species to ensure that they can capture the maximum amount of sunlight per hectare

as the energy needed to convert CO2 into the organic molecules that build SOC through the

soil microbiome/soil food web. Permanent covers of living plants and limited tillage systems

are the preferred methods to increase SOC. (Leu 2021b)

A major issue with papers that criticize using agriculture to sequester CO2 is that they have

focused on data sets from industrial/conventional agricultural systems that decrease SOC or

have meager increases. The papers are correct in showing that these agricultural systems are

unsuitable for scaling up to achieve the sequestration levels needed to mitigate climate change.
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Their extensive data sets show that industrial/conventional agriculture systems are unsuitable

for increasing SOC to the levels required to sequester anthropogenic GHGs.

A fundamental weakness in their arguments is that they have cherry-picked the studies that

support their viewpoints and left out the data sets that show good increases in SOC. The

authors have ignored an extensive body of published studies showing that systems that come

under the umbrella of regenerative agriculture, such as organic agriculture and adaptive multi-

paddock (AMP) grazing, can sequester significant amounts of CO2 and increase SOC over

many decades. (Gattinger et al. 2012, Aguilera et al. 2013, Leu 2013, Leu 2014, Teague et al.

2016)

Many of the examples cited by the critics are industrial farming systems that use synthetic

nitrogen fertilizers, which long-term data shows deplete SOC. Researchers analyzed the

results of a 50-year agricultural trial. They found that applying synthetic nitrogen fertilizer

had resulted in all the carbon residues from the crop disappearing and an average loss of

around 10,000 kg of SOC per hectare. It equates to GHG emissions of 36,700 kg of CO2 per

hectare over and above the many thousands of kilograms of crop residue that is converted into

CO2 every year. Multiple researchers have found that the higher the application of synthetic

nitrogen fertilizer, the greater the amount of SOC lost as CO2. (Khan et al. 2007, Mulvaney,

Khan, and Ellsworth 2009, Man et al. 2021)

Further research has found that synthetic chemical fertilizers result in a higher percentage of

the CO2 fixed through photosynthesis being used for above-ground biomass growth rather

than being excreted by roots as exudates to feed the soil microbiome and increase SOC levels.

(Prescott et al. 2021) As stated before root exudates tend to build deeper stable SOC

compared to above-ground biomass that readily oxidizes into CO2.

A substantial body of evidence, starting in 1904, shows how root exudates feed organic

carbon compounds to the soil microbiome, thereby increasing SOC. The key is how plants are

managed to maximize photosynthesis to capture CO2 and convert it into numerous organic

compounds. (Leu 2021b, Badri and Vivanco 2009, Jones, Nguyen and Finlay 2009, Verma

and Verma 2021)

This is now becoming a significant area of research with recent studies adding to the

understanding how these regenerative systems work to increase SOC. A paper published at

the end of 2022 in Nature Communication is a good example of the benefits of using the

biological plant sciences to maximize photosynthesis to capture CO2, convert it into organic
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compounds, and maximize root exudations to feed these compounds to the soil microbiome to

increase SOC.

The researchers showed that the industrial system of intensive grazing management using

chemicals and high stocking densities per hectare decreased plant carbon capture and its

transfer through soil food webs and soil respiration components compared to extensive

management. (Chomel et al. 2022)

They stated that; “…there is growing awareness of the importance of rhizodeposition as a

driver of below-ground energy flow and the structure and functions of soil food webs."

Their results showed that soil CO2 efflux is relatively less enriched in intensively managed

compared to extensively managed grasslands. This was partly due to less root biomass and

less SOC input below ground in intensive systems.

The researchers concluded: “.. our results show that there is less plant-derived C transfer to

AM fungi and oribatid mites in intensively managed grassland, supporting the idea that

intensive management modifies food web structure and decreases the flow of energy through

AM fungi." (Chomel et al. 2022)

Researchers compared the soil quality at three Spanish vineyards managed under intensive,

regenerative, and minimum impact strategies. They found that the soil carbon stocks were 2.3

and 3.4 times greater in the regenerative and minimal impact vineyards than in the intensive

vineyard. (Andrés et al. 2022)

Based on my understanding of regenerative agriculture, I regard both of the systems described

by the study authors as regenerative and minimum impact as regenerative, and the intensive

system as a standard chemically-intensive industrial agriculture system.

The difference between the intensive and the two regenerative systems is that the intensive

system used tillage and herbicides to kill all the ground cover to create bare soil, resulting in

soil erosion and oxidation that loses SOC and synthetic nitrogen fertilizers that feed the

microbial decomposition of SOC. The two regenerative systems covered the soil with a

diversity of perennial and annual ground cover species and did not use synthetic chemical

fertilizers. Consequently, the regenerative systems had maximum photosynthesis feeding root

exudates to a healthy biodiversity of soil microbiota. The study found that the soil biota is

favored by regenerative viticulture. It had 26.2 times more protists, 3.1 times more nematodes,

and 29.4 more microarthropods than in the intensive vineyard.
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The researchers concluded: “… we found that vineyards managed under regenerative and

minimum impact strategies for 5 and 12 years, respectively, after a long history of intensive

farming, contain significantly more organic carbon and support significantly more soil

invertebrates than a comparable vineyard that is managed intensively." (Andrés et al. 2022)

3.4 Examples of Regenerative Systems

The evidence shows that agriculture needs to change from chemically intensive to

biologically diverse. The new paradigm reduces and ultimately avoids the use of synthetic

chemicals. Plant biology and living soil science must be at the forefront of this research.

A general rule is that the soil is covered with the maximum amount of living plants for as long

as possible in the growing season. Dead plants and bare soil do not photosynthesize, so the

most productive regenerative systems avoid killing plants as weeds with herbicides and

excessive tillage. Instead, plants are managed as ground covers and cover crops to build soil

fertility by maximizing root exudates. Various strategies are used to manage weeds and use

them as cover crops to build fertility. Grazing is one of the most widespread management

tools in these regenerative systems. (Leu 2021b, Teague et al. 2016)

3.4.1 AMP/Regenerative Grazing

Ruminant livestock systems are a significant source of agriculture's anthropogenic greenhouse

gases. The United Nations Food and Agriculture Organization's (FAO) research showed that

cattle, buffaloes, goats, and sheep for meat and milk generated 5.8 gigatons of CO2 eq in 2010.

(FAO 2010) The production is divided between high-intensity confined animal feeding

operations and extensive pasture-based grazing systems on 3.36 billion hectares of permanent

pastures. (FAOSTAT 2015) Governments such as New Zealand are proposing taxing

ruminant production as a way of reducing production to reduce methane output. (BBC 2022)

A meta-review published in the Journal of Soil and Water Conservation found that

transitioning to regeneratively managed ruminant grazing systems can result in more

sequestration than emissions, turning ruminant agriculture from a significant emitter to a

major mitigator of GHG emissions. The researchers stated: "Our assessment shows that

globally, GHG emissions from domestic ruminants represent 11.6% (1.58 Gt C y–1) of total

anthropogenic emissions while cropping and soil-associated emissions contribute 13.7% (1.86

Gt C y–1). The primary source is soil erosion (1 Gt C y–1)… Permanent cover of forage

plants is highly effective in reducing soil erosion, and ruminants consuming only grazed
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forages under appropriate management result in more C sequestration than emissions."

(Teague et al. 2016)

Most studies looking at the emissions from livestock systems do not factor in the SOC

sequestration levels that can result from different livestock management systems. Researchers

doing life cycle analysis comparing different livestock management systems found that

converting to a regenerative grazing method called adaptive multi-paddock (AMP) grazing

resulted in significant levels of SOC sequestration and became net carbon negative. "In our

study, the highest SOC stock occurred upon converting to MP [Multi-paddock] grazing,

indicates that among the three different grazing practices we analyzed, MP has the highest

carbon sequestration rate. Combined with its potential to significantly lower GHG emissions,

we conclude that MP serves as the best carbon mitigation option." (Tong et al. 2015)

In a later study, the researchers found similar results and recommended the widespread

adoption of regenerative agriculture systems that include AMP grazing, not just for the

increasing SOC; they found considerable ecological and biodiversity benefits. "Incorporating

forages and ruminants into regeneratively managed agroecosystems can elevate soil organic C,

improve soil ecological function by minimizing the damage of tillage and inorganic fertilizers

and biocides, and enhance biodiversity and wildlife habitat. We conclude that to ensure long-

term sustainability and ecological resilience of agroecosystems, agricultural production

should be guided by policies and regenerative management protocols that include ruminant

grazing." (Teague et al. 2016)

Research has shown that changing systems can achieve very rapid increases in SOC. Tong

and colleagues found that: "After converting from HC [heavy continuous grazing] to MP

[adaptive multi-paddock grazing], the C sequestration rate was estimated as a much higher

value of 1765 kg·C·ha−1·year−1, which is consistent with the finding of Soussana et al., who

reported a C sequestration rate of 2400 ± 700 kg·C·ha−1·year−1. This is because when poor

management lowered SOC stock over the time, a transition to an improved practice such as

MP will increase SOC stock at a higher rate.” (Tong et al. 2015)

Earlier research by Teague and colleagues showed that changing livestock systems can

significantly increase SOC. "… improved AMP grazing management can result in an average

SOC sequestration rate of 11 t CO2 equiv ha–1 y–1…” (Teague et al. 2011) 11 tons of CO2 eq

per hectare per year is much higher than the levels achieved by most agricultural systems. It

is an example of SOC sequestration rates needed to achieve the goal of the '4 per 1000' and

the net negative emissions required to keep global warming to 1.5°C
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Researchers using regenerative grazing practices in the southeastern United States achieved

8.0 Mg ha−1 yr−1 of SOC. , which means that these grazing systems have sequestered 29.36

metric tons of CO2 eq per hectare per year. Very significantly, the authors give other examples

from research around the world that have achieved similar levels of SOC sequestration

through regenerative grazing levels, so the results of this research paper are not an isolated

outlier.(Machmuller et al. 2015)

3.4.2 Pasture Cropping

Pasture cropping is an innovative regenerative agriculture system where the crop is planted in

a perennial pasture instead of bare soil. There is no need to plow out the pasture species or kill

them with herbicides before planting the cash crop.

Colin Seis in Australia first developed this. The principle is based on the ecological fact that

annual plants grow in perennial systems. The key is to adapt this principle to the appropriate

management systems for specific crops and climates. Pasture cropping can be used on

permanent pastures and arable cropping lands. (Winona 2022)

Neils Olsen further innovated pasture cropping. He developed equipment that combines

cultivation, mulching, aeration, and mixed species seeding into narrow tilled strips in the

perennial pasture in one pass. The field is grazed down or mulched before planting to reduce

competition with the cash crop.

Pasture cropping is an excellent system for increasing SOC. Olsen was paid for sequestering

11 tons of CO2 eq per hectare per year under the Australian government’s Carbon Farming

Scheme in 2019. He was paid for 13 tons of CO2 eq per hectare in 2020. (Soil Kee 2019) He

was the first farmer to be paid for sequestering soil carbon under the Australian government-

regulated system. (Emissions Reduction Fund 2022)

3.4.3 BEAM

BEAM (Biologically Enhanced Agricultural Management), developed by Dr. David Johnson

of New Mexico State University, produces compost with a high diversity of soil

microorganisms. The BEAM system aligns well with research by Prescott et al. and Andrés et

al. 2022 showing how organic carbon-based inputs such as composts encourage higher

proportions of root exudates than synthetic water-soluble chemical fertilizers.(Prescott et al.

2021, Andrés et al. 2022) Multiple crops grown with BEAM have achieved very high

sequestration levels and yields. Research published by Johnson and colleagues shows: “… a

4.5-year agricultural field study promoted annual average capture and storage of 10.27 metric
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tons’ soil C ha-1 year -1 while increasing soil macro-, meso- and micro-nutrient availability

offering a robust, cost-effective carbon sequestration mechanism within a more productive

and long-term sustainable agriculture management approach.” (Johnson, Ellington and Eaton

2015)

These figures mean that BEAM can sequester 37,700 kgs (37.7 tons) of CO2 per hectare per

year. BEAM can be used in all soil-based food production systems, including annual crops,

permanent crops, and grazing systems, including arid and semi-arid regions.

3.4.4 The future of systems with high increases in SOC

The above examples of increases in SOC are much higher than the levels quoted in most of

the published literature. (Lal 2004, Lal et al. 2007, Lam et al. 2013, van Groenigen et al. 2017,

White 2022)

Consequently, some authors and researchers express skepticism about their credibility. The

material and methods used in the above examples are published and can be replicated. They

are evidenced based systems. Just dismissing them based on an opinion is the opposite of

science. The only way to prove or disprove these results is to replicate the material and

methods and see the results. Until this is done, these published results are valid.

The fact is; that there is an urgent need to turn agriculture from a significant source of GHGs

to a major mitigator. Agriculture needs to contribute to the suite of the solutions necessary to

achieve negative emissions to avoid 2oC or greater warming and all the associated problems.

The above examples of regenerative agricultural systems and other outliers have the most

potential. They should be the focus of future research and replicated to see their accuracy in

different climates and soil types. The results should be scaled up to sequester CO2 if they are

positive. Further research should be prioritized to improve these systems.

3.5 Carbon Capture and Storage

Carbon capture and storage (CCS) is promoted as a CDR technology for reducing GHG

emissions. A report from the IPCC stated that CCS is essential to reach net zero by 2050.

(IPCC 2022)

A review of all the major carbon capture projects found that over 70 percent of the projects

were used for enhanced oil recovery. Oil and gas companies use the captured CO2 to pump

more oil and gas out of depleted wells, producing more GHG emissions. The study reviewed

the 13 large-scale CCS projects currently in existence worldwide. It found that seven
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underperformed, and one was questionable. Nearly 90% of the proposed CCS capacity in the

power sector failed at the implementation stage or was suspended early. Only two projects in

the gas processing sector demonstrated some success. (Robertson and Mousavian 2022)

The report clearly shows that billions of dollars have been invested into this sector with very

few results. The carbon capture sector is still a net emitter of GHGs. Billions more dollars are

being budgeted for industrial CCS projects. In proportion to CCS, very few dollars are spent

on implementing regenerative agriculture, which has much greater CDR potential and much

lower implementation costs.

4. 'Back-of-the-envelope' Calculations for Achieving Negative Emissions

The exercises below are 'back-of-the-envelope' calculations. They are not proposed to offer

scientific proof. These types of back-of-the-envelope analyses help conceptualize the potential

of a strategy or methodology when testing a hypothesis.

4.1 Global Agricultural Land Figures

The United Nations Food and Agriculture Organization (FAO) estimated that the total land

used to produce food and fiber is 4,911,622,700 Hectares.

This is divided into: Arable/Crop land: 1,396,374,300 Hectares

Permanent pastures: 3,358,567,600 Hectares

Permanent crops: 153,733,800 Hectares (FAOSTAT 2015)

4.2 Regenerative/AMP Grazing Calculations

Permanent pastures represent 68% of agricultural lands To explain the significance of

Machmuller’s figures: 8.0 Mg ha−1 yr−1 = 8,000 kgs of carbon stored in the soil per hectare

per year. Soil Organic Carbon x 3.67 = CO2, which means that these grazing systems have

sequestered 29,360 kgs (29.36 metric tons) of CO2/ha/yr. (Machmuller et al. 2015)

If these regenerative grazing practices were implemented by early adopter pastoralists on the

world’s permanent pastures: they would sequester 98.6 Gt CO2/yr. (29.36t CO2/ha/yr X

3,358,567,600 ha = 98,607,544,736t CO2/ha/yr)

If this system was deployed on 10% of the world’s grazing lands, they could sequester 9.86

Gt of CO2 per year.
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4.3 Pasture Cropping Calculations

The significance of Olsen’s pasture cropping system is that if applied to permanent pastures

and arable/croplands, would sequester 63.8 Gt of CO2 per year. (Permanent pastures and

arable/croplands 4,911,622,700 ha x 13t CO2/ha/yr = 63,851,095,100t of CO2/ha/yr)

If early adopter farmers and ranchers deployed this system on 10% of all permanent pastures

and arable/croplands, it could sequester 6.38 Gt of CO2 per year.

4.4 BEAM Calculations

BEAM sequestered 10.27 metric tons of soil C ha-1 year -1 in a 4.5-year field trial. A basic

calculation shows the potential of scaling up this simple compost technology across global

agricultural lands. Soil Organic Carbon x 3.67 = CO2, meaning that 10.27 metric tons of soil

carbon = 37.7 metric tons of CO2 per hectare per year.

If BEAM were extrapolated globally across agricultural lands, it would sequester 185 Gt of

CO2/yr. (37.7 t CO2/ha/yr X 4,911,622,700 ha = 185,168,175,790t CO2/ha/yr). 10% of

agricultural land to BEAM could sequester 18.5 Gt of CO2 per year.

4.5 Potential Sequestration

If this system were deployed by a small percentage of innovators and early adopter farmers

and ranchers on global agricultural lands, it could sequester 18.5 Gt of CO2 per year.

A simple back-of-the-envelope calculation shows that converting:

• 10% of the world's permanent pastures to best practice regenerative grazing systems,

such as Machmuller et al., could sequester 9.86 Gt of CO2 per year;

• 10% of the world's permanent pastures and arable/croplands to pasture cropping could

sequester 6.38 Gt of CO2eq per year; and

• 10% of agricultural land to BEAM could sequester 18.5 Gt of CO2 per year.

Combined, they could sequester 34.74 Gt of CO2 per year. This is more than the current

anthropogenic emissions of 26.88 Gt of CO2 eq per year and would achieve negative

emissions.

Combining these regenerative systems is not double or triple counting. Many permanent

pastures are not suitable for cropping and can only be used for grazing. Pasture cropping can

be used in most arable and grazing systems where is sufficient soil moisture in the rainy

season to grow an annual crop. BEAM can be used in all systems. The different systems give
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flexibility and more options for adoption by landholders. Furthermore, according to Rogers's

bell curve, a 10% adoption rate amongst different farmer/rancher groups is a more realistic

goal, especially for working with innovators and early adopters who total 16% of each group.

4.6 Limitation of the 'back-of-the-envelope' calculation

A major limitation of 'back-of-the-envelope' calculations is that while the levels of SOC

sequestration achieved by the three regenerative systems are evidenced-based, the

extrapolations are theoretical and have margins of error. The fact is; all the papers producing

figures on the potential scaling up of agriculture at a large scale or globally to sequester CO2

extrapolate data and all of them, including this paper, are subject to assumptions and error

margins.(Lal 2004, Lal et al. 2007, Gattinger et al. 2012, Lam et al. 2013, Olson 2013,

Aguilera et al. 2013, Leu 2013, Teague et al. 2016, van Groenigen et al. 2017, Amundson and

Biardeau 2018, White 2022) However, they are useful tools in assessing the viability of SCS

to mitigate climate change. In reality, the actual amounts will be variable because best

practice systems rarely scale up evenly and result in variable numbers.

The systems quoted in this paper are three outliers; however, other regenerative agricultural

systems have the potential to draw down large quantities of CO2 if scaled up on global

landscape scales. Many emerging systems, especially perennial agroforestry systems, have the

potential to achieve higher increases in SOC. Even if the results were half that of the back-of-

the-envelope calculation, the outcome would be impressive and a massive contribution to the

needed negative emissions.

5. Conclusion

There is no need to change 100% of agriculture. Just a percentage of innovators and early

adopters applying best practice regenerative systems to their land holdings can significantly

contribute to achieving the negative emissions needed to limit global warming to 1.5°C.

Reducing emissions and transitioning to renewable energy is no longer sufficient to stop a

climate catastrophe. The IPCC states that the only way to limit global warming to 1.5°C is to

achieve net negative emissions using CDR. This requires sequestering CO2eq from the

atmosphere.

The IPCC recommended SCS and CCS among the CDR technologies needed to achieve

negative emissions.
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A large body of published research shows that the current dominant paradigm of chemically

intensive, industrial/conventional systems cannot achieve the levels of sequestration needed to

attain significant negative emissions, especially the stated goal of the ‘4 per 1000’ initiative of

drawing down all the annual anthropogenic greenhouse gas emissions.

Research shows that most current CCS systems are net emitters or have underperformed in

sequestering CO2 despite billions of dollars being spent on them.

Scaling up 10% of various best practice regenerative agriculture systems is realistic,

achievable, and low-cost compared to expensive high-tech concepts like CCS.

The evidence shows that agriculture needs to change from chemical to biologically intensive.

The emphasis must be based on living soil and biological plant sciences to maximize

photosynthesis to capture CO2 and convert it into organic compounds and then maximize root

exudations to feed these compounds to the soil microbiome to increase SOC.

Using a proportion of the billions of dollars proposed for industrial CCS systems to transition

a small percentage of global agricultural production to evidence-based, best-practice,

regenerative approaches could sequester enough CO2 and store it as SOC to mitigate climate

change and assist in achieving the much-needed negative emissions to limit global warming to

1.5°C higher than pre-industrial levels.
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