Regenerative agriculture can provide many environmental benefits, but is not a “silver bullet” for climate
change mitigation.
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Society is faced with the challenge of producing and equally distributing enough food and fiber to support a
growing and food insecure global population. This challenge is compounded by the fact that natural
resources needed for agriculture are deteriorating and climate change is affecting yields and production
stability.1,2 Much of the US, for example, is already experiencing yield declines and other climate related
disruptions to agriculture.3,4 Agriculture and associated land use changes contribute 25% of global GHG
emissions and 10% of emissions in the US.5,6 This article summarizes the state of science on how agriculture
can mitigate climate change. It reviews the relative impact and certainty of two mitigation levers - 1)
carbon sequestration and 2) greenhouse gas emissions reduction.
“Regenerative agriculture” includes those farming systems that move carbon dioxide out of the atmosphere
and into plants and soil. In addition to the potential for removing some carbon dioxide from the
atmosphere, these systems improve productivity, environmental quality, soil health, and reduction of
impacts from climate disruption.1,4,7,8 These possibilities have an important context; no carbon
sequestration is currently fully reliable or permanent, and even the higher estimates of carbon
sequestration in regenerative systems are orders of magnitude smaller than the total amount of
greenhouse gas emissions from agricultural systems produced each year. 5,6,9
This summary highlights the current evidence about the promise of regenerative agriculture for both
carbon sequestration and the direct reduction of greenhouse gas emissions. Following this overview are
two appendices, A) acknowledgements and references and B) definitions and conversions.
Regenerative agriculture and carbon sequestration rates
● The Potential: Regenerative agriculture can sequester carbon at rates ranging from 0.1 to 0.34 US tons
per acre per year (Figure 1). The upper end of this range is equivalent to the CO2 emissions from about 30
gallons of gasoline. Carbon sequestration can be achieved by increasing crop growth and root production,
through integrating cover crops into annual agricultural systems, incorporating perennial crops into
rotations with common annual crops, to full transition to perennial grain and forage systems. Retiring
cropland to perennial cover can offer greater carbon sequestration gains (Figure 1).10 As discussed below,
these carbon sequestration rates are uncertain and much lower than emission rates. The same carbon
molecules that are sequestered from the atmosphere into plants and soil can lead to other
environmental and agronomic benefits, termed stacking benefits. For example, carbon fixed by crops can
increase soil health and organic matter, improve fertility, and improve water infiltration capacity and soil
aggregation.11,12 These physical properties convey climate adaptation and economic risk mitigation.7,13
Other stacking benefits include direct emissions reduction and reduced energy use, but only early
evidence is available about this benefit. Through stacking benefits, regenerative agriculture is one of the
more promising directions for climate adaptation, maybe also providing climate mitigation as well.
● Unreliability, limitations, and insufficient data: All estimates of carbon sequestration have a high degree
of uncertainty. Even for fully perennial regenerative agriculture, carbon sequestration estimates can vary
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by an order of magnitude14, and a fraction of studies, some long term, report no change or even losses in
carbon sequestration.15,16,17 Variability carbon sequestration is driven by many factors including soil type,
weather patterns, root growth and depth, the composition and growth of soil biological communities,
tillage, and fertilization, where deeper soil might sequester more carbon.19,20,21 Moreover, regenerative
agriculture encompasses many modifications intended to improve sustainability including (but not limited
to) perennial crop inclusion, cover cropping, compost application, grazing, organic fertilizer and pest
control, and intercropping. Each modification has the potential to directly affect carbon sequestration,
and combining modifications can result in unforeseen interactions and complexities. Until these research
gaps are filled, an awareness of the variance, limitations, and impermanence of sequestered carbon is
important.
Overriding issues include evidence that globally increasing temperatures may lead to soil carbon losses.18
Sequestration rates, when positive, are not infinite and can slow after 10-20 years of establishment of
regenerative agriculture. 6,10 Returning to annual agricultural crops with tillage, or conversion of prairie and
forest to agricultural land, also leads to carbon losses.22,23
The case for directly reducing emissions in addition to sequestering carbon
Regenerative agriculture is likely to sequester carbon in the short term (10-20 years) and provide stacking
benefits. Carbon sequestration acts to pull some existing emissions out of the atmosphere, but to achieve a
zero emissions goal we must also directly reduce current greenhouse gas emissions (Figure 2).6,23,24
Carbon Sequestration Potentials
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Perennial regenerative agriculture can sequester
up to 0.34 US tons of carbon per acre per year
(Figure 1). Using Minnesota as a case study, if half
of the 20 million acres of Minnesota cropland were
dedicated to regenerative systems or land
retirement, 3.4 million or 14.8 million tons of
carbon respectively would be sequestered per year
for 10-20 years (Figure 2). At the same time, 35-40
million tons of agricultural greenhouse gas
emissions annually produced in Minnesota.9 Carbon
sequestration alone is unlikely to bring us to zero
emissions.24

Approximately 12% of the total emissions in
Minnesota come from nitrous oxide, and
approximately 13% are from methane, two very potent greenhouse gases (see appendix 2). Agriculture is
the predominant source of both of these emissions.9 Efficient and effective nitrogen use, which potentially
can be achieved with Regenerative perennial crops that are effective at taking up nitrogen fertilizer26, could
reduce nitrous oxide emissions.6 Similarly, sustainable protein production can reduce methane emissions.6
Regenerative agriculture potential to reduce fossil fuel and other emissions as well. Because of the limited
data available about these possibilities, there is both a need for research and a need for exploring other
emissions reduction strategies.
Figure 1. Carbon Sequestration potentials (MPCA 2019)
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Carbon Sequestration if implemented on
½ of MN cropping land (10 million acres)

Millions of tons/year
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Figure 2. C sequestration and emissions reduction potential
scaled to 1/2 of MN cropland. Yellow lines = average C
sequestration based on literature review. Gray areas are the
range, within 95% confidence, of the average. Blue lines
represent the sequestration + emissions reduction potential
across the cropping system life cycle. The red line represents
the 13-year average MN total emissions from agriculture

Needs for research
● A more detailed understanding of the
potentially stacking benefits of clean water,
emissions reduction, and climate adaptation
from regenerative agriculture.11,25,2,6
● An understanding of the variance,
limitations, and change in rates over decadal
time periods of carbon sequestration rates
and totals.22,24
● An understanding about how different
environmental variables such as local climate,
soil type, or soil depth intersect with
management to influence carbon
sequestration.
● The emissions reduction potential of
regenerative agriculture from a systems
perspective, including input costs and fertilizer
use efficiencies, regionalized supply chains
and life cycle assessment. This includes
assessing emissions reduction per product
produced and delivered to consumers (food,
feed, or bioenergy).
● Methane emissions sources, amounts, and
pathways to reduction.6,27,28

Summary Points
● Regenerative agriculture is likely to result in positive but unreliable carbon sequestration potentials, with
the highest rates in the first 10-20 years and that only last as long as the regenerative agricultural practice
is maintained.
● The carbon sequestration potentials of regenerative agriculture are small compared to annual agricultural
related GHG emissions. Significant land use change or direct emissions reduction are required to achieve
emissions reduction goals.
● Regenerative systems are likely to improve climate adaptation and resiliency.
● Regenerative systems have potential to directly reduce emissions.
● Several areas of research are needed, including quantifying emissions reduction potentials of
regenerative agriculture, a detailed understanding of how and why C sequestration potentials vary, and a
deeper understanding of the situation of methane emissions.
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Appendix 2: Definitions and Conversion factors
Defining terms used here
Agriculture: the science or practice of farming, including cultivation of plants and the rearing of animals to
provide food, fuel, fiber, and other products. The term agriculture encompasses all the management
practices required for those various products.
Annual agriculture: Food, fuel, and fiber production from crops that complete their life cycle in a single
growing season, thus requiring replanting each year.
Regenerative agriculture: management practices for food, fuel and fiber production from plants and
animals that promote net carbon sequestration in plants and soils.
Perennial grain: Seeds harvested from perennial plants that can be consumed by humans to meet energy
and nutritional needs.
Forages: Plants grown for the purpose of feeding directly to livestock.
Management practices: Activities associated with the preparation of soil, management of livestock, and
planting, maintaining, and harvesting of crops for agricultural products.
Land retirement: Ceasing the production of crops and/or utilization of agricultural land for livestock.
Stacking benefits: stacking benefits are those benefits, here referring mostly to environmental benefits,
where one benefit such as carbon sequestration also creates other benefits.
Statistical average and confidence intervals: The two figures presented here are based on a statistical
analysis of results from all studies collected through a literature search performed to find studies of carbon
sequestration levels for each of the identified regenerative systems presented. The results of that
statistical analysis included two pieces of information: 1) the average amount of carbon sequestration
across collected literature for a given practice and 2) the 95% confidence interval, defined as the range in
values in which there is a 95% probability that carbon sequestration of a given regenerative practice will fall
within this range. This probably is based on current evidence from the given set of collected literature.
Defining cropping practices used here (modified from MPCA, 2019)
Cover crop/catch crop: a plant sown after cash crop harvest to utilize unused water and nutrients and to
prevent soil erosion. Cover crops are typically terminated prior to the planting of cash crops instead of
being harvested for revenue generation. Cereal rye is the most commonly used cover crop in the US
Midwest.
Reduced or no tillage: Reduced tillage practices avoid full soil inversion, but still results in some disturbance
and some soil mixing. Variants of reduced tillage include: chisel till, ridge till, mulch till, sweep till, disk
tillage, and subsoiling. No-tillage practices are those in which cropland soil is left undisturbed, before and
during planting and after harvest. Seeding is done through direct drilling. Weeds are controlled with
herbicides. Crop residues are left on the soil surface to decompose. The MPCA (2019) study this summary is
based on evaluated no-till practices against either conventional tillage with moldboard plow or reduced
tillage. That report found little difference between categories of reduced or no tillage in terms of carbon
sequestration or potential emissions reduction, and so for simplification they are a combined category in
this summary and reductions potentials were averaged among the two categories.
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Perennial grass added to annual crop rotation: in a crop rotation with one or more annual crops, one to
three years of alfalfa, other hay or grass leys added to the rotation to build soil organic carbon and to
improve other soil physical characteristics.
Cropland to hayland conversion: conversion of upland or lowland cropland to alfalfa, other hay or perennial
grasslands for forage production.
Defining land use changes used here (modified from MPCA, 2019)
Retire land to forests (cropland idling in trees): conversion of upland cropland to forested acres, without
harvest removals or grazing, usually through a long-term or short-term easement.
Retire land to restored grasslands (cropland idling in restored grassland): conversion of upland cropland to
unmanaged grassland, without harvest removals or grazing, usually through a long-term or short-term
easement.
Constructed/restored wetlands: Constructed and restored wetlands intercept the flow of nutrients and
sediments from croplands to water bodies. Constructed wetlands are engineered wetlands constructed on
former croplands to intercept the flow of nutrients and sediments from croplands to lakes, rivers and
streams. Restored wetlands are drained wetlands that have been hydrologically restored, typically by
blocking drainage ditches or disconnecting drainage piping. Like constructed wetlands, restored wetlands
act to intercept the flow of nutrients and sediments from croplands to water bodies.
Converting between amounts of land or greenhouse gases, and global numbers
1 ton carbon dioxide (CO2) X 0.27 = 1 ton carbon
1 ton carbon / 0.27 = 1 ton CO2
CO2e = CO2 (carbon dioxide) equivalents, a useful metric to take into account the different radiation (heat)
holding capacities of different greenhouse gas emissions:
30 molecules of CO2 have the same heat retention as 1 molecule methane
298 molecules of CO2 have the same heat retention as 1 molecule nitrous oxide
Soil organic matter (SOM) is ~58% organic carbon
1 Pg (petagram) = 1015g = 1 Gigaton = 1 billion metric tons
1 metric ton = 1 Megagram = 1.1 US tons (also called short tons)
2.4 acres = 1 hectare
1 g/m2 is equivalent to 10kg/ha
Pools of carbon on earth, for reference (in Petagrams, 1 billion tons):
Atmospheric pool of C in CO2: 800 Pg
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Global amounts of soil organic C (Guo and Gifford 2002, Jobbagy and Jackson 2000, Jackson et al. 2017)
Top 1 m: 1500 Pg
// Top 2 m: 2400 Pg // Top 3 m: 2770 Pg
Tillage is usually 0.3m, or 0.5-1 foot
How much total C has been lost from soils due to crop agriculture globally:
35-88 Pg (Sanderman et al. 2017, Smith et al. 2016, Lal 2016 )
Potential C sequestration globally from improved land use practices (Thompson et al. 2008)
agricultural soils: 0.21 Pg C /yr
reforestation: 0.31 Pg C/yr
pasture: 0.31 Pg C/yr
All practices combined: 0.5-0.7 Pg C /yr
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