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On the Ground 

• Increasing concern from both private citizens and 

intergovernmental organizations about the effects 

of climate change has led to regulatory and vol- 
untary mechanisms aimed at reducing green- 
house gas emissions, including an emerging car- 
bon credit market. 
• Despite the opportunities for landowners to di- 

versify revenue streams within current operations, 
there are risks (i.e., production and financial, mar- 
ket, legal-transactional, and social) that could re- 
duce landowner enrollment rates. 
• We used a systems thinking approach to map 

the feedback relationships among landowner 
decision-making considerations, soil system pro- 
cesses, and carbon credit market incentives. 
• Our findings illustrate the complex set of con- 

straints of participation in carbon credit programs 

and how they interact by revealing a limits to 

growth archetype. 
• Landowners and crop and livestock producers are 

uniquely positioned to shape and develop the car- 
bon credit market by filling the gap between eq- 
uitable transaction participation for both carbon 

credit buyers and sellers looking to capture value 

from mitigating greenhouse gas emissions. 
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i To facilitate trade in the carbon market, carbon credits, typically defined 
as one metric ton (1000 kg) of CO2 or CO2 equivalent removed from the 
atmosphere, are verified and exchanged between market participants.16 The 
verification, certification, and accounting for carbon credits requires quantifi- 
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In recent decades, there has been increasing public concern 

bout the potential effects of long-term climate change due 
o rising greenhouse gas levels in the atmosphere.1 , 2 Inter- 
overnmental organizations have incentivized reductions in 

reenhouse gas emissions through both regulatory and vol- 
ntary actions.3-5 This increase of concern and attention has 
mplified pressure on many industries and governments to 

evelop carbon-neutral systems.6-8 An organization or cor- 
oration pledging to be carbon neutral is setting the goal 
o remove from the atmosphere the same amount of carbon 

t emits into the atmosphere annually.9 This can be accom- 
lished by reducing emissions resulting from their activities,
upporting renewable projects, or purchasing carbon offsets 
r credits.5 , 10 , 11 Of these approaches to become net zero, the 
ractice of seeking carbon offsets is driving a new and emerg- 
ng market of land-based carbon credits using carbon-capture 
fforts in cultivated farming and forest and rangeland ecosys- 
ems.3 , 12-14 These offsets are designed to balance emissions 
hat cannot be otherwise eliminated.i , 6 , 15 When carbon cred- 
ts or offsets purchased equals or surpasses total emissions, the 
orporation is said to be net zero. 

Land-based carbon credits, or offsets, represent carbon 

ioxide (CO2 ) being removed from the atmosphere and 

tored within terrestrial ecosystems. Plants capture CO2 from 

he atmosphere and combine it with water through pho- 
osynthesis to assemble it into complex carbon containing 

olecules (i.e., carbohydrates). Many of these complex carbon 

olecules are transported to the plant’s root system and ex- 
reted or assimilated into the soil as organic matter.12 , 15 This 
rocess results in soil carbon storage that generates a tradeable 
arbon credit to be exchanged for monetary value. Over time,
 diverse mix of participants have arisen to develop market 
rograms and account for transacted credits ( Table 1 ). 
ation of carbon accumulated and retained in the soil over time.4 , 5 , 10 , 14 
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Table 1 
Historical timeline of agricultural carbon credit market developments illustrated by the noteworthy organizations and offerings over time. Adapted from 

Parkhurst et al.4 

Launch year Program Type of market or program 

1995 American Carbon Registry (ACR) Voluntary offset market 
2003 Chicago Climate Exchange (discontinued in 2010) Voluntary offset market 
2006 Verra’s Verified Carbon Standard (VCS) Program Voluntary offset market 
2007 Climate Action Reserve (CAR) Voluntary offset market 
2009 Regional Greenhouse Gas Initiative (RGGI) Compliance offset market 
2010 California Air Resources Board’s (CARB) Cap & Trade Program Compliance offset market 
2016 CIBO Voluntary program, both offset and inset 
2016 Truterra Voluntary program, both offset and inset 
2018 Corteva Voluntary program, offset 
2018 Nori Voluntary program, offset 
2019 Carbon by Indigo Ag Voluntary program, offset 
2019 Indigo Ag: Market + Source Voluntary program, inset 
2020 Soil & Water Outcomes Fund (SWOF) Voluntary program, inset 
2021 Agoro Carbon Voluntary program, offset 
2021 Cargill RegenConnect Voluntary program, inset 
2021 Locus Ag’s CarbonNOW Voluntary program, offset 
2022 ADM re:generations Voluntary program, inset 
2022 Bayer Carbon Program Voluntary program, offset 
2022 Ecosystem Services Markets Consortiums (ESMC) Eco-harvest Voluntary program, inset 
2022 Nutrient Voluntary program, offset 
2022 PepsiCo-PCM Voluntary program, inset 
2024 ICAO for CORSIA Compliance offset market 

Figure 1. Carbon credit market schematic illustrating the stakeholders and transactions along the value chain: Landowners enroll to supply credits 
through a developer; a verifier ensures the amount of carbon (C) stored was a result of the program and verifies the amount of the transactional 
credits; buyers or users then purchase credits through brokers; and the verified C is then deducted from the user’s emissions levels. The registry 
serves as the ledger balance to ensure that credits are not “double counted” by any end users. Adapted from Sawyer et al. 6 
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Participation in a carbon market consists of several players
 Fig. 1 ). Landowners provide potential carbon credit “supply”
y providing land area and managing the mechanisms for soil
arbon accumulation. Developers establish a process for mea-
uring carbon accumulation according to a standard. The pro-
ess and measurements are submitted to a registry that seeks
hird-party verifiers of adherence to the standards and cer-
ifies and tracks the issued carbon credits. Brokers connect
hose offering credits to those on the “demand” side of the
arket (e.g., carbon-emitting corporations). Duplication of

redits is prevented by the registry being notified an offset has
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een purchased and applied.10 , 16 , 17 The verified equivalent of
arbon captured by the “supplier” represented in a contract is
hen “credited” to the buyer’s carbon emission. 

The new and emerging carbon credit market provides
nique opportunities for participating landowners as well as
esearch and development of new technologies. These tech-
ologies will likely enhance net benefits for landowners to
ake an active part in mitigating rising greenhouse gas emis-
ions through carbon-capture efforts. Despite these oppor-
unities, adoption and enrollment by landowners remains
low.18-21 We used a systems thinking approach to unpack the
Rangelands 
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ii All coauthors of this manuscript. 
iii Questions varied depending on the individual’s experiences because some 

had been involved in carbon credit exchanges, and others had not. All were 
aware of carbon credit opportunities and had been solicited by vendors about 
potential enrollment. Respondents were from either Texas or South Dakota, 
aged 38 to 70, and directly involved in managing commercial cow-calf oper- 
ations. 

2

nderlying structures and barriers to landowner enrollment 
nd associated financial returns achievable by participating in 

arbon credit markets. 

ethodology: the systems thinking approach 

o problem solving 

Systems thinking is an investigative methodology for de- 
cribing and anal y zing the complex factors and feedback in- 
eractions contributing to observed problems over time, in- 
luding those in rangeland systems.22 , 23 Rhoades et al.22 and 

ayland et al.23 described the systems thinking process using 

he analogy of uncovering an iceberg, in which the bulk of the 
ass resides below the water surface level out of view. At the 

urface level of the iceberg are the important events of interest 
nd easily observed trends and patterns over time. To facilitate 
 systems analysis, investigators proceed by answering ques- 
ions such as “what’s happened?” and “what’s been happen- 
ng in the long-term?”22 , 23 To answer these questions, both 

ualitative and quantitative data (e.g., contemporary or in- 
ustry periodicals, anecdotes from managers, scientific peer- 
eviewed literature, scientific databases) are collected to cat- 
log and describe the events and historical time-path trajec- 
ory of variables of interest intertwined in the problem.23 The 
esults of examining events and trends of ten inc lude a mix 
f descriptive as well as quantitative information represented 

raphically over time, which are used in the next steps of the 
nalysis. 

Beneath the surface level are the underlying social, eco- 
ogical, economic, policy and regulatory structures as well as 

ental models (i.e., the relationships and assumptions about 
 system held in a person’s mind) and system-level feedback 

elationships or loops (i.e., closed chains of causality whereby 
he effect of a causal impact comes back to influence the orig- 
nal cause of that effect) governing and directing the observed 

ehaviors and outcomes over time. In this stage, data provided 

y the previous stages describing events and trends and pat- 
erns over time are used to identify and visually map the causal 
onnections, relationships, and feedbacks between variables 
f interest via construction of a causal loop diagram (CLD;
 conceptual model representing closed loops of cause–effect 
inkages intended to capture how a system’s variables interre- 
ate and how external variables impact them). To focus the 
ystems thinking investigation, a focusing question is devel- 
ped to uncover and better understand these deeper levels of 
ausality. The focusing question asks: Why has the problem 

ersisted despite our best efforts? Efforts to answer the fo- 
using question leads to uncovering and mapping the deeper 
evels of causality that give rise to and perpetuate the problem 

t hand. In addition, stakeholder mental models that influ- 
nce decision-making are elucidated, either via interviews or 
hrough a managers’ review of the resulting CLD. Once CLD 

tructures and mental models are identified, managers or pol- 
cymakers are equipped to pinpoint places of leverage where 
nterventions will have more effective impact. 
024 
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In fall 2022 as part of a graduate-level natural resource 
anagement class, our team 

ii employed the systems think- 
ng approach to address our focusing question: Why aren’t 

ore landowners enrolling in land-based carbon credit ex- 
hanges? We reviewed contemporary and scientific literature 
o describe what has happened and explored publicly avail- 
ble databases to graph key trends and behaviors over time.

e created a CLD of the underlying causal feedback struc- 
ures of the problem. Using personal contacts in the ranch- 
ng industry, we solicited input from three managers who had 

ome enrollment experience in or exposure to various car- 
on credit programs via unstructured interviews.iii Managers 
lso provided informal feedback for improving the CLD. We 
escribe the results of each stage of the process and unpack 

otential leverage points that may lead to improved finan- 
ial, soil, and land health benefits for landowners. Readers 
ess interested in the systems thinking process and its outputs 
e.g., historical background and context, quantitative trends 
ver time, and the descriptive structure they provide along 

ith management experience) may skip to the next section 

“Modeling the system”) and reference preceding sections as 
eeded. 

hat has happened? 

Gases that trap heat in the atmosphere and contribute to 

ir pollution and adverse human health outcomes are called 

reenhouse gases and come primarily as a result of human ac- 
ivities (e.g., transportation, electricity generation, and indus- 
rial manufacturing processes).24 Gases categorized as green- 
ouse gases include CO2 , methane (CH4 ), and nitrous oxide 
N2 O). Recent reviews of current greenhouse gas emissions of 
he United States found CO2 accounted for 79% of all green- 
ouse gases emitted 

25 with the bulk of emissions coming from 

xponential growth in burning of fossil fuels beginning in the 
800s.26 Greenhouse gas emissions have increased over time,
ith five countries accounting for 41.6% of all greenhouse gas 

missions worldwide.24 Coupled with projected global popu- 
ation increases, this trend of increased emissions is expected 

o continue for the foreseeable future 27 and contribute to ris- 
ng global temperatures as well as food supply disruptions and 

xtreme events (e.g., wildfire damages).4 

With increasing demands to mitigate climate change risks,
ublic pressure has amplified on many industries to develop 

arbon-neutral practices or carbon-neutral systems by incor- 
orating a combination of approaches, including direct emis- 
ion reductions via reductions in emitted greenhouse gases 5 

nd/or by participating in emission or carbon offsets.28 
3 
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Action Reserve, Gold Standard, Verified Carbon Standard, and California 
Air Resources Board). In 2022, 16.7% of the lifetime 1.9 billion tonnes (2.09 
billion tons) of contracted carbon credits (or 0.32 billion tonnes [0.35 bil- 
lion tons]) were related to agriculture, forestry, or grassland- or rangeland- 
related projects (excluding reduce emissions from deforestation and forest 
degradatiaon in developing countries [REDD+] projects that focus on forests 
in developing nations): compost addition to rangeland (0.000%), feed addi- 
tives (0.000%), improved irrigation management (0.021%), manure methane 
digester (1.190%), nitrogen management (0.00%), sustainable agriculture 

4

hat has been happening over time? 

The concept of carbon offsetting began in 1989 with an
griforest in Guatemala. Since then, efforts at carbon offset-
ing have evolved over three development periods: the 1997
yoto Protocol, the 2005 European Union (EU) Emissions
rading Scheme (ETS), and the 2015 Paris Agreement.28 

he Kyoto Protocol established a 5.2% greenhouse gas emis-
ion reduction objective (from 1990 emissions levels) agreed
o by 41 countries and the EU.29 The flexible and broad in-
ernational mechanisms agreed to in the Kyoto Protocol pro-
ided the starting point of climate policy negotiations since
997.28 , 29 

The 2005 EU-ETS is credited as being the first large-scale
reenhouse gas emissions trading scheme in the world and re-
ains a significant component of European climate policy.30 

he EU-ETS sets a cap on maximum emissions levels for
arious sectors and established a market for emission permits
eeded to generate a carbon price. In the market, companies
mitting less than their cap are permitted to sell the excess
arbon permits to companies emitting above their respective
ap. 

The 2015 Paris Agreement was adopted by 196 parties and
s a legally binding international treaty to limit global warm-
ng to well below 2 °C compared with preindustrial levels.31 

his was the first attempt to link international climate mit-
gation efforts with a long-term temperature reduction goal.
dditionally, the Paris Agreement was considered a landmark

greement because, for the first time, agreements were legally
inding participating nations.32 

The enactment of these policies over time has bolstered ef-
orts to form market exchanges to buy and sell carbon credits.
lthough changes to industrial production or process efficien-

ies have reduced short-term emissions rates, these will not
ully eliminate all emissions. Purchasing carbon credits allows
orporations to offset or balance emissions above the legally
r voluntarily imposed cap. The majority of market structures
re voluntary; however, some mandatory cap-and-trade pro-
rams exist (e.g., California or the EU-ETS; Table 1 ). Volun-
ary participation by corporations stem from industry social
esponsibility incentives; their own environmental, social, and
overnance policies and reporting requirements; or to improve
heir competitive position in the marketplace.6 

With these market structures in place and strong de-
and for carbon credits, the number of publicly documented

arbon-capture projects globally have grown to more than 1.9
illion tonnes (2.09 billion tons) as of 2022.33 Of these doc-
mented projects to date, only 7.6% are land-based projects
elated to agriculture, forestry, or grassland or rangeland man-
gement (representing more than 221 million credits or 16.7%
f total carbon value, approximately 0.32 billion tonnes [0.35
illion tons]), with the bulk of these in the improved forest
anagement category (87% of carbon credits issued in the

ategories listed previously).iv The evolution of documented
iv According to Berkely Carbon Trading Project, which tracks carbon cap- 
ure projects from the major registries (American Carbon Registry, Climate 
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oluntary agriculture, forestry, and range and grassland carbon
redits in the United States shows market growth followed
y decline over time ( Fig. 2 ). Although the number of credits
ransacted in this category grew rapidly in the first decade of
arket expansion (2006–2016, up to > 80% of all new US car-

on credits issues), since then the number of new credits has
iminished and now represents < 25% of the total US market
 Fig. 2 B).33 

The problem thus far can be depicted in a basic feedback
oop structure ( Fig. 3 ). The increase in atmospheric carbon
evel has led to increased effort to develop carbon markets
indicated by the “s” link, meaning as carbon level increase
r decrease, market development efforts c hange in the same
irection). As carbon markets develop and provide opportu-
ities for suppliers to enter the marketplace, greater effort is
laced on farm, forest, and grassland and rangeland carbon
apture strategies (e.g., altered, deferred, or removal of graz-
ng).34 , 35 The intent of these strategies is that over time (year
o decadal timescales) atmospheric carbon levels will decrease
ue to the increased carbon-capture efforts to bind and store
ore carbon in soils (represented by the delay marks on the

ink between carbon-capture efforts and atmospheric carbon).
iven the current state of affairs (what’s happened?) and the

tagnate nature of landowner enrollment rates despite increas-
ng carbon credit market opportunities (what’s been happen-
ng over time?), we can infer market incentives and policies
orming this feedback process are not working as intended. 

hy aren’t more landowners enrolling in 

and-based carbon credit exchanges? 

With key events and trends and patterns over time de-
cribed, we turn to the underlying causal relationships hin-
ering landowner enrollment in carbon credit exchanges. We
ynthesized or reviewed the most recent and relevant pub-
ished work in this area as well as captured the thoughts and
erceptions of three managers who volunteered their experi-
nces around carbon markets. 

Certainly, the emergent carbon market has been marketed
s a win–win for large-scale industrial carbon emitters and
andowners in agriculture, forestry, and rangeland contexts be-
ause it serves as a tool for mitigating carbon emissions for
redit buyers and an additional revenue source for credit sup-
liers. We identified several underlying, systemic structural
0.023%), afforestation or reforestation (3.095%), avoided forest conversion 
0.540%), avoided grassland conversion (0.039%), improved forest manage- 
ent (10.897%), sustainable grassland management (0.651%), and wetland 

estoration (0.252%).33 

Rangelands 
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Figure 2. Agricultural-based carbon credit transactions in the United States (A) and as a percentage of total voluntary US carbon credits (B). Data 
from So et al. 33 

Figure 3. Basic feedback loop structure capturing the rationale of carbon credit markets and our focusing question: Why aren’t more landowners 
enrolling in land-based carbon credit exchanges? As atmospheric carbon increases (decreases), development effort in the carbon market moves 
to likewise increase (decreased; denoted by a S-link). As the carbon market increases (decreases), farm, forest, grassland, and rangeland carbon 
capture efforts likewise increase (decrease; S-link). As carbon capture efforts increase (decrease), atmospheric carbon moves in the opposite direction 
and decreases (increases; denoted by the O-link) after some time delay (denoted by the � = link). When working effectively, increased emissions spur 
carbon capture efforts that in the long term feeds back to reduce emissions. When such feedback returns to offset the initial change in behavior, the 
feedback is termed a balancing loop (denoted with the capital B in center of loop). 
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v In addition, such market forces may unintentionally discourage carbon 
emitters from reducing emissions. This is because carbon credit prices de- 
cline in comparison to the cost of reducing emissions, and it becomes more 
cost effective to simply participate in the carbon offset market rather than 

41 

6

ssues complicating and unintentionally conspiring against
ncreasing rates of landowner participation, which we cate-
orized and described as follows: production risks and re-
ards (the benefit-to-cost ratio problem), carbon prices (the

upply-curve problem), accuracy and precision of soil car-
on measurement protocols and confidence in verification
rocesses (the confidence problem), and transaction risk (the
isk-aversion problem). 

Production risks and rewards (the benefit-to-cost ratio
roblem)—Entering into a carbon contract requires the
andowner to evaluate if the addition of a new enterprise (the
irect costs as well as the subsequent operational changes re-
uired in preexisting enterprises) outweighs the adjusted fi-
ancial returns from current land enterprises plus the ex-
ected revenue generated from the new soil carbon enter-
rise.6 , 36 , 37 The benefit-to-cost ratio (BCR) is: 

BCR = opsgain + soilCrev 

opsloss + soilCexp 
[1] 

here opsgain represents the sum of any increases in revenues
nd decreases in costs in existing operations systems (i.e., to-
al gains from operations), opsloss represents the sum of any
ecreases in revenues and increases in costs in existing op-
rations (i.e., total losses from operations), soil Crev repre-
ents the revenue generated from the soil carbon project, and
oil Cexp represents the expenses generated from the soil car-
on project. Values > 1 indicate the investment is financially
rofitable, whereas values < 1 indicate costs outweigh any ex-
ected benefits of a given change in management. Changes in
xisting production practices (e.g., grazing timing, frequency,
nd intensity, or grassland re-establishment; adjusted tillage
ates, crop diversity, or rotation patterns) may induce cascad-
ng side effects to existing costs and revenue structures, and
herefore, enterprise-level BCR (e.g., reduced animal perfor-
ance necessitating greater purchased feeds; changes in eligi-

ility of pasture, range, and forage or crop insurance tools).38 

 uch uncertaint y about potential changes in land productiv-
ty worries landowners about implementing unfamiliar man-
gement practices they may not want to pay for.18-21 Produc-
ion risk also includes the soils’ inherent ability to store ad-
itional carbon in a given landscape context, such as climate,
oil type, and depth.39 In many rangeland situations, soils pos-
ess more than one limitation to long-term nutrient storage,
ncluding carbon (e.g., too shallow, too sandy, too steep, too
ry).40 

Carbon price (the supply-curve problem)—As with any mar-
et, supply and demand drive the price of carbon credits. The
emand for carbon credits comes from the appetite of cor-
orations or organizations to purchase credits to accomplish
pecific goals, such as becoming carbon-neutral or increasing
ublic perception of being environmentally conscious. Even
hough these efforts are voluntary, there continues to be sig-

6 
ificant demand. i
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The supply-side dynamics reveal a more interesting story.
n commodity markets, goods are treated as homogenous and
nterchangeable (substitutable), which makes differentiation
y producers difficult. Producers are described as “price tak-
rs” (the market sets the price and rewards the lowest cost
roducers). Therefore, the change in revenue from a change
n production is simply whatever the market price is. In the
ong run, producers are therefore willing to supply the market
here their marginal cost curve (i.e., the change in cost from
roducing one additional unit) is greater than their average
otal cost (i.e., above the point where they would financially
reakeven and only cover their production costs; Fig. 4 A). Ini-
ially, when credits were more expensive to create and verify
MC1 ) and supply of credits scarcer (S1 ), the price (p1 ) was fa-
orable, incentivizing many new producers to enter the mar-
et, including owners of forest, range, and agriculture land.
ver time, efficiency gains in industrial processes have driven

own the carbon credit cost (MC2 ) and increased the over-
ll supply (S2 ), putting downward pressure on price (p2 ) as
ore credits become available (moving from q1 to q2 ; Fig. 4 B).
ecause such processes occur in more controlled settings, the

ime and cost to generate a carbon credit has declined relative
o what it takes to generate the same credit in soil carbon stor-
ge. As a result, buyers of carbon credits have simply substi-
uted their sources from land-based to other carbon seques-
ration sources, which is evidenced by growing proportions
f new market credits coming from sources that are not for-
st, rangeland, or agricultural ones ( Fig. 2 B). Market dynamics
eading to lower prices reduces landowner incentives needed
or widespread participation as the declining net benefit of en-
ollment becomes more difficult to justify (see benefit-to-cost
roblem).v 

Measurement protocols and confidence in verification proce-
ures (the confidence problem)—Risk in this area is derived from
he unproven nature of new and emerging markets to gain
onfidence from market participants. Variability and level of
omplexity between programs, contractual obligations, and
egal liabilities associated with carbon credit enrollment are
ignificant barriers landowners must understand before en-
olling.42 , 43 Significant variability can also be expected in soil 
est results. This variability is compounded by the variability
n soil capabilities across landscapes (see benefit-to-cost prob-
em) as well as varying soil collection and laboratory proce-
ures.44 This concern aligns with the scientific consensus as to
he limited ability to measure year-to-year carbon changes in
oil, which is the premise of carbon credit market that makes
nnual payments.2 , 6 , 10 Additional concern arises from poten-
ial liability that if terms are not met (i.e., quantity of carbon
equestered is below the level specified in a contract) despite
omplying with the enrollment terms, landowners may be
nvesting in emission reductions.

Rangelands 
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Figure 4. Cost curves for two potential production systems (1 and 2) in a commodity market (A), where ATC1 and ATC2 are average total cost 
per unit for all units produced in system 1 or 2 and MC1 and MC2 represent marginal costs per unit (i.e., the change in total cost from changing 
production level by one additional unit) in system 1 or 2. In the long run, anywhere the MC curve is above ATC, producers are willing to supply the 
market, generating supply curves S1 and S2 , respectively (B). The market dynamics of moving from S1 to S2 given a certain level of demand (D) result 
in lowering the price (p1 to p2 ) and greater units demanded (q1 to q2 ). 
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nancially liable to pay back any advanced funds. This lack 

f confidence in the verification and measurement of soil car- 
on coupled with added legal liability slows enrollment rates 
f landowners. 

Transaction risk (the risk-aversion problem)—Lastly, trans- 
ctional risk comes from the nature and transparency (or lack 

hereof ) of terms and conditions being proposed within con- 
racts, unanticipated expenses, and lack of regulation.45 The 
ew and emergent nature of this market does not currently 
rovide a landowner-friendly process to enroll and later verify 
hat contracted terms were met and structured appropriately.
he lack of transparency of carbon credit prices and the cost 

equired to verify a credit (see supply-curve problem) further 
ompound transaction risks to landowners. Such transaction 

isks can lead to potential loss of other land use opportuni- 
ies because of entering into a carbon contract (benefit-to-cost 
roblem). Combined, all these factors likely create risk above 

evels many landowners are willing to accept. 
The areas of risk (i.e. production, price, and transaction) 

nd lack of confidence in carbon credit protocols are further 
ugmented by the mental models and perceptions about the 
nderlying market structures and dynamics held by landown- 
rs and managers.2 , 46 , 47 

andowner and manager mental models and 

erspectives 

Mental models are the beliefs, assumptions, and mod- 
ls people have about every aspect of themselves, others,
nd how the world works.48 They are comprised of peo- 
les’ experiences over time that have shaped their view of 
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he world’s issues and solutions.49 Recent research has ex- 
lored how landowners’ and managers’ perceptions of car- 
on credit markets shaped their willingness to participate 
n the carbon credit program.19 , 49-51 In one survey, 64% of 
espondent landowners identified the current price of car- 
on credits as not being high enough to incentivize enroll- 
ent. Other factors included legal liability (i.e., conformity 

o terms), lack of confidence in carbon sequestration viabil- 
ty, and the previous use of eligible land management prac- 
ices that have either disqualified them from participating 

n prospective programs or reduced potential carbon storage 
ains and therefore returns.2 Perhaps surprisingl y, onl y 39% 

ndicated they were aware they could be paid for capturing 

arbon on their farm, and 82% of these respondents indicated 

hey have not been engaged about potential paid enrollment 
pportunities. 

In another survey using semistructured interviews of both 

articipating and nonparticipating agricultural producers, re- 
earchers found producer views were similar and consistent;
hey found carbon credit programs to be convoluted, bur- 
ensome, and unpredictable.50 Of those participating in car- 
on markets, all respondents indicated they were doing it for 
heir own business and sustainability interests and not the fi- 
ancial incentives provided by carbon credit programs,19 , 49-51 

hich they described as “gravy on top” of their existing rev- 
nue and cost structures. Carbon offset markets will continue 
o face strong challenges to achieving additionality given these 
roducer-level perspectives.52 

In fall 2022, we solicited input from three managers who 

ad either participated in carbon credit programs or cho- 
en not to via unstructured interviews. All expressed con- 
ern over losing decision-making power of land management 
7 
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vi Increasing terminology such as “soil carbon sequestration”and “increasing 
soil organic matter storage” are used interchangeably, which is problematic 
given the evidence that without increasing organic inputs most soil carbon 
is depleted within only a few years (i.e., not sequestered), a fact discussed by 
Baveye et al.56 

8

ecisions because of potential constraints required from en-
ollment terms. Common sentiments included phrases such
s, “It seems better than it really is,” and “There are a lot of
uestions I have, and it doesn’t seem like there are many peo-
le or companies providing answers.”Other concerns included
wnership and property rights of data generated by their par-
icipation (e.g., Who can see it? Share it? Sell it?), lack of con-
rol or input in the verification process and the potential per-
eption they would be viewed as business partners with com-
anies making erroneous claims of the impact on offsetting
reenhouse gases. 

More importantly, these managers revealed subtler consid-
rations not captured by previous research: the reputation of
anagers who are early adopters of conservation practices or

iewed as innovative managers in their local community as
ell as the social acceptance among their peer managers. One
anger reflected that upon enrollment, “[I] wasn’t welcomed

nto the local community” and was met with comments like
You’ ll never last, you’ ll be out of here in three years [out of
usiness].” Many neighbors in their community started using
any of the same practices once they saw the benefits, but

he process (i.e., from observation to implementing the prac-
ices themselves) took decades. When this manager was asked
bout their thoughts on the carbon credit program in which
hey enrolled, they responded with, “You don’t get credit for
hat you have been doing,” referencing past practices. They

lso stated, “the program structure is actually incentivizing the
andowner to do a bad job managing the land as a resource
rior to enrolling so you can be paid more for more practices
ou additionally implement.” Another manager echoed this
entiment: “I will not be getting paid for what I am already
oing and the cost of implementing new practices do not out-
eigh the possible revenue that would come from the partner-

hip.”Assuming a maximum level of soil carbon storage given
he site’s potential, the remaining soil carbon storage capac-
ty represents the earning potential for the landowner. Over
ime, improperly managed lands consequently have a greater
arning potential as the remaining carbon to be stored is
reater. 

odeling the system 

After investigating the key events, behaviors and trends
ver time, and the underlying systemic structural forces at
ork related to slow participation of landowners in carbon

redit programs, we developed a conceptual model called a
LD. In systems thinking, a CLD is used to understand how

he underlying structures of a problem interact and feedback
n one another to thwar t the best effor ts of management or
olicymakers to improve the situation at hand. These com-
only repeating problem symptoms and structures are known

s archetypes .53 We reviewed these archetypes and identi-
ed that the enrollment problem uncovered by our focusing
uestion in carbon credits most closely resembled the prob-
em symptom, behaviors over time, and structure of limits to
rowth (LTG). 
 

Please cite this article as: Landon R. Schofield, Micayla E. Pearson, S
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The LTG archetype describes a problem situation in which
he desired outcome is growth (supported by reinforcing feed-
ack processes), but growth eventually stalls or reverses in
he face of one or more external limits that act on regulat-
ng mechanisms that offset growth (called balancing feed-
ack processes). In our case, the desired growth in the mar-
et is landowner enrollment rates. Landowners enroll in car-
on credit programs when the net benefits of enrollment jus-
ify participation, and increasing participation by landowners
olsters the viability of the market and incentivizes benefits
or that participation. This is reinforcing the market growth
oop, in which enrollment drives participation bene fits (lef t side
f Fig. 5 A). By reinforcing market participation, the market
ncreases the prevalence of favorable land management prac-
ices conducive to storing more carbon in the soil. As soil car-
on levels increase relative to initial carbon stocks, landowners
tand to receive greater net benefits of enrollment. This is il-
ustrated in the second reinforcing loop long-term carbon stor-
ge drives economic gains (right side of Fig. 5 A). As producers
egin exploring offset credit opportunities, the initial external
imiting constraint is carbon price. 

Because landowner net benefits of participation are driven
y the change in soil carbon, several additional limits begin
o exert themselves. Each soil possesses an inherent ability to
tore carbon in the form of organic matter, which is not in-
nite. This is the soil carbon storage capacity variable. There-
ore, as the actual carbon levels stored increases, the remain-
ng carbon storage capacity decreases ( Fig. 5 B). Over time, the
arbon accumulation rate also decreases due to carbon satu-
ation effects,54-56 slowing the observable change in soil car-
on and reducing landowner net benefits of enrollment be-
ause it will take more work at a greater cost over a longer
eriod of time to see significant carbon storage gains to
arner credit payments vi (shown as the balancing loop in
ig. 5 B, soil carbon saturation constrains growth in long-term

torage ). 
Even when landowners may be confident their respec-

ive land has the potential to store significantly more soil
arbon, the variability in soil sampling protocols and subse-
uent test results requires large and intensive sampling ef-
orts to statistically verify changes have occurred. Such con-
iderations erode landowner confidence in the detectabil-
ty needed to generate payments from enrollment. These
atural biological limitations, coupled to payment structures
ased in soil carbon gained relative to beginning carbon
ontent, unintentionally reward landowners with historically
oor management and degraded soil organic matter. Fur-
hermore, this situation disincentivizes early conservation
dopters who would be willing to implement additional prac-
ices, but their soils may have less carbon storage potential
emaining. 
Rangelands 
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Figure 5. Feedback processes that support continual growth in enrollment rates driving participation benefits and long-term soil carbon storage 
driving economic gains (loops denoted R in top panel A). Links denoted S represent the same relationship whereby variables at the arrowhead move 
the same direction as their causal predecessor at the arrow tail. For example, as enrollment rate of landowners increases (decreases), favorable 
land management practices increase (decrease), leading to actual soil carbon stored per year increasing (or decreasing) after practices have time to 
take effect (denoted by the delay � = link). Biophysical limits to these growth processes arise through the influence of soil carbon storage potential, 
beginning soil carbon levels, and confidence in detectability (bottom panel B). For example, the higher the beginning soil carbon content, the lower 
the change in soil carbon (denoted O link), which drives down the net benefit of enrollment. Likewise, as the actual carbon stored per year increases, 
the remaining carbon storage capacity declines (O link), thereby reducing the carbon accumulation rate and, hence, the change in soil carbon level 
which drives net benefits of enrollment. Finally, as confidence in detectability declines due to sampling size requirements, the detectable change in 
soil carbon that can be assigned to the carbon project also declines, reducing net benefit of enrollment. The result is a balancing process (labeled B) 
that acts to balance or offset the growth processes via soil carbon saturation that constrains growth in long-term soil storage. 
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Besides these economic and biological limits, we also iden- 
ified a social constraint to carbon credit market participa- 
ion by landowners: acceptance among their peers and in their 
ommunities. If greater market participation means their accep- 
ance among peers declines, then landowners are less likely to 

mplement the full suite of favorable land management practices 
eeded to maximize carbon storage in soils ( Fig. 6 A). With- 
ut proper implementation of favorable management prac- 
ices, the long-term carbon storage driving economic gains loop 

 Fig. 5 A) cannot express itself, and net benefits of enrollment 
re further constrained. This social constraint may be pow- 
rful enough to reverse the long-term carbon storage loop from 

 desirable growth process to an undesirable downward spi- 
al that serves to push producers away from even considering 

nrollment possibilities (shown as the loop entitled fear of los- 
ng peer acceptance strengthens the limits hindering enrollment ;
ig. 6 A). 
024 
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laces of leverage in the system 

With these underlying feedbacks mapped into a CLD and 

eing informed with the best available data about the prob- 
em including landowner mental models, we set out to iden- 
ify possible interventions following guidelines for addressing 

TG-related problems. Generically, these intervention strate- 
ies include raising or removing a limit, anticipating limiting 

orces and addressing them before they begin to dominate 
i.e., restrict growth), or identifying links between the growth 

rocesses and limiting factors to find ways to manage the bal- 
nce between the two.53 

aise or remove a limit 

W ithin this strateg y, we identify two limiting factors need- 
ng to be raised: carbon prices and the confidence in detectability 
9 

amuel Newell et al., Why aren’t more landowners enrolling in 
.1016/j.rala.2024.05.004 



Figure 6. Expanded model to include the social limits that constrain growth of landowner enrollment rates (A), namely the fear of losing acceptance 
among peers. Links denoted O represent relationships where the cause variable at the arrow tail leads the effect variable at the arrowhead to move 
in the opposite direction, S links represent relationships where the cause variable leads the effect variable to move in the same direction, while delays 
are shown as � = links. For example, as market participation increases, acceptance among peers erodes (O link). As acceptance erodes, willingness 
to implement more favorable land management practices also declines (S link). This results in a new balancing loop acting to constrain enrollment 
rate of landowners (denoted B, fear of losing peer acceptance strengthens the limits hindering enrollment). A modified feedback loop structure 
(bottom panel) to include possible intervention strategies or leverage points (shown as bold links and variable names) that would enhance landowner 
participation in carbon credit programs: increasing confidence in the measurement and verification process and carbon prices (including possible 
prorated payments or ecological benefits premiums) to increase net benefits of enrollment (raising the limits), adjusting payment structures so that 
benefits are derived or partitioned between both the change in long-term soil carbon as well as the annual carbon inputs (adding a positive reinforcing 
loop, R, for annual performance improvements), and incentivizing mentorship opportunities so that early conservation adopting producers typically 
ineligible for carbon credit programs can be paid to mentor and support newcomers (reversing the original balancing loop grounded in social peer 
acceptance to a positive reinforcing loop, R, grounded in building trust and credibility). 
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f change during sampling and verification processes. Be-
ause of the commodity market nature of carbon credits, car-
on price will be driven by supply and demand. However,
and-based enterprises have unique auxiliary or complemen-
ary benefits of generating carbon credits that many indus-
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rial processes lack. These include but are not limited to im-
roved hydrologic function and watershed health, reduced soil
rosion, increasing biodiversity and its habitat, and/or im-
roved aesthetic values. To improve the net rate of return
or landowners who may wait years before seeing any new
Rangelands 
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evenue, carbon credit programs could incorporate an “ecolog- 
cal benefits premium ”which is added on top of the commodity 
arbon price ( Fig. 6 B). Such premiums are not unprecedented 

n the commodity markets (e.g., beef is often marketed on a 
grid,” which begins with the reported negotiated commod- 
ty prices and adds premiums or subtracts discounts from the 
ase price given changes in quality and yield grades). This 
trategy widens the net of potential landowners willing to en- 
oll, especially those early adopters of conservation practices 
ho may not have as much carbon credit revenue potential 
iven their initial soil carbon levels. 

The second limit that could be raised is the landown- 
rs’ confidence in detectability of change in soil carbon lev- 
ls ( Fig. 6 B). Existing standardized protocols are not al- 
ays transparent to landowners, and in some cases, verifiers’
ethodologies are considered intellectual property and not 

ublicly accessible to evaluate or compare. Financial support 
o generate large enough sample sizes for statistical confi- 
ence at acceptable intervals around observed measurements,
hich can be prohibitively costly, may help boost the con- 
dence of interested landowners. The limit is that these 
rocesses and parameters have not been c lear ly communi- 
ated in a way that landowners can intuit the feasibility of 
nrollment. 

nticipate limiting factors before they dominate 

Even when such limits in prices or confidence are raised,
here still exists the impact of the balancing loop, which is the 
oil carbon saturation const raining g rowth in long-term storage .
o soil can continue to accumulate organic matter in perpe- 

uity. Even when soil has reached its carbon storage potential 
nd carbon inputs are reduced or stopped, biological activity 
n soil food webs will naturally consume and deplete organic 

atter levels within only a few years. Thus, short-term ef- 
orts to increase soil organic matter levels can be easily negated 

ithout long-term support to maintain those levels given the 
igh input rates over long periods of time needed achieve or- 
anic matter levels capable of escaping microbial consump- 
ion.56 In other words, maintenance of soil carbon inputs (i.e.,
n the form of root exudates below the surface and/or plant 
esidues and litter above the surface) becomes more impor- 
ant the closer the actual carbon stored per year gets to its max-
mum soil carbon storage potential . Anticipating that limit and 

he continuous carbon input needed to maintain accumulated 

mounts in the soil, credit programs may seek to diversify their 
ayment structure to account for the accumulated soil carbon 

s well as the carbon input needed to maintain it (e.g., adding
ultispecies cover cropping, leaving increased crop residue af- 

er harvest or increased residual standing forage after grazing).
his approach is represented by adding a new feedback loop 

o the structure between favorable land management practices 
nd net benefit of enrollment to re inforce annual performance im- 
rovement and maintenance of stored soil carbon ( Fig. 6 B). Such 

 payment structure also provides incentives for landowners 
o remain in programs after their initial contracts are closed 

ut. Although their additional soil carbon potential may be 
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xhausted, they could still receive some benefits by maintain- 
ng those levels and thereby increasing the probability of ac- 
ual carbon sequestration success via long-term commitment 
o favorable land management practices. 

anage the links between growth processes and 

imiting factors 

The primary link either negating or amplifying the limit- 
ng processes is the social loop representing acceptance among 
eers and other community members. A potential strategy to 

anage this link and use it to the market’s advantage would be
o convert this balancing loop ( Fig. 6 A) into a reinforcing loop
o support enrollment rate and market participation . The addi- 
ion of incentives for farm and ranch managers to give and receive
eer-to-peer mentoring strengthens rather than quenches accep- 
ance among peers and provides a reinforcing network of peer 
entoring and rewarding early adaptors to build trust and cred- 

bility ( Fig. 6 B). Funds could be provided to early adopters
o serve as mentors to landowners thinking about enrolling 

nto carbon credit programs. As paid mentors to new en- 
ollees they can provide management experience and moral 
upport as new participating landowners learn to incorporate 
ew practices into their existing land management strategies.

iscussion and Conclusions 

The systems thinking approach provided the framework,
rocesses, and language (e.g., behavior-over-time graphs,
ental models, CLD’s, archetypes) necessary for exploring 

he complex and dynamic problem pertaining to landowner 
nrollment in carbon credit programs. Systems thinking tools 
uch as these are widely used in many scientific and manage- 
ent disciplines and are particularly useful to systems where 

he ecological or natural elements of the problem overlap and 

rovide feedback with the human dimensions of the problem.
As we illustrate, there are multiple limiting factors that 

onstrain growth of landowner participation in carbon credit 
xchanges, their willingness to enroll or explore such pro- 
rams, and the required changes in land management and soil 
arbon content ( Figs. 5 and 6 ). Market prices are likely too
ow to entice new entrants and keep them motivated in par- 
icipating (the supply-curve limit). The market is highly frag- 
ented, and there is a lack of standardized procedures and in- 

entives across various landowner programs, which has caused 

onfusion and lowered landowner confidence (the confidence 
imit). Contract terms vary significantly based on land con- 
ervation or agricultural practices put into management to 

ossibly restrict the ability to make certain land-management 
ecisions. Some limits interact; more degraded land has a 
reater opportunity for increased carbon storage than land 

hat has been managed favorably, which disadvantages inno- 
ative landowners because it will take longer time and greater 
ost to see significant increases in soil carbon storage (the 
enefit-to-cost limit) which alters their perception of the mo- 
ivations of market participants downstream in the supply 
11 
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hain (the confidence limit). Some fear participating in car-
on programs will alienate them among their peers (the social
cceptance limit). 

For enrollment rates of landowners to increase, several in-
ervention strategies aligning with the places of leverage (de-
cribed previously) need to be explored by registries, devel-
pers, and landowners. First, registries need to develop more
lear, consistent, and reliable frameworks by which landowner
onfidence and market transparency is ensured and supported
n the long term.57 For example, a mix of annual or short-
erm soil physical, chemical, and biological indicators com-
ined with longer-term soil carbon measurements would ad-
ress the scientific consensus pertaining to the limited ability
o measure annual carbon changes in soil, which is the cur-
ent premise of carbon credit validations.6 , 10 , 58 , 59 In addition,
ll landowners would benefit from rigorous and technical ed-
cation and information outreach to facilitate navigation of
he carbon credit exchange process. Landowners should be
ware that even in the same program, all contracts will differ
epending on soil and landscape characteristics, management
istory, and developer and enrollee conditions. Potential en-
ollees should consult an attorney and read the entire contract
efore deciding. Registries could suppor t these effor ts by ex-
loring ways to simplify the enrollment frameworks. 

Second, developers who recruit landowners should not
xc lude ear ly adopters of conservation practices conducive
o enhancing soil carbon storage from the market. For the
andowner who has historically maintained favorable man-
gement practices and restored and maintained soil carbon
alues near their maximum potential, there is currently little
ncentive compared to the landowners with degraded soils or
urrently employing practices with little to no carbon storage
otential. Developers could explore prorating carbon cred-
ts values or providing other forms of payment (e.g., eco-
ogical benefits premium ), which would more fairly compen-
ate landowners who proactively restored soil carbon in the
ong term. This would also bolster confidence and reduce the
tigma among peer landowners who are potential participants
hat the developers wish to enroll. 

A third strategy would be to align the payment structure
odifications with the first two strategies. Registries and

evelopers working collaboratively could incentivize enroll-
ent through a variety of payment mechanisms, such that

ayments could be warranted not only for the long-term
hange in soil carbon levels but also the annual soil carbon
nput needed to achieve and maintain these levels. Such
ayment structures would strengthen commitment to carbon
redit programs because landowners would see financial
enefits annually and in the long term for implementing
nd maintaining preferred management practices as well as
enefits for maintaining desired soil carbon storage levels
nce they are reached. 

Finall y, earl y adopters should be given a seat at the table
iven their knowledge and experience. If they cannot be paid
or previous carbon stored in soils, they should be paid to help
uide new landowners via peer-to-peer mentoring. Besides al-
eviating the social stigma around participation for new en-
2 
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ollees, such a program could shorten the time delay between
hen a new landowner enrolls and when a credit is verified be-

ause the learning curve for implementation will have shifted
loser to best practices using early adopters’ experiences. 

Some weaknesses or omissions of the model include ge-
graphic variability. Carbon credit programs may possess
reater environmental or financial advantages to those located
n regions of greater precipitation. In these more humid en-
ironments, soils have greater probability of infiltrating and
toring more water, which in turn can increase biomass that
ets converted and stored into organic matter.60 On the other
and, landowners in more arid regions with highly variable
recipitation are exposed to increased risk to sequester con-
racted quantities of carbon. Other omissions were the inter-
ction between landowners and other stakeholders in the car-
on credit supply chain and the perceptions many landowners
nd managers hold about the true underlying motivation of
arbon credit programs. For example, although corporations
an purchase carbon credits to offset their own emissions, they
re not incentivized to significantly reduce their emissions. To
ddress the root cause of carbon emissions would mean im-
lementing changes to industry processes which lead to actu-
lly reducing emission rates. Some will perceive the concept
f carbon offsets (i.e., an indirect tool of mitigating climate
hange) as a mechanism for corporations to avoid emission
eductions while also marketing their public image towards
ne that directly invests in climate change mitigation. From a
orporation’s viewpoint, carbon credit offsets represent a cost
o the company with no direct monetary return other than ap-
easing stockholders, public perception, and minimizing ad-
itional government regulations.2 , 61 We excluded these fac-
ors from the model because of the size and complexity of
hese concerns. 

Critics agree carbon offsets fall significantly short of reduc-
ng threats of climate change,41 but there are ecological, envi-
onmental, and agricultural benefits of rebuilding soil carbon
evels.8 , 12 , 34 Public and corporate appetites for perceived pos-
tive action toward mitigating climate change will ensure car-
on credit exchanges remain by offering financial opportuni-
ies to forest, rangeland, and agricultural landowners.62-64 We
ave discussed many of the decision-making factors and lim-

tations associated with carbon credit exchange enrollment.
very landscape and property are unique, and carbon credit
rograms are not a one-size-fits-all solution. Moving forward,

andowners need a user-ready framework to assist in evaluat-
ng the risks and benefits of carbon credit programs with re-
pect to their specific situation to make the most ecologically
ound and financially profitable decision. Registries commu-
icating clearer frameworks inclusive of a mix of short- and

ong-term indicators will provide clear incentives and measur-
ble outcomes that landowners and managers can objectively
anage. Developers and registries should not prematurely ex-

 lude ear ly conservation adopters from the market. Instead,
hey should find ways to include these leaders in unique ways.
iven the respect among local peers, this approach can re-

uce the negative perception and add trust to market partici-
ants among potential landowner enrollees. Finally, potential
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