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Forests increasingly will be used for carbon dioxide removal (CDR) as a
natural climate solution, and the implementation of forest-based CDR presents a complex public policy challenge. In this paper, our goal is to
review a range of policy tools in place to support use of forests for CDR
and demonstrate how concepts from the policy design literature can
inform our understanding of this domain. We explore how the utilization
of different policy tools shapes our ability to use forests to mitigate and
adapt to climate change and consider the challenges of policy mixes and
integration, taking a close look at three areas of international forest policy,
including the Kyoto Protocol’s Clean Development Mechanism, Reducing
Emissions from Deforestation and Forest Degradation (REDD+) and voluntary carbon offset markets. As it is our expertise, we then examine in detail
the case of the USA as a country that lacks aggressive implementation of
national climate policies but has potential to increase CDR through reforestation and existing forest management on both public and private land. For
forest-based CDR to succeed, a wide array of policy tools will have to be
implemented in a variety of contexts with an eye towards overcoming the
challenges of policy design with regard to uncertainty in policy outcomes,
policy coherence around managing forests for carbon simultaneously with
other goals and integration across governance contexts and levels.

1. Introduction: the role of forests in carbon sequestration
The world’s forests greatly contribute towards carbon dioxide removal (CDR),
with significant potential to play a larger role [1–4], but facilitating enhanced
CDR presents a challenge for policy design and integration. Forest-based
CDR involves shifting land use and land management to support forest
carbon storage and sequestration. Proponents argue that it offers a natural climate solution (i.e. one that relies on ecological processes to sequester carbon)
that is better developed than technological carbon capture approaches [5]. Fargione et al. [5] estimate that strategies such as reforestation, avoiding forest
conversion, natural forest management of private forests and fire management
can account for 50% of the CDR potential of a variety of natural climate solutions in the USA [5], and Bastin et al. [6] estimate that as much as 25% of
the current global atmospheric carbon pool could be stored in forests [6].
While forest-based CDR offers significant potential, some have highlighted
that these global accounting mechanisms are overly optimistic in the potential
for forests to draw down carbon dioxide in a quick or permanent way and run
the risk of creating a narrative that forests should serve primarily as carbon
sinks, overlooking their many uses, meanings and effects on human livelihoods
[7–9].
Promoting forest-based CDR requires a variety of policy tools, including
informational, incentive, regulatory, educational and procedural tools. Many
existing CDR policy tools emphasize gathering information on forest carbon
© 2020 The Author(s) Published by the Royal Society. All rights reserved.

Different management strategies can affect carbon storage (the
amount of carbon stored on site) and carbon sequestration (the
rate of removal of carbon from the atmosphere) [12]. The most
impactful method of using forests for CDR is through management that both maintains existing forests (avoided deforestation)
and increases total forest coverage (reforestation or
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1.1. How forests can be managed for CDR

afforestation). Reforestation of forests involves growing forests
in recently and previously forested areas, with afforestation
occurring in areas that have not been forested in the past 50
years [13]. Avoided deforestation is key as well, as the conversion of forest to non-forest releases the carbon stored in them,
although the net amount of carbon released depends on the
methods of clearing, the destination of the wood products and
future land use.
Another method of managing forests for CDR is to consider how existing forests are managed in order to increase
growth or reduce threats of disturbances [14]. Forests managed for timber production can be moved towards longer
harvesting rotations than would be ideal from a profit-maximizing standpoint, allowing trees to approach their peak
carbon sequestration rates but cutting them and replanting
before these rates start to decline [1,5,12,15]. Adding inputs
to intensively managed forests, such as fertilizers or irrigation,
can facilitate rapid tree growth, although the carbon footprint
of these inputs must be taken into consideration in determining best practices for CDR [15]. Planting selected species can
help in sequestration; for example, if they are fast-growing or
less susceptible to disturbances such as fire, wind damage or
disease outbreaks [15–17]. Managers can also limit carbon
loss via soils (soils can account for 30–60% of a forest ecosystem’s total carbon [3]) in actively managed forests via
reduced-impact logging, which includes monitoring soil and
water, building logging roads in stable areas and harvesting
during stable soil conditions [12]. Removing uncharacteristically high fuel loads that have resulted from fire suppression
in regions like the western USA, while contributing to a
short-term loss of carbon stocks, may decrease the likelihood
of disturbance and associated carbon loss in the future,
making fuel reduction efforts in frequent-fire forests an
effective carbon sequestration strategy [18–20].
CDR policies around forest management can also take
into account the final destination of the harvested biomass.
Harvested wood used in creating durable products, such as
furniture, wood-framed structures or even paper, continues
to store carbon during the product’s lifetime and its slow
decomposition upon disposal [13,14,21]. Wood products in
construction can also be used as substitutes for other
materials, such as steel and concrete, that rely more heavily
on fossil fuels for their production [12,13,22]. Additionally,
if harvested biomass is burned for energy in place of fossil
fuels, then carbon emissions are further reduced [13]. Complete life cycle assessments are necessary to assess total
emissions mitigation associated with any of these uses.
There are also active debates around the certainty of how
management actually affects carbon sequestration and storage. For example, many carbon inventories focus on
above-ground biomass in woody species, without consideration of litter, soil or root carbon content; others include
these components but acknowledge that there is uncertainty
in their calculations [3,14]. There are divergent recommendations for how to manage existing forests for increased
carbon sequestration, and much of this debate centres on
initial conditions of forests before management interventions
[1,15]. Some argue for suppressing undergrowth to facilitate
increased carbon sequestration in larger trees [5,14], yet
others advocate for increased biodiversity and a variable
height and age-class structure that can enhance ‘carbon packing’ on the landscape [12]. Increasing forest growth rates can
also be achieved through the use of fertilizers, although this is
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stocks and fluxes associated with disturbances. Incentive
tools aim to encourage landowners to prioritize CDR over
other potentially more lucrative land uses. Regulatory tools
require that landowners or managers consider CDR in their
decision-making. Educational tools complement voluntary
mechanisms and incentive opportunities by giving people
the information they need to act. Procedural tools ensure
that participants creating CDR policies are held accountable
and provide avenues for collaborative problem-solving. Procedural tools that promote networks of landowners can
facilitate CDR arrangements at scales large enough to ensure
substantive impacts and to diffuse disturbance impacts affecting individual landowners. The mix of policy tools for CDR
will take different forms depending on governance contexts
and levels [10].
Policy integration (i.e. ensuring that policy goals and tools
work together) is a significant challenge worthy of attention,
given that new forest-based CDR policies will be built into
existing policy mixes that represent the wide range of
demands society places on forests. CDR must be integrated
with other tools designed to achieve pre-existing forest management goals, such as management for resilient landscapes
and provision of other ecosystem services (e.g. clean water,
recreation or wildlife habitat).
To address the interest in and potential for forests to contribute to CDR from a policy design perspective, this paper
has two primary objectives. First, we use selected case studies
of policy tools for forest management to illustrate how forestbased CDR plays out in several contexts, both internationally
and specifically in the USA. Second, we examine how different policy tools might be mixed in different contexts and
integrated (or not) with each other and with existing forest
policies.
In the remainder of this Introduction, we explore what
management strategies are thought to contribute to enhanced
carbon sequestration in forests, and we discuss the synergies
and trade-offs of managing forests for climate mitigation and
adaptation. In §2, we begin with an overview of policy design
and then in §3 delve into three prominent policy approaches
for forest-based CDR in international climate policy. This is
followed in §4 by a detailed look at the USA as an informative domestic case. While there are many forest-based CDR
policy tools in existence globally, we have chosen examples
in §3 to illustrate CDR specifically in the form of verified
carbon offsets with international funding. We then focus on
the USA because of our expertise in the region and explore
a representative sample of policy tools and associated challenges for CDR management on public and private forests
(for a comprehensive analysis of US CDR policy tools on
farmland, forests and grasslands, see McGlynn et al. [11]).
Finally, §5 explores the challenges of policy mixes and coherence in managing forests for CDR and synthesizes our
perspective on the value of considering forest-based CDR
through the lens of policy design.

coupled with concerns of nitrous oxide release, which is a
much more potent greenhouse gas than carbon dioxide [14].

2. Policy design and tools for forest-based CDR
Policy design refers to the process of identifying policy goals,
determining the mix of policy tools used to achieve those
goals, and engaging in an iterative process to select and calibrate policy tools for specific contexts across levels of
governance. These choices are nested within pre-existing governance arrangements that reveal overarching objectives and
implementation philosophies, and create a context that constrains new policy tool choices to those aligned with the
governance paradigm [32]. For instance, incentive-based
tools that emphasize individual choice are more widely
accepted in places like the USA than regulatory tools [33].
Often a portfolio of tools is needed to meet policy goals,
and there are frequently trade-offs and tensions associated
with different types of policy tools. For example, while financial incentive tools such as payments for ecosystem services
are often more politically palatable than regulatory tools,

3. Case studies of international forest-based CDR
policy tools
Designing tools for forest-based CDR in international climate
policy has faced challenges around managing forests for multiple goals and among different actors and verifying carbon
outcomes. With these dynamics in mind, in this section we
explore three major policy initiatives that use international
funding streams to pay for verified forest-based CDR. To
illustrate the necessity and challenges of mixing tools
within and across initiatives, we look at the Clean Development Mechanism (CDM), REDD+ and voluntary carbon
markets.

3.1. The Kyoto Protocol and the Clean Development
Mechanism
The Kyoto Protocol, an international climate agreement
signed in 1997, included a limited role for forests in climate
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While forests can function as carbon sinks, they are also vulnerable to climate change [23]. Accordingly, managing forests
for CDR also requires ecosystem adaptation to a changing climate. Research on adaptation and mitigation in forest
management ultimately highlights the importance of considering how to integrate these goals, synergies and trade-offs
between adaptation and mitigation, and the effects of
ecological disturbance dynamics at different scales [24–26].
In the western USA, for instance, a key vulnerability of
forests to climate change results from its exacerbation of existing disturbance processes, including wildland fire and insect
outbreaks [27]. Efforts to adapt forests to climate change tend
to focus on managing for forests that are resistant and resilient to more frequent and intense disturbance regimes [28]. In
frequent-fire forest types where fire suppression has led to
uncharacteristically high fuel loads, these adaptation efforts
involve thinning forests and reintroducing fire as a critical
ecological process. At first glance, these management activities that remove biomass in the short term would
seemingly conflict with the goal of CDR. If these practices
reduce the severity of future disturbances and allow remaining disturbance-resilient trees to grow, however, they will
contribute to carbon sequestration; in essence, in fire-prone
systems, adaptation and mitigation goals can be well aligned
[18]. In recognition of the potential convergence between
adaptation in the form of fuels reduction and mitigation,
efforts like the California Forest Carbon Plan allow for use
of funds from the California Carbon Market for fuel
reduction on federal forestlands with the overall goal of
ensuring long-term carbon storage [29]. In other forests,
there may be trade-offs between carbon sequestration strategies and protection of habitat for certain species, which
may be a critical climate adaptation need [30]. As a result,
scholars emphasize that forest managers should prioritize
managing for resilience, consider trade-offs between mitigation and adaptation, and be guided by the specific
ecologies of forest types and forest ecosystem services in
different locations [31].
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1.2. Synergies and trade-offs between managing for
climate adaptation and climate mitigation

significant analytical capacity is needed to tailor them to
specific policy targets (i.e. actors who could respond to incentives) and may offer less certainty of achieving policy goals
[34]. Procedural tools like collaborative decision-making
forums are often costly and time consuming to implement
but can support overcoming scale mismatches and leveraging
of capacity that can be essential for addressing today’s
environmental governance challenges [26]. Policy mixes frequently combine substantive tools (e.g. regulatory, incentive
or information-based tools) and procedural tools (e.g. collaborative forums or access to judicial oversight). Because of
their trade-offs and the diversity of targets (e.g. public and
private forest landowners or land management and regulatory bodies at different levels of governance, such as state
and federal), multiple tools are needed to achieve complex
CDR policy goals.
Addressing climate change in diverse forest ecosystems
across multiple sectors and levels of governance makes for
a policy design and integration challenge. Policy integration
occurs when policy goals and policy tools are coherent (e.g.
multiple goals are not contradicting each other or leading
to significant trade-offs) and consistent (e.g. policy tools support the achievement of these goals and do not work at
cross-purposes), and with consideration of integration
across sectors and vertically across levels of the system (e.g.
from international to national and more local levels) [10,35].
Coherence within forest-based CDR policy is a challenge, as
forests provide many other functions that can at times conflict
with managing them for carbon storage or sequestration,
such as biodiversity conservation, recreation or supporting
livelihoods. Achieving policy integration is also complicated
by the layering of new policy goals and tools onto existing
approaches. Effective collaboration and coordination across
sectors and organizations are essential for achieving policy
integration but require political commitment and overcoming
the entrenched interests of economic interest groups and state
bureaucracies that may seek to preserve the status quo [35–
37]. Examining differential benefits to actors that result
from tools, using collaborative policy design processes and
tailoring tools to local contexts are all important strategies
for preventing marginalization of disadvantaged groups in
efforts to combat climate change.

objectives remained difficult and sustainable development
benefits were often sidelined [38,42].

3.2. REDD+: Reducing Emissions from Deforestation
and Forest Degradation
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A next iteration in forest-based CDR policy tools was REDD+,
which is perhaps the best-known international forestry-based
CDR effort and an important mechanism for climate mitigation
under the 2015 Paris Agreement (table 1). While the basic premise of REDD+ has remained unchanged—that economically
developing countries should be financially compensated for
forest-based CDR—the initiative has evolved significantly
since its inception [43,44]. First conceptualized at the United
Nations Framework Convention on Climate Change
(UNFCCC) in 2007 as Reducing Emissions from Deforestation
(RED), the scope of the initiative soon expanded to encompass
other CDR strategies such as forest degradation (termed
REDD, Reducing Emissions from Deforestation and Degradation) and then conservation of carbon stocks and
sustainable forest management (termed REDD+) in response
to demands from economically developing countries with
stable but valuable forest carbon reserves [45]. The scope of
REDD+ also has expanded significantly as a result of concerns
that REDD+ would lead to the ‘carbonization’ and centralization of forest governance at the expense of non-carbon
values. In recognition of the need for integration with other
public policy objectives, ‘co-benefits’ and safeguards ( poverty
reduction, biodiversity conservation, and stakeholder consultation and participation) were subsequently integrated into
the international REDD+ framework beginning in 2010 [43,44].
There has also been an evolution in the primary tools
associated with REDD+. REDD+ was originally conceptualized as a payments for ecosystem services programme, with
conditional financial incentives provided through an international carbon market. A viable carbon market has yet to
materialize, however, and REDD+ funding has come instead
in the form of aid from development funds and national
budgetary allocations. REDD+ funding also has been minimal compared with expectations, with most going to preimplementation capacity-building activities rather than
results-based payments for CDR [46]. Further, REDD+ has
also shifted from an emphasis on small-scale, nongovernmental organization (NGO)-led projects that target
communities and small landholders to larger jurisdictional
approaches that use a mix of tools to address land-use
drivers emanating from outside the forestry sector [47,48].
REDD+ therefore now encompasses a heterogeneous mix
of goals and policy tools designed and implemented by government and non-government actors across multiple levels of
governance under the broad scope of the UNFCCC framework [44,49,50]. Specifically, REDD+ policy design and
implementation within participating countries occurs under
a three-phase approach: (i) REDD+ readiness and capacity
building, (ii) REDD+ action plans and policy reforms, and
(iii) payments based on verified emissions. Institutions such
as the UN REDD+ and the World Bank’s Forest Carbon Partnership Facility provide funding and technical assistance for
phases 1 and 2, in which governments customize international REDD+ goals and tools for domestic contexts. This
involves analysing emissions drivers, identifying appropriate
objectives (e.g. reducing deforestation or sustainable management of carbon stocks) and evaluating existing and potential
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mitigation because of uncertainty around the ability to
demonstrate carbon reductions. Industrialized countries that
were signatories to the Protocol were required to reduce
greenhouse gas emissions by 2012; economically developing
countries were not bound by targets but could participate
by hosting projects that reduced emissions [38]. The Protocol’s CDM permitted economically developing countries to
sell Certified Emissions Reductions (CERs) to industrialized
countries, provided that these reductions came from sustainable development projects that would not have occurred
otherwise (i.e. projects had demonstrable additionality).
Thus, the Protocol integrated multiple substantive policy
tools, including regulatory and market-based tools. The first
CDM projects were accredited in 2000, and largely ended
around 2012 [39]. Reforestation and afforestation projects
were permitted under the CDM, although these represented
a tiny fraction: only 0.9% of over 7000 CDM projects in
2016 (table 1). Most projects instead focused on reducing
emissions in energy production, transportation and industry
[39]. Because of concerns with the permanence of forestbased reductions, forest CDM projects were issued temporary
CERs (for 5 years) or long-term CERs (for a single 30 year
period or 20 year periods renewable twice) that buyers had
to replace with permanent CERs upon their expiration [40].
Tensions
emerged
between
regional
European
approaches and international climate agreements on how to
verify carbon reductions in forests; this limited the proliferation of forest-based CDM projects. The European Union’s
Emissions Trading System (EU ETS), begun in 2005 as part
of its compliance policy for the Kyoto Protocol, would not
accept forestry CDM projects [38,39]. The EU ETS and other
emissions trading systems cited concerns around leakage
(i.e. where maintaining forests in one location may simply
lead to deforestation elsewhere), permanence (i.e. when protected forests could be harvested in the future, or be
vulnerable to disturbances) and accounting (i.e. where there
are uncertainties around how best to quantify carbon in forests and in harvested wood products) [39]. Project
developers found forestry projects to be riskier than other
CDM projects because of the longer time scale associated
with tree growth and high initial and transaction costs, which
made it difficult for smaller scale projects to join [39–41].
The temporary nature of the credits made them unattractive
to buyers as well, since they would have to be replaced in the
future with new CERs [40]. Thus, the first-generation forestry
projects included in the international climate agreement
arena were limited in their scope, with the few offsets created
being limited to afforestation or reforestation projects.
The policy tools developed under the Kyoto Protocol
reflected the global trend over the last several decades
towards market-based governance preferences and policy
tools [32]; this trend has shaped policy design for CDR and
resulted in market-based tools. The Protocol and the CDM,
in not specifying exactly how emissions were to be reduced
and in including some flexibility for trading of offsets, suffered less from the challenges of policy integration, as it
could be layered without significant conflict on top of other
policies. The larger challenge was determining how to mix
the regulatory cap of the Kyoto Protocol with a market-style
CDM calibrated such that it led to significant use of forestbased CDR. Additionally, the CDM intended to integrate
carbon removal objectives with sustainable development in
countries hosting these projects, but coordinating these

ﬁnancial and market-

based incentives,

regulatory,

informational tools

Deforestation and

Forest Degradation

(REDD+)
stocks

management and enhancing forest carbon

degradation, conservation, sustainable

paying for avoided deforestation and forest
nations)

economically developing

international (projects in

industrialized nations)

only)

Reducing Emissions from

nations, buyers in

forest-based (afforestation/reforestation

economically developing

buy offsets, a tiny fraction of which are

international (projects in

scale

Protocol

countries bound by Kyoto climate treaty can

description

regulatory Kyoto

market-based within

Clean Development

Mechanism (CDM)

primary tool types

allocations

state budgetary

development funds and

bilateral and multilateral

Kyoto Protocol

from those regulated by the

ﬁnancing

developing nations

—funds forest work in

safeguards

—integrated co-beneﬁts and

developing nations

development in

(Continued.)

drivers of deforestation

—not addressing fundamental

additionality or permanence

—risks of leakage or lack of

—lack of policy coherence

—marginal livelihood gains

forest beneﬁts

—trade-offs with non-carbon

developing nations

and places burden on

focus on source reductions

—offsetting carbon can reduce

—equity concerns

development goals

synergistic with sustainable

—carbon reductions not always

developing nations

and places burden on

focus on source reductions

—offsetting carbon can reduce

additionality and permanence

—risks of leakage or lacking

accounting

costly and risky
—uncertainty in carbon

reducing carbon

—forest projects are relatively

—ﬂexible mechanisms for
—funds sustainable

concerns

beneﬁts

Interface Focus 10: 20200001

policy

royalsocietypublishing.org/journal/rsfs

Table 1. Selected policy tools for forest-based CDR.
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policies needed to operationalize results-based payments,
benefit sharing mechanisms and safeguard systems. Participating countries must also establish Forest Reference
Emissions Levels (quantitative benchmarks for forest carbon
emissions), Monitoring Reporting and Verification (MRV)
systems to track forest carbon emissions and implementation
outcomes, and information systems for ensuring compliance
with UNFCCC safeguards. Ideally national policy frameworks provide the sideboards for subnational policies
and implementation structures, which in turn support
project-level implementation.
Despite the diversity of REDD+ approaches, there are
some common themes that have emerged from project-level
implementation. First, there is the challenge of achieving
carbon and non-carbon goals and objectives. For instance,
there are often tensions between REDD+ goals for carbon
and biodiversity conservation in that priorities for each may
not be co-located. Synergies between carbon mitigation and
climate adaptation also often go unrealized in the context
of REDD+ projects [34]. Second, the achievement of social
co-benefits also has proven to be particularly challenging;
while analyses of project-level REDD+ implementation have
shown some benefits for forest carbon mitigation, livelihood
benefits have been marginal [51]. Indeed, the development
of equitable and effective benefit distribution strategies has
been particularly challenging at project levels owing to limited state and civil society capacity, corruption and political
resistance [52]. Where the achievement of CDR and social
benefits has occurred at local scales, it is often because of
the presence of a well-designed mix of regulatory, informational and financial tools. Indeed, regulatory tools are often
most effective for conserving forest cover, with financial payments then needed to compensate stakeholders whose
livelihoods may suffer as a result [49].
A third lesson of REDD+ project implementation has
been that interventions that target small-holders and stakeholders often fail to address the most significant drivers of
deforestation (e.g. industrial agricultural development) and
are difficult to ‘scale up’ without enabling policy frameworks
at national and subnational levels [47]. The resolution of
tenure conflicts, for instance, which are essential for equitable
benefit sharing, often requires higher-order policy change
and political commitment. At national levels of countries participating in REDD+, there has been significant progress in
the development of legal frameworks and implementation
structures for informational tools such as MRV systems.
However, opportunities for transformational policy change
have been limited when national governments respond to
interest groups invested in maintaining ‘business as usual’
[53]. For instance, in many countries, REDD+ policy incentives for CDR must compete with existing incentives for
agricultural development that result in deforestation. Even
when REDD+ goals are integrated across sectors, effective
coordination across different ministries responsible for land
use governance is complicated by internal dynamics in
bureaucracies, which limit the achievement of new policy
goals, particularly when administrative roles and responsibilities are not well defined. Vertical integration is also a
challenge. In many cases, project-level and subnational strategies were developed before national-level enabling policies
were in place, leading to implementation difficulties [54–56].
Given these issues, approaches to REDD+ are increasingly being designed and implemented at subnational

Another form of incentivizing forest management for carbon
sequestration is through the voluntary carbon marketplace, a
different set of policy tools designed to reach other policy targets not involved in formal international climate agreements
(table 1). Voluntary markets involve buyers who are not obligated by compliance markets to produce reductions in
carbon, such as individuals hoping to offset their carbon footprint or companies that want to demonstrate their social
responsibility or prepare themselves for future compliance
regulations [58]. In contrast to compliance markets, where
generally all reductions are priced the same per ton of CO2
equivalent (CO2e), voluntary offsets vary in price by project
type and location, as buyers choose offsets for a variety of
reasons (e.g. wanting to fund projects that are operating in a
certain part of the world or that offer co-benefits) [59]. Voluntary offsets operate beyond the scope of compliance markets,
international climate agreements and national governments,
instead relying on accountability tools like a variety of thirdparty verification standards to create market-tradable units
of CO2e that demonstrate permanence and additionality and
limit leakage or double-counting [58,59].
The voluntary carbon market is smaller in volume than
compliance markets like the CDM or other regional markets
[39], and its growth has varied drastically over the years
[59]. Voluntary offsets are issued for a variety of projects,
but a large portion of the market (46% of the volume in
2016) is forestry and land use offsets that include projects

4. CDR and policy integration in US forest policy
Here we take a deeper look at current forest management in
the USA, which reveals a range of additional policy tools
beyond the markets discussed above and how tools are calibrated to a specific implementation context. International
forest-climate mitigation policies largely focus on incentivizing forest conservation and management for carbon in
economically developing countries, which are often seen as
ideal places for this work because projects are thought to
be cheaper to implement and tropical forests can rapidly
sequester carbon. The impacts on livelihoods of these interventions may also be less visible or directly felt by actors
paying for these offsets. Relatively less literature explores
the various policy tools for forest-based CDR that are being
developed or implemented in an industrialized nation such
as the USA (a notable exception being [11]). The USA lacks
implementation of holistic federal policies regarding forestbased CDR and is home to regrowing but ageing forests,
which may slow their rate of carbon sequestration in decades
to come without additional interventions [4,11]. From a
policy design perspective, it is interesting to pay attention
to the difference in public and private land management, as
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3.3. Voluntary carbon offsets

such as afforestation/reforestation, improved forest management (e.g. reducing logging impacts, extending harvest
rotations) and avoided deforestation [13,59]. Because there
is more flexibility in production methods and price, methodologies for compliance markets are often first tested in
voluntary credits [39,59]. Voluntary markets also provide
opportunities for buyers to selectively fund projects that
have co-benefits beyond carbon sequestration (like those
recently integrated into REDD+), such as sustainable development, poverty alleviation or enhancement of other
ecosystem services beyond carbon; forestry offsets with cobenefits are often more popular and command higher
prices [58]. In the USA, voluntary markets served as a
venue for companies to earn offsets for reducing their emissions in anticipation of passing a national emissions trading
system into law in 2009. The volume of the voluntary
market increased because companies expected that these
‘early action’ credits would shift into compliance credits
upon the law’s passage until the US Senate failed to approve
the bill [60]. Most voluntary offset purchasers are those who
do so unrelated to anticipated compliance, as there has been
uncertainty in these compliance markets coming to fruition.
Because of the lack of regulatory climate policy tools, sectors with no carbon caps have turned towards self-regulation
and voluntary tools to meet their own climate goals. The
voluntary carbon market as a policy tool reflects a global governance context that has increasingly moved towards market
mechanisms and away from mandatory state regulation.
Voluntary market standards also attempt to integrate the
carbon offsets with other goals such as sustainable development and biodiversity protection, marketing these synergies
to fetch higher prices. These markets thus rely heavily on adequate information and purchasers who are actually
motivated to obtain offsets with co-benefits. The addition of
third-party certification as an accountability tool was necessary in order to create legitimacy and increase demand. In
summary, voluntary offsets encompass a suite of tools and
complement other compliance-based tools to fill in gaps.

royalsocietypublishing.org/journal/rsfs

jurisdictional levels. Subnational political jurisdictions (e.g. a
state or province) are seen as a strategic scale and level for
REDD+ implementation because of their potential to support
vertical integration (national to project level), horizontal integration across sectors and initiatives, coherence with other
initiatives (e.g. zero deforestation commitments and indigenous rights) and context-specific policy design [54,57]. For
instance, in Brazil’s state of Acre, subnational jurisdictional
tools such as land use regulation through zoning, economic
incentives for local stakeholders and sustainable timber management practices have led to considerable achievements for
CDR. However, jurisdictional approaches require political
commitment from subnational government officials who
may face heavy pressures for resource development. There
is also significant variation in formal authority for land use
governance at subnational levels across different countries,
and limited funding and capacity in subnational jurisdictions
is a common challenge. While there are some notable successes
and significant momentum for jurisdictional approaches to
REDD+ and CDR, it remains too early to judge their success
in many contexts.
The policy design of REDD+ has shifted over the years in
efforts to achieve integration with additional goals for forests
as complex socio-ecological systems. REDD+ continues to
evolve but so far has faced significant integration challenges
where carbon priorities can conflict with provision of other
ecosystem services and the equitable distribution of social
co-benefits. The layering of REDD+ on top of existing policies
has also led to obstacles to effectively tackling root drivers of
deforestation, as entrenched interests have a stake in maintaining the status quo. REDD+ offers an example of the
potential large scope of forest-based CDR, as well as many
of the policy design and integration challenges.

4.1. US public forestlands and CDR

4.2. US private forestlands and CDR
The majority (58.5%) of US forestland is owned by private
landowners, which include individuals and families, corporate timber companies, conservation organizations and other
groups [70]. Similar to public forestlands, there has not
been substantive federal policy widely implemented that
prioritizes incentivizing forest-based CDR on private forestlands [11]. However, states, regional coalitions and NGOs
have advanced some efforts to promote CDR among private
forest owners, who have an important role to play in CDR
management [71].
There are a variety of potential policy tools to more explicitly prioritize CDR in private forests, and a mix of tools will
be essential. Theoretically, governments could mandate management activities that benefit CDR, such as immediate
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Public lands owned and managed by the federal government
account for 31% of forestlands in the USA [61]. The US Forest
Service, the largest single public entity holding forestland,
manages 193 million acres (78 million hectares) of forests
and grasslands across the country; these are organized into
154 national forest units. By law, the agency manages these
lands for ‘multiple uses’, including timber, water, outdoor
recreation, grazing, and fish and wildlife habitat. The US
Forest Service has also increasingly emphasized ecosystem
services in addition to a continued focus on multiple uses.
Since 2008, the Forest Service’s internal climate change
policies have provided guidance regarding both adaptation
and mitigation, with the recognition of the role that forests
play in storing carbon and their vulnerability to climate
change. At the national level, the agency is encouraging
units to engage in climate change vulnerability and other
types of climate-related assessments (e.g. fire risk assessment)
[62]. For instance, the first iteration of the agency’s Climate
Change Performance Scorecard, developed in 2011 to facilitate assessment of climate-related activities on national
forests, asked, ‘Does the Unit have a baseline assessment of
carbon stocks and an assessment of the influence of disturbance and management activities on these stocks? Is the Unit
integrating carbon stewardship with the management of
other benefits being provided by the Unit?’ (table 1) [63].
To support management units in achieving this goal, analysts
with the agency’s national headquarters developed a series of
assessments of changes in carbon stocks and the effects of
disturbance, management and environmental factors in the
regions and individual national forests [64]. This policy tool
focused on collecting information about carbon in forests,
but did not provide specific incentives to manage for CDR.
In 2012, the Forest Service promulgated administrative
regulations interpreting their multiple-use mission and guiding land management planning by national forests and
grasslands (table 1). These regulations, collectively referred
to as the 2012 planning rule, replace regulations from 1982
and represent one of the most significant policy changes for
the agency in decades [65]. Given the nature of comprehensive planning in an agency with multiple goals, planning
processes integrate across a range of functional areas. These
regulations include several requirements relevant to CDR,
but do not explicitly address this goal. Notably, the regulations require that planning teams develop an assessment
of available information on a series of topics, which then
informs the development of the actual land management
plan. One required topic is a ‘baseline assessment of carbon
stocks’, including carbon stored in vegetation, dead biomass
and soils (36 CFR 291.6(b)(4)). The planning rule also requires
that plans ‘provide for ecosystem services and multiple uses’
(36 CFR 219.10) and defines ‘long-term storage of carbon’ as
an example of a regulating ecosystem service (36 CFR 219.19).

In line with these regulatory requirements, management
plans developed by the Forest Service have begun to include
references to carbon sequestration as an ecosystem service
provided by national forests, although there is no evidence
that this consideration of carbon has fundamentally changed
management priorities.
For the US Forest Service, CDR is unlikely to become a
management goal that supersedes the agency’s existing mission of providing for multiple uses for current and future
generations. Long-term carbon storage is, however, coherent
with some other management goals, notably the expectation
to manage forests for ecological sustainability, ecological
integrity and resilience [31,66]. Managing for ecological integrity means limiting the occurrence of severe, uncharacteristic
disturbances, including wildfires, that would result in large
releases of carbon. In light of the fact that the agency’s
de facto priority across much of the system today is reducing
the threat of uncharacteristic or catastrophic wildland fire,
managing for natural fire processes and ecological integrity,
which would support both climate adaptation and mitigation, may become the Forest Service’s primary focus,
regardless of whether CDR is an explicit priority [67].
Accordingly, ongoing efforts to manage for ecological resilience in light of climate change may offer a path to
maintaining carbon stocks contained in national forests [28].
At the same time, at present the Trump administration’s primary focus for US forests is their active management. Targets
for timber volume removal have been increased with little
focus on other objectives [68]. While active management
might be part of a climate-driven forest management strategy,
this push also is not clearly linked to a strategy of ecological
integrity or resilience to disturbances or to climate change
mitigation or adaptation planning processes in any systematic
way.
These efforts by the US Forest Service offer some insight
into potential approaches for large forest land management
agencies to promote consideration of CDR in forest management. At the same time, they reveal the challenges associated
with layering new goals upon old ones, the influence of
national politics and the potential push back on new
approaches from those aligned with extractive interests. In
general, public land managers will focus on measurable
goals that yield political support and revenue [69]; managing
for CDR may remain as a secondary goal without policy tools
that create new mandates or incentives to shift the calculus of
large public bureaucracies like the Forest Service.
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policy mixes to support CDR must be tailored to the unique
conditions of each land tenure type. Across all land ownerships, CDR represents a newer management goal that
comes on top of, rather than in place of, other management
goals; existing governance structures and mechanisms
will need to be repurposed to support CDR. As a result,
the policy integration perspective offers a useful lens for
understanding CDR in the USA.
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California Carbon Market. Several studies argue that there is
potential for carbon payments to induce management
changes, and more landowners would be willing to join if
the price of carbon increases, although these results are
based on hypothetical models or interviews with potential
participants instead of actual participants’ experiences [80–
82]. With the historically and currently low price of carbon,
other studies have found that very few landowners are willing to actually join [80,81,83]. For example, as few as 2% of
surveyed Massachusetts family forest owners in one study
were interested in participating in a programme similar to
the CCX protocol [83]. Forestry projects have also largely
not materialized in the RGGI because of the continually
low price of carbon [11]. Others are optimistic that low payments, while not inducing much management change,
could at least help prevent land conversion [84]. The national
conservation organizations American Forest Foundation and
The Nature Conservancy have partnered to develop a Family
Forest Carbon Program to target landowners with small
holdings who face particularly high barriers to involvement
in larger carbon markets [85].
The California Carbon Market offers an example of a
growing state initiative to limit greenhouse gas emissions
that includes a limited role for forestry offsets. Established
in 2013, the market mandates emissions reductions for regulated sectors and allows them to purchase a limited
percentage of offset credits (table 1) [86]. In addition to
offset projects in other sectors, forestry projects can include
reforestation and afforestation, avoided conversion and
improved forest management [59,87]. These forestry projects
are found in California, as well as in other US states, Mexico
and Canada. Landowners must go through a rigorous series
of qualification testing and commit to a minimum participation duration of 100 years, with heavy penalties for early
termination [88]. Third-party verification of forests’ carbon
storage and other associated costs are prohibitive to smaller
landowners joining the programme [89]. The stringent
requirements of the California market have made landowners
less likely to participate than they were in previous voluntary
forestry offset programmes with more flexible requirements
[90]. Changes in the market’s structure in 2017 reduced the
role of offsets so as to encourage more emissions reductions
and limited out-of-state projects [91,92]. While the
programme in its current format seems unlikely to spur
large-scale involvement in CDR from a range of forest
owners, the overall structure may support future CDR efforts
if changes are made to enable more participation.
There remain barriers to private US landowners’ participation in any form of carbon offset programme. The price
of carbon has not remained consistent, reflecting varying
demand for offsets and a lack of clear national climate commitments [81,83,88]. The price of carbon has also remained
lower than many expected, often too low to entice landowners to participate [73,83,93]. As seen in California, there
are often high joining and transaction costs for participation
in carbon forestry programmes because of complicated procedures to ensure the validity of the forest offsets, which
excludes smaller landowners [73,83,88]. Landowners’ perceptions of climate change can also strongly influence desires to
participate; forest owners with a strong belief in and understanding of the ability of forests to mitigate climate change
or who already manage private forests with outside input
are more likely to consider joining offset programmes [81,83].
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replanting following harvest or extended harvest intervals
[14,72]. However, regulatory tools of this nature seem unlikely in the USA given their high monitoring costs and
conflicts with its culture of strong private property rights
[72]. Policy tools supporting CDR on private forestlands are
also likely to be quite different for corporate timber companies compared with family forest owners, who may own
much smaller tracks of forestland for reasons other than
timber extraction [73].
Advancing CDR among private forest owners in the USA
largely relies on informational or incentive-based policy tools.
In addition to administering federal public lands, the US
Forest Service supports private forest management through
programmes administered by state forestry agencies. These
include the Forest Legacy Program, which funds conservation
easements on private forests (legal agreements ensuring
environmental benefits of forests will be left intact), and the
Forest Stewardship Program, which assists non-industrial
landowners in preparing forest management plans
[11,74,75]. While CDR has not been a central element of
these programmes, they already represent a procedural
policy tool in the form of planning, which could support
CDR efforts if coupled with a tool that incentivized landowners to manage for this goal. However, the only federal
conservation programme to explicitly prioritize CDR on private lands is the Natural Resources Conservation Service’s
Healthy Forest Reserve Program. This programme offers
cost-sharing for habitat restoration agreements and conservation easements on private lands that provide habitat for
threatened and endangered species and lists enhancing
carbon sequestration as one of its main goals; however, this
programme is constricted by very limited and decreasing
funding (table 1) [11,76,77].
Other tools do not prescribe forest producers’ actions but
instead attempt to make forest management for CDR more
lucrative [72]. This indirect approach reflects trends in
environmental governance generally and particularly in the
USA that prioritize flexibility, protection of private property
rights and the role of government as primarily a market facilitator rather than regulator. Markets for wood products and
bioenergy are influenced by federal grants and purchasing
and assistance programmes, as well as EU climate policies
that have increased demand for wood pellets from US producers [11,78]. These tools aim to expand the market for forestbased products, in an effort to prevent forest land conversion
and potentially replace more fossil-fuel-intensive alternatives
[11]. Treasury tools such as tax deductions for forest management expenses, tax credits for reforestation and reduced tax
rates for income derived from timber currently encourage
landowners to maintain forest; these could be shifted to
offer tax incentives for carbon management of forests [11].
Alternatively, a more punitive tax could be put into place in
the future, taxing carbon-releasing forest practices [72].
Carbon offset programme participation has been very
limited among private US landowners. Among US family
forest owners (families, individuals and trusts), only 2%
who have leased or collected money for use of their forests
received those payments specifically for CDR [79]. Options
to participate in carbon payments have included the now
defunct Chicago Climate Exchange (CCX, which ended in
2010 because of insufficient activity), various voluntary
carbon market standards, the Regional Greenhouse Gas
Initiative (RGGI) in nine northeastern states and the growing

Our review of several policy tools that aim to enhance CDR in
forest management illustrates that successful forest-based
CDR will require a mix of tools tailored to specific contexts.
Based on this analysis, we highlight three issues in policy
design for CDR in forest management that warrant further
discussion. First, because forests produce a diverse array of
benefits beyond carbon sequestration, many CDR policy
tools face the issue of policy coherence in that CDR tools
must integrate with existing policy tools focused on other
goals. Well-designed policy can help align CDR management
with other objectives, although sometimes these tensions
cannot be avoided. Second, because of the nature of carbon
and the global scale of mitigation, CDR tools must take
into account the continual struggles with measurement,
verification, scale and permanence; this often requires a
well-designed and well-calibrated set of tools. Third, it is
important to recognize that there are groups who benefit
and groups who are harmed by CDR policy tool implementation, and there is a need for transparent procedural tools
to minimize negative effects of strengthening CDR policy.

5.1. CDR policy coherence
Forests provide an abundance of ecosystem services, and
management for these other services can at times be complementary to and in other cases competitive with CDR.
There have been many concerns raised that prioritizing
carbon sequestration in land management policy can lead
to a ‘bio-perversity’ by sidelining other ecosystem services
through a singular focus on carbon if policies are not coherent
across multiple objectives [14,97,98]. These poor outcomes
can be seen in projects that plant monocultures of nonnative, but fast-growing, trees, destroying intact non-forest

5.2. Uncertainty in CDR policy implementation
There remain major uncertainties to measuring carbon
sequestration and storage, which influence policy design for
forest-based CDR. Allometric equations used to calculate
carbon in above-ground biomass are still being refined, particularly for non-timber species; biomass in root systems
and soils remains understudied [14,110]. There is still active
debate on the best techniques for enhancing carbon sequestration in existing forests, such as optimal rotation intervals
or thinning practices. Differences in quantification techniques
pose issues in particular for carbon payments, where variable
methods of measurement can lead to vastly different payment and offset amounts [111,112]. There are additional
complexities when the quantified carbon is monetized in
the marketplace, creating a fungible unit of CO2e. The messiness of this translation from invisible greenhouse gas taken
out of its local forest context to priced commodity spurred
the development of a series of standards (e.g. third-party verifications in the voluntary markets or stringent compliance
requirements) that aim to legitimize this conversion, but
there remains much discretion and uncertainty [113,114].
Proving additionality (that the project would not have
occurred without offset funding) continues to be challenging,
and research into offset programmes often does not examine
the counterfactual adequately to show that improvement of
an ecosystem service would not have occurred without payment [115,116]. Accounting for leakage remains a huge
obstacle, as deforestation shifts to other locations, including
other continents, when forests are protected for carbon.
Offset policy tools have attempted to address these uncertainties by reducing the number of credits granted to a forestry
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5. Policy design in forest-based CDR: policy tools,
coherence and mixes

ecosystems (e.g. afforestation in native, biodiverse grasslands)
[15]. The urgency in climate change narratives emphasizing
the immediate need for climate change mitigation in part
drives these types of practices, as a price is often placed on
carbon but not explicitly on many other ecosystem services,
values and relationships with forests.
In practice, trade-offs and synergies with other ecosystem
services strongly depend on the form of CDR management
implemented, the prior land cover and use (e.g. native grasslands versus degraded forests) and what services are being
measured in what ways. Planting trees for carbon generally
complements the ecosystem service of erosion control, particularly if reforestation occurs on marginal steep lands or
in areas impacted by high severity fires [99–101]. Managing
forests for CDR has the potential to enhance local biodiversity
if, for example, reforestation occurs on degraded lands with a
variety of native species [98,102,103]. Impacts on biodiversity
are not uniform either, with some CDR management practices enhancing wildlife habitat for certain species but
reducing habitat for others [30,104]. Similarly, there are
active debates around whether afforestation and reforestation
increase water yield; forests may reduce yields at a local scale
but the effects at larger scales are still unknown [105–109]. A
focus on forests for CDR has the potential to bring attention
and funding to forest restoration or reforestation in ways that
can enhance the health or extent of forest ecosystems. Welldesigned policy tools can create procedural processes for
inclusively exploring trade-offs and can promote management techniques that are complementary to other priority
ecosystem services and values.
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Thus, policy tools for managing private US forests for
CDR are limited in their current influence in light of the multiple objectives for forest management across a wide array of
landowners. Our analysis above suggests that a combination
of educational tools that involve forestry professionals providing technical assistance to small forest owners,
procedural tools that emphasize forest management planning
and incentive tools that make managing for carbon appealing
and lucrative can all support CDR on private lands. Many of
these tools currently exist but operate with a limited scope or
without an explicit focus on CDR; efforts to promote CDR
may benefit from repurposing these existing tools rather
than creating entirely new planning processes. For example,
the US Department of Agriculture (USDA) published its
Building Blocks for Climate Smart Agriculture and Forestry
plan in 2015 [94] with the intention of using existing voluntary, incentive-based programmes to promote climate
mitigation practices in agriculture, ranching and forestry on
both public and private lands. Forest-related components
included enrolling more privately owned acres in the
USFS’s Forest Legacy and Stewardship programmes and promoting wood product markets, repurposing existing efforts
to more explicitly reduce carbon emissions and promote
sequestration [94,95]. The Trump administration, however,
has de-emphasized these goals in recent years [95,96].

Implementation of CDR policies in forests, like all climate
policies, will benefit some and sideline others. In particular,
there are major concerns with international forest-based climate policies, like the CDM, REDD+ or international
voluntary offset standards, whereby reductions in carbon
emissions in industrialized countries can be avoided through
offsets and forest management changes in economically
developing countries, which historically have contributed
very little to climate change. Carbon offset programmes
may provide some local benefits, depending on the context
and policy design, but there have been numerous documented cases of negative outcomes for participants in

6. Conclusion
Forests will continue to be a key piece of climate mitigation
efforts, especially as the emphasis on natural climate solutions grows. This form of CDR has its limitations in scope,
however, as it lacks permanence and competes with other
land uses. Forest-based CDR has the potential to be integrated with other CDR strategies (e.g. regulations and
emissions caps), particularly those operating on larger spatial
and temporal scales. Additionally, forest-based CDR cannot
be viewed as a potential alternative to emissions reductions
and attention must be paid to equity issues and trade-offs
among ecosystem services, some of which may be critical to
local livelihoods. Forest-based CDR must be examined critically because highlighting systemic challenges helps shape
policies that are equitable, inclusive and more effective at
mitigating climate change.
An array of policy tools will be necessary so that they are
integrated with existing policies and governance approaches
and comport with the policy design preferences of governments. Different tools are also needed at different levels to
provide, for example, national standards and support,
along with flexibility for more local policies. An array of
tools is also needed to reach different CDR targets because
of the complexity of forest types, feasible management
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5.3. Inequality in CDR policy

economically developing nations, such as inadequate payments, loss of access to the ability to use land for other
livelihood purposes and loss of local control over natural
resources [113,122,123]. Termed ‘carbon colonialism’, critics
of offsets see climate change as the most recent justification
for foreign interventions in developing nations [124,125].
Creating offset programmes as ‘flexible’ methods of achieving climate change mitigation sets up a bidding war
between economically developing nations offering offsets
and wealthier nations hoping to offset emissions in other
locations [126]. This highlights the importance of using transparent and accessible procedural tools in policy design to
ensure that those affected by CDR policies are able to shape
them, although this process continues to face the profound
challenges posed by existing power imbalances.
There has been little exploration of the impacts of these
emergent carbon offset programmes or forest sequestration
policies operating within the USA thus far because of their
limited scope. However, as noted above, concerns have
already emerged that smaller forest holders cannot feasibly
participate in many types of carbon offset programmes.
This reflects critiques of international carbon offset programmes, under which smaller landowners or those lacking
funds to cover enrolment costs are excluded from programmes, with local elites benefitting most [127–130]. Even
on public lands, national forests with more empowered and
active local political coalitions may be better funded to
undertake processes like climate change vulnerability assessments. In light of the growing investment in public forests by
private actors, relatively wealthier areas or more visible projects may be funded at the expense of places where
ecosystems and livelihoods are more threatened by climate
change [131]. This poses a future research question: who is
likely to benefit from CDR forest policies in the USA, and
who will experience hardship because of these shifts in
forest management?
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project to account for leakage or ambiguous measurement,
but there justifiably remains a reluctance to equate forestry
offsets to emissions reductions. It is important to bring
these assumptions and struggles with measurement and verification to the forefront in order to understand that these
policy tools represent important international attempts to
remove carbon but must continually be questioned, debated
and improved [112,117].
Inherent to these debates around uncertainty is the challenge of comparing techniques on how best to manage
carbon when assumptions and boundaries are defined differently. For example, some studies do not account for the
reduction of carbon emissions from forest products replacing more fossil-fuel-intensive energy sources or materials;
this is because some researchers want to avoid assuming
where and how forest products from a particular harvest
site will actually be used [1], although others take this into
account. When studies use different spatial and temporal
scales, it becomes more difficult to draw conclusions on
best carbon practices. If considering carbon mitigation on a
very short time line, thinning and prescribed burning of forests to support climate adaptation would immediately
release carbon, but, as noted above, over a longer time
frame adaptation and mitigation management goals may
be complementary [18–20]. Sometimes adaptation management that releases carbon in the short term is discouraged
because of a focus on immediate climate mitigation, a problem of temporal scalar mismatches [26]. Thus, making
key decisions around CDR policies requires careful consideration and explicit acknowledgement of assumptions,
boundaries and scale.
There are also concerns that forest-based carbon sequestration lacks the permanence needed to adequately tackle
climate change. Forests are susceptible to both disturbance
(with frequency and intensity often increasing in a changing
climate) and future human-caused landscape change (despite
commitments to retain forests) [3,118,119]. Policy design can
attempt to account for this risk, such as requiring 100 year
commitments in California Carbon Market forest offset projects or limiting the percentage of emissions reductions that
can be claimed through offsets. Some argue that CDR
overly reliant on forests cannot achieve the scale needed
and faces many obstacles to acceptability and rapid
implementation [120,121]. Forest-based CDR is likely to be
a key component of climate solutions but will need to be
coupled with other approaches to achieve CDR and emissions reductions, particularly given these permanence
concerns.
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for implementation.

royalsocietypublishing.org/journal/rsfs

interventions, land ownership structures and objectives for
forests. Challenges to shifting forest management toward a
focus on CDR include integrating this new objective with
existing practices, creating coherent policies that find synergies with other goals, incorporating uncertainties around
measurement and verification, and working towards collaborative policy creation to create multiple beneficiaries.
There are key areas for future research in order to create
equitable and effective forest-based CDR policies. Uncertainties cannot be eliminated but increased research into carbon
measurement, tracking leakage and creating experimental
designs that examine counterfactuals can enhance our understanding. Continual monitoring of the effects of forest-based
CDR tools will also be necessary; for example, there is limited
research on the experiences of landowners who actually participate in nascent US-based forestry offsets and much
remains to be learned about the differential benefits of
forest-based CDR policies within and across nation-states.
The future for forest-based CDR policy creation and existing policy implementation depends on the political will of
leaders and pressures from constituents. Currently, in the
USA the Trump administration has deprioritized addressing
climate change, both generally and on forests. However,
many US states, local governments, non-profit organizations
and businesses are moving towards climate solutions, stepping in where the federal government has failed to act.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

initiatives. Int. J. Commons 9, 909–931. (doi:10.
18352/ijc.593)
Duchelle AE, Simonet G, Sunderlin WD, Wunder S.
2018 What is REDD+ achieving on the ground?
Curr. Opin. Environ. Sustain. 32, 134–140. (doi:10.
1016/j.cosust.2018.07.001)
Milne S, Mahanty S, To P, Dressler W, Kanowski P,
Thavat M. 2019 Learning from ‘actually existing’
REDD+: a synthesis of ethnographic findings.
Conserv. Soc. 17, 84–95. (doi:10.4103/cs.cs_18_13)
Brockhaus M et al. 2017 REDD+, transformational
change and the promise of performance-based
payments: a qualitative comparative analysis. Clim.
Policy 17, 708–730. (doi:10.1080/14693062.2016.
1169392)
Wurtzebach Z, Casse T, Meilby H, Nielsen MR,
Milhøj A. 2019 REDD+ policy design and policy
learning: the emergence of an integrated landscape
approach in Vietnam. For. Policy Econ. 101,
129–139. (doi:10.1016/j.forpol.2018.10.003)
Bastos LMG, Kissinger G, Visseren-Hamakers IJ,
Braña-Varela J, Gupta A. 2017 The sustainable
development goals and REDD+: assessing
institutional interactions and the pursuit of
synergies. Int. Environ. Agreements Polit. Law Econ.
17, 589–606. (doi:10.1007/s10784-017-9366-9)
Rodriguez-Ward D, Larson AM, Ruesta HG. 2018
Top-down, bottom-up and sideways: the
multilayered complexities of multi-level actors
shaping forest governance and REDD+
arrangements in Madre de Dios, Peru. Environ.
Manage. 62, 98–116. (doi:10.1007/s00267-0170982-5)
den Besten JW, Arts B, Behagel J. 2019 Spiders in
the web: understanding the evolution of REDD+ in
Southwest Ghana. Forests 10, 1–19. (doi:10.3390/
f10020117)
Lee DH, Kim DH, Kim SL. 2018 Characteristics of
forest carbon credit transactions in the voluntary
carbon market. Clim. Policy 18, 235–245. (doi:10.
1080/14693062.2016.1277682)
Hamrick K, Gallant M. 2017 Unlocking potential:
state of the voluntary carbon markets 2017. See
https://www.forest-trends.org/wp-content/uploads/
2017/07/doc_5591.pdf.
Shapiro A. 2009 Can US entice polluters into early
reduction of greenhouse gas emissions? Ecosyst.
Marketpl. See https://www.ecosystemmarketplace.
com/articles/can-us-entice-polluters-into-earlyreduction-of-greenhouse-gas-emissions/ (accessed
17 April 2020).
Oswalt SN, Smith WB, Miles PD, Pugh SA. 2019
Forest resources of the United States, 2017: a
technical document supporting the Forest Service
2020 RPA Assessment. Gen. Tech. Rep. WO-97.
Washington, DC: US Department of Agriculture,
Forest Service, Washington Office.
Timberlake TJ, Schultz CA. 2017 Policy, practice, and
partnerships for climate change adaptation on US
national forests. Clim. Change 144, 257–269.
(doi:10.1007/s10584-017-2031-z)
USFS. 2011 The Forest Service climate change
performance scorecard. See https://www.fs.fed.us/

14

Interface Focus 10: 20200001

38. Boyd E et al. 2009 Reforming the CDM for
sustainable development: lessons learned and policy
futures. Environ. Sci. Policy 12, 820–831.
39. van der Gaast W, Sikkema R, Vohrer M. 2018 The
contribution of forest carbon credit projects to
addressing the climate change challenge. Clim.
Policy 18, 42–48. (doi:10.1080/14693062.2016.
1242056)
40. Salinas Z, Baroudy E. 2011 BioCarbon fund
experience: insights from afforestation and
reforestation clean development mechanism projects.
See https://elibrary.worldbank.org/doi/pdf/10.1596/
27108.
41. Gong Y, Bull G, Baylis K. 2010 Participation in the
world’s first clean development mechanism forest
project: the role of property rights, social capital
and contractual rules. Ecol. Econ. 69, 1292–1302.
(doi:10.1016/j.ecolecon.2009.11.017)
42. Brown K, Adger WN, Boyd E, Corbera-Elizalde E,
Shackley S. 2004 How do CDM projects contribute to
sustainable development? See https://www.
ecosystemmarketplace.com/wp-content/uploads/
archive/documents/Doc_345.pdf.
43. Angelsen A. 2017 REDD+ as result-based aid:
general lessons and bilateral agreements of Norway.
Rev. Dev. Econ. 21, 237–264. (doi:10.1111/rode.
12271)
44. Turnhout E, Gupta A, Weatherley-Singh J, Vijge MJ,
de Koning J, Visseren-Hamakers IJ, Herold M,
Lederer M. 2017 Envisioning REDD+ in a post-Paris
era: between evolving expectations and current
practice. Wiley Interdiscip. Rev. Clim. Chang. 8,
1–13. (doi:10.1002/wcc.425)
45. den Besten JW, Arts B, Verkooijen P. 2014
The evolution of REDD+: an analysis of
discursive-institutional dynamics. Environ. Sci.
Policy 35, 40–48. (doi:10.1016/j.envsci.2013.
03.009)
46. Norman M, Nakhooda S. 2014 The state of REDD+
finance. See https://www.cgdev.org/sites/default/
files/CGD-Norman-Nakhooda-Climate-Forests-5REDD-Finance.pdf.
47. Duchelle AE, Seymour F, Brockhaus M, Angelsen A,
Larson AM, Moeliono M, Wong GY, Pham TT,
Martius C. 2018 REDD+: lessons from national and
subnational implementation. See https://wriorg.s3.
amazonaws.com/s3fs-public/ending-tropicaldeforestation-redd-lessons-implementation.pdf.
48. Nielsen TD. 2016 From REDD+ forests to green
landscapes? Analyzing the emerging integrated
landscape approach discourse in the UNFCCC. For.
Policy Econ. 73, 177–184. (doi:10.1016/j.forpol.
2016.09.006)
49. Duchelle AE, de Sassi C, Jagger P, Cromberg M,
Larson AM, Sunderlin WD, Atmadja SS,
Resosudarmo IAP, Pratama CD. 2017 Balancing
carrots and sticks in REDD+: implications for social
safeguards. Ecol. Soc. 22, 2. (doi:10.5751/ES-09334220302)
50. Ravikumar A, Larson AM, Duchelle AE, Myers R,
Tovar JG. 2015 Multilevel governance challenges in
transitioning towards a national approach for
REDD+: evidence from 23 subnational REDD+

royalsocietypublishing.org/journal/rsfs

24. D’Amato AW, Bradford JB, Fraver S, Palik BJ. 2011
Forest management for mitigation and adaptation
to climate change: insights from long-term
silviculture experiments. For. Ecol. Manage. 262,
803–816. (doi:10.1016/j.foreco.2011.05.014)
25. Williamson TB, Nelson HW. 2017 Barriers to
enhanced and integrated climate change adaptation
and mitigation in Canadian forest management.
Can. J. For. Res. 47, 1567–1576. (doi:10.1139/cjfr2017-0252)
26. Schultz CA, Timberlake TJ, Wurtzebach Z, McIntyre
K, Moseley C, Huber-Stearns HR. 2019 Policy tools
to address scale mismatches: insights from US forest
governance. Ecol. Soc. 24, 21. (doi:10.5751/es10703-240121)
27. Millar CI, Stephenson NL. 2015 Temperate forest
health in an era of emerging megadisturbance.
Science 349, 823–826. (doi:10.1126/science.
aaa9933)
28. Seidl R, Spies TA, Peterson DL, Stephens SL, Hicke
JA. 2016 Searching for resilience: addressing the
impacts of changing disturbance regimes on forest
ecosystem services. J. Appl. Ecol. 53, 120–129.
(doi:10.1111/1365-2664.12511)
29. Forest Climate Action Team. 2018 California forest
carbon plan: managing our forest landscapes in a
changing climate. See https://resources.ca.gov/
CNRALegacyFiles/wp-content/uploads/2018/05/
California-Forest-Carbon-Plan-Final-Draft-for-PublicRelease-May-2018.pdf.
30. Spies TA et al. 2017 Using an agent-based model to
examine forest management outcomes in a fireprone landscape in Oregon, USA. Ecol. Soc. 22, 25.
(doi:10.5751/ES-08841-220125)
31. Hurteau MD, Brooks ML. 2011 Short- and long-term
effects of fire on carbon in US dry temperate forest
systems. Bioscience 61, 139–146. (doi:10.1525/bio.
2011.61.2.9)
32. Howlett M. 2009 Governance modes, policy regimes
and operational plans: a multi-level nested model
of policy instrument choice and policy design. Policy
Sci. 42, 73–89. (doi:10.1007/s11077-009-9079-1)
33. Schneider A, Ingram H. 1990 Behavioral
assumptions of policy tools. J. Polit. 52, 510–529.
(doi:10.2307/2131904)
34. McElwee P, Nguyen VHT, Nguyen DV, Tran NH, Le
HVT, Nghiem TP, Vu HDT. 2017 Using REDD+ policy
to facilitate climate adaptation at the local level:
synergies and challenges in Vietnam. Forests 8,
1–24. (doi:10.3390/f8010011)
35. Candel JJL, Biesbroek R. 2016 Toward a processual
understanding of policy integration. Policy Sci. 49,
211–231. (doi:10.1007/s11077-016-9248-y)
36. Winkel G, Sotirov M. 2016 Whose integration is this?
European forest policy between the gospel of
coordination, institutional competition, and a new
spirit of integration. Environ. Plan. C Gov. Policy 34,
496–514. (doi:10.1068/c1356j)
37. Chindarkar N, Howlett M, Ramesh M. 2017
Introduction to the special issue: ‘conceptualizing
effective social policy design: design spaces and
capacity challenges’. Public Adm. Dev. 37, 3–14.
(doi:10.1002/pad.1789)

65.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90. Kelly EC, Schmitz MB. 2016 Forest offsets and the
California compliance market: bringing an abstract
ecosystem good to market. Geoforum 75, 99–109.
(doi:10.1016/j.geoforum.2016.06.021)
91. Schatzki T, Stavins RN. 2018 Key issues facing
California’s GHG cap-and-trade system for 2021–
2030. See https://dx.doi.org/10.2139/ssrn.3216131.
92. Rana R, Kumar C, Hamshaw B, Bezbarua R. 2017 An
impact analysis of AB398 on California’s cap-andtrade market. See https://californiacarbon.info/wpcontent/uploads/2017/07/AB398-_Impact_Analysis.
pdf.
93. Dilling L, Failey E. 2013 Managing carbon in a
multiple use world: the implications of land-use
decision context for carbon management. Glob.
Environ. Chang. 23, 291–300. (doi:10.1016/j.
gloenvcha.2012.10.012)
94. United States Department of Agriculture. 2016 USDA
building blocks for climate smart agriculture and
forestry: implementation plan and progress report.
See https://www.usda.gov/sites/default/files/
documents/building-blocks-implementation-planprogress-report.pdf.
95. Galik C, Murray B, Parish M. 2017 Near-term
pathways for achieving forest and agricultural
greenhouse gas mitigation in the U.S. Climate 5, 69.
(doi:10.3390/cli5030069)
96. Galik CS, Latta GS, Gambino C. 2019 Piecemeal or
combined? Assessing greenhouse gas mitigation
spillovers in US forest and agriculture policy
portfolios. Clim. Policy 19, 1270–1283. (doi:10.
1080/14693062.2019.1663719)
97. Dickie IA et al. 2014 Conflicting values: ecosystem
services and invasive tree management. Biol. Invasions
16, 705–719. (doi:10.1007/s10530-013-0609-6)
98. Lindenmayer DB et al. 2012 Avoiding bio-perversity
from carbon sequestration solutions. Conserv. Lett.
5, 28–36. (doi:10.1111/j.1755-263X.2011.00213.x)
99. Ausseil A-GE, Dymond JR, Kirschbaum MUF, Andrew
RM, Parfitt RL. 2013 Assessment of multiple
ecosystem services in New Zealand at the catchment
scale. Environ. Model. Softw. 43, 37–48. (doi:10.
1016/j.envsoft.2013.01.006)
100. Carlson KM, Curran LM, Ponette-González AG,
Ratnasari D, Ruspita LN, Purwanto Y, Brauman KA,
Raymond PA. 2014 Influence of watershed-climate
interactions on stream temperature, sediment yield,
and metabolism along a land use intensity gradient
in Indonesian Borneo. J. Geophys. Res. Biogeosci.
199, 1110–1128. (doi:10.1002/2013JG002516)
101. Dymond JR, Ausseil A-GE, Ekanayake JC, Kirschbaum
MUF. 2012 Tradeoffs between soil, water, and
carbon—a national scale analysis from New
Zealand. J. Environ. Manage. 95, 124–131. (doi:10.
1016/j.jenvman.2011.09.019)
102. Edwards DP, Fisher B, Boyd E. 2010 Protecting
degraded rainforests: enhancement of forest carbon
stocks under REDD+. Conserv. Lett. 3, 313–316.
(doi:10.1111/j.1755-263X.2010.00143.x)
103. Vihervaara P, Kamppinen M, Kumpula T, Walls M.
2013 Biodiversity trade-offs and globalizing forestry.
For. Policy Econ. 26, 147–148. (doi:10.1016/j.forpol.
2012.10.003)

15

Interface Focus 10: 20200001

66.

77.

Internet/NRCS_RCA/reports/fb08_cp_hfrp.html
(accessed 14 April 2020).
Natural Resources Conservation Service (NRCS),
US Department of Agriculture. 2006 Healthy
forest reserve program interim final rule
environmental assessment. See https://www.nrcs.
usda.gov/Internet/FSE_DOCUMENTS/nrcs143_
006635.pdf.
Charles D. 2019 Europe is burning U.S. wood as
climate-friendly fuel, but green groups protest. See
https://www.npr.org/2019/12/04/783088774/
europe-is-burning-u-s-wood-as-climate-friendlyfuel-but-green-groups-protest.
Caputo J, Butler B. 2017 Ecosystem service supply
and capacity on U.S. family forestlands. Forests 8,
1–14. (doi:10.3390/f8100395)
Fletcher LS, Kittredge Jr D, Stevens T. 2009 Forest
landowners’ willingness to sell carbon credits: a
pilot study. North. J. Appl. For. 26, 35–37.
Khanal PN, Grebner DL, Munn IA, Grado SC, Grala
RK, Henderson JE. 2017 Evaluating non-industrial
private forest landowner willingness to manage for
forest carbon sequestration in the southern United
States. For. Policy Econ. 75, 112–119. (doi:10.1016/
j.forpol.2016.07.004)
White AE, Lutz DA, Howarth RB, Soto JR. 2018
Small-scale forestry and carbon offset markets: an
empirical study of Vermont current use forest
landowner willingness to accept carbon credit
programs. PLoS ONE 13, 1–24. (doi:10.1371/journal.
pone.0201967)
Markowski-Lindsay M, Stevens T, Kittredge DB,
Butler BJ, Catanzaro P, Dickinson BJ. 2011 Barriers
to Massachusetts forest landowner participation in
carbon markets. Ecol. Econ. 71, 180–190. (doi:10.
1016/j.ecolecon.2011.08.027)
Dwivedi P, Alavalapati JRR, Susaeta A, Stainback A.
2009 Impact of carbon value on the profitability of
slash pine plantations in the southern United States:
an integrated life cycle and Faustmann analysis.
Can. J. For. Res. 39, 990–1000. (doi:10.1139/X09-023)
American Forest Foundation. 2020 Family forest
carbon program gets go-ahead on new carbon
methodology concept. See https://www.
forestfoundation.org/ffcp-methodology-approved
(accessed on 17 April 2020).
Caron J, Rausch S, Winchester N. 2015 Leakage from
sub-national climate policy: the case of California’s
Cap-and-Trade. Energy J. 36, 167–190. (doi:10.
5547/01956574.36.2.8)
Kossoy A, Guigon P. 2012 State and trends of the
carbon market 2012. See http://documents1.
worldbank.org/curated/en/749521468179970954/
pdf/768370AR0State00Box374391B00PUBLIC0.pdf.
Kerchner CD, Keeton WS. 2015 California’s
regulatory forest carbon market: viability for
northeast landowners. For. Policy Econ. 50, 70–81.
(doi:10.1016/j.forpol.2014.09.005)
Kelly EC, Gold GJ, Di Tommaso J. 2017 The
willingness of non-industrial private forest owners
to enter California’s carbon offset market. Environ.
Manage. 60, 882–895. (doi:10.1007/s00267-0170918-0)

royalsocietypublishing.org/journal/rsfs

64.

climatechange/advisor/scorecard/The-Forest-ServiceClimate-Change-Performance-Scorecard.pdf.
Birdsey R, Dugan A, Healey S, Dante-Wood K, Zhang
F, Chen J, Hernandez A, Raymond C, McCarter J.
2019 Assessment of the influence of disturbance,
management activities, and environmental factors on
carbon stocks of United States national forests. See
https://www.fs.fed.us/rm/pubs_series/rmrs/gtr/
rmrs_gtr402.pdf.
Schultz CA, Sisk TD, Noon BR, Nie MA. 2013 Wildlife
conservation planning under the United States
Forest Service’s 2012 planning rule. J. Wildl.
Manage. 77, 428–444. (doi:10.1002/jwmg.513)
Wurtzebach Z, Schultz C. 2016 Measuring ecological
integrity: history, practical applications, and research
opportunities. Bioscience 66, 446–457. (doi:10.
1093/biosci/biw037)
Schultz CA, Thompson MP, McCaffrey SM. 2019
Forest service fire management and the elusiveness
of change. Fire Ecol. 15, 13. (doi:10.1186/s42408019-0028-x)
Trump DJ. 2018 Executive Order on Promoting
Active Management of America’s Forests,
Rangelands, and other Federal Lands to Improve
Conditions and Reduce Wildfire Risk. See https://
www.whitehouse.gov/presidential-actions/eopromoting-active-management-americas-forestsrangelands-federal-lands-improve-conditionsreduce-wildfire-risk/ (accessed 17 April 2020).
Biber E. 2009 Too many things to do: how to deal
with the dysfunctions of multiple-goal agencies.
Harvard Environ. Law Rev. 33, 1–63. (doi:10.2139/
ssrn.1090313)
Butler BJ, Hewes JH, Dickinson BJ, Andrejczyk K,
Butler SM, Markowski-Lindsay M. 2016 Family forest
ownerships of the United States, 2013: findings
from the USDA Forest Service’s National Woodland
Owner Survey. J. For. 114, 638–647. (doi:10.5849/
jof.15-099)
Galik CS, Murray BC, Mercer DE. 2013 Where is the
carbon? Carbon sequestration potential from private
forestland in the Southern United States. J. For.
111, 17–25. (doi:10.5849/jof.12-055)
Im EH, Adams DM, Latta GS. 2007 Potential impacts
of carbon taxes on carbon flux in western Oregon
private forests. For. Policy Econ. 9, 1006–1017.
(doi:10.1016/j.forpol.2006.09.006)
Charnley S, Diaz D, Gosnell H. 2010 Mitigating
climate change through small-scale forestry in the
USA: opportunities and challenges. Small-scale For.
9, 445–462.
Butler BJ et al. 2014 Effectiveness of landowner
assistance activities: an examination of the USDA
Forest Service’s Forest Stewardship Program. J. For.
112, 187–197. (doi:10.5849/jof.13-066)
US Forest Service. In press. How the forest legacy
program works. See https://www.fs.fed.us/
managing-land/private-land/forest-legacy/program
(accessed 17 April 2020).
Natural Resources Conservation Service. 2019 NRCS
Conservation Programs: Healthy Forests Reserve
Program (HFRP). Farm Bill Report (fiscal year 2009
to fiscal year 2019). See https://www.nrcs.usda.gov/

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

assets/uploads/sites/2/2019/05/SR15_Chapter2_
Low_Res.pdf.
Osborne T. 2011 Carbon forestry and agrarian
change: access and land control in a Mexican
rainforest. J. Peasant Stud. 38, 859–883.
Wittman H, Caron C. 2009 Carbon offsets and
inequality: social costs and co-benefits in Guatemala
and Sri Lanka. Soc. Nat. Resour. 22, 710–726.
Bachram H. 2004 Climate fraud and carbon
colonialism: the new trade in greenhouse gases.
Capital. Nat. Social. 15, 5–20.
Bumpus A, Liverman D. 2011 Carbon colonialism?
Offsets, greenhouse gas reductions and sustainable
development. In Global political ecology (eds R Peet,
P Robbins, M Watts). London, UK: Routledge.
McAfee K. 1999 Selling nature to save it?
Biodiversity and green developmentalism. Environ.
Plan. D Soc. Sp. 17, 133–154.
Osborne T. 2013 Fixing carbon, losing ground:
payments for environmental services and
land (in)security in Mexico. Hum. Geogr. 6,
119–133.
Grieg-Gran M, Porras I, Wunder S. 2005 How can
market mechanisms for forest environmental
services help the poor? Preliminary lessons from
Latin America. World Dev. 33, 1511–1527.
Bailis R. 2006 Climate change mitigation and
sustainable development through carbon
sequestration: experiences in Latin America. Energy
Sustain. Dev. 10, 74–87.
Corbera E, Kosoy N, Martínez Tuna M. 2007 Equity
implications of marketing ecosystem services in
protected areas and rural communities: case studies
from Meso-America. Glob. Environ. Chang. 17, 365–380.
Abrams J. 2019 The emergence of network
governance in U.S. National Forest Administration:
causal factors and propositions for future research.
For. Policy Econ. 106, 101977. (doi:10.1016/j.forpol.
2019.101977)

16

Interface Focus 10: 20200001

114. Foster BC, Wang D, Auld G, Cuesta RMR. 2017
Assessing audit impact and thoroughness of VCS
forest carbon offset projects. Environ. Sci. Policy 78,
121–141. (doi:10.1016/j.envsci.2017.09.010)
115. Ferraro P. 2011 The future of payments for
environmental services. Conserv. Biol. 25,
1134–1138. (doi:10.1111/j.1523-1739.2011.01791.x)
116. Pattanayak S, Wunder S, Ferraro P. 2010 Show me
the money: do payments supply environmental
services in developing countries? Rev. Environ. Econ.
Policy 4, 254–274.
117. Lovell H, MacKenzie D. 2015 Allometric equations
and timber markets: an important forerunner of
REDD+? In The politics of carbon markets (eds B
Stephan, R Lane), pp. 69–90. London, UK:
Routledge.
118. Agrawal A, Nepstad D, Chhatre A. 2011 Reducing
emissions from deforestation and forest
degradation. Annu. Rev. Environ. Resour. 36,
373–396.
119. Galik CS, Jackson RB. 2009 Risks to forest carbon
offset projects in a changing climate. For. Ecol.
Manage. 257, 2209–2216. (doi:10.1016/j.foreco.
2009.03.017)
120. Forsell N, Turkovska O, Gusti M, Obersteiner M,
Elzen MD, Havlik P. 2016 Assessing the INDCs’ land
use, land use change, and forest emission
projections. Carbon Balance Manag. 11, 26. (doi:10.
1186/s13021-016-0068-3)
121. Rogelj J et al. 2018 Mitigation pathways compatible
with 1.5°C in the context of sustainable
development. In Global warming of 1.5°C. An IPCC
Special Report on the impacts of global warming of
1.5°C above pre-industrial levels and related global
greenhouse gas emission pathways, in the context
of strengthening the global response to the threat
of climate change, sustainable development, and
efforts to eradicate poverty (eds V MassonDelmotte et al.). See https://www.ipcc.ch/site/

royalsocietypublishing.org/journal/rsfs

104. Kline JD et al. 2016 Evaluating carbon storage,
timber harvest, and habitat possibilities for a
Western Cascades (USA) forest landscape. Ecol. Appl.
26, 2044–2059. (doi:10.1002/eap.1358)
105. Ellison D, Futter MN, Bishop K. 2012 Hydrology,
forests and precipitation recycling: a reply to van
der Ent et al. Glob. Chang. Biol. 18, 3272–3274.
(doi:10.1111/gcb.12000)
106. Jackson RB et al. 2005 Trading water for carbon
with biological carbon sequestration. Science 310,
1944–1947. (doi:10.1126/science.1119282)
107. Farley KA, Jobbágy EG, Jackson RB. 2005 Effects of
afforestation on water yield: a global synthesis with
implications for policy. Glob. Chang. Biol. 11,
1565–1576. (doi:10.1111/j.1365-2486.2005.01011.x)
108. van der Ent RJ, Coenders-Gerrits AMJ, Nikoli R,
Savenije HHG. 2012 The importance of proper
hydrology in the forest cover-water yield debate:
Commentary on Ellison et al. (2012) Global Change
Biology, 18, 806–820. Glob. Chang. Biol. 18,
2677–2680. (doi:10.1111/j.1365-2486.2012.02703.x)
109. Wang S, Fu B. 2013 Trade-offs between forest
ecosystem services. For. Policy Econ. 26, 145–146.
(doi:10.1016/j.forpol.2012.07.014)
110. Heath LS, Smith JE. 2000 An assessment of
uncertainty in forest carbon budget projections.
Environ. Sci. Policy 3, 73–82. (doi:10.1016/S14629011(00)00075-7)
111. Foley TG, Richter DB, Galik CS. 2009 Extending
rotation age for carbon sequestration: a crossprotocol comparison of North American forest
offsets. For. Ecol. Manage. 259, 201–209. (doi:10.
1016/j.foreco.2009.10.014)
112. McElwee P. 2017 The metrics of making ecosystem
services. Environ. Soc. 8, 96–124. (doi:10.3167/ares.
2017.080105)
113. Corbera E, Brown K. 2010 Offsetting benefits?
Analyzing access to forest carbon. Environ. Plan. A
42, 1739–1761. (doi:10.1068/a42437)

